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Series Preface

Our nearly 1000-member team recognizes that all elements of sustainability
science and technology continue to advance as does our understanding of the
needs for energy, water, clean air, food, mobility, and health, and the relation of
every single aspect of this vast and interconnected body of knowledge to
climate change. Our Encyclopedia content is at a level for university students,
professors, engineers, and other practicing professionals. It is gratifying for our
team to note that our online First Edition has been heavily utilized as evidenced
by over 500,000 downloads which of course is in addition to scientists’
utilization of the Encyclopedia and individual “spin-off” volumes in print.

Now we are pleased to have a Living Reference on-line which assures the
sustainability community that we are providing the latest peer-reviewed con-
tent covering the science and technology of the sustainability of the earth. We
are also publishing the content as a Series of individual topical books for ease
use by those with an interest in particular subjects, and with expert oversight in
each field to ensure that the second edition presents the state-of-the-science
today. Our team covers the physical, chemical and biological processes that
underlie the earth system including pollution and remediation and climate
change, and we comprehensively cover every energy and environment tech-
nology as well as all types of food production, water, transportation and the
sustainable built environment.

Our team of 15 board members includes two Nobel Prize winners (Kroto
and Fischlin), two former Directors of the National Science Foundation (NSF)
(Colwell and Killeen), the former President of the Royal Society (Lord May),
and the Chief Scientist of the Rocky Mountain Institute (Amory Lovins). And
our more than 40 eminent section editors and now book editors, assure quality
of our selected authors and their review presentations.

The extent of our coverage clearly sets our project apart from other publi-
cations which now exist, both in extent and depth. In fact, current compendia
of the science and technology of several of these topics do not presently exist
and yet the content is crucial to any evaluation and planning for the sustain-
ability of the earth. It is important to note that the emphasis of our project is on
science and technology and not on policy and positions. Rather, policy makers
will use our presentations to evaluate sustainability options.

Vital scientific issues include: human and animal ecological support sys-
tems, energy supply and effects, the planet’s climate system, systems of
agriculture, industry, forestry, and fisheries and the ocean, fresh water and
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human communities, waste disposal, transportation and the built environment
in general and the various systems on which they depend, and the balance of all
of these with sustainability. In this context, sustainability is a characteristic of a
process or state that can be maintained at a certain level indefinitely even as
global population increases toward nine billion by 2050. The population
growth, and the hope for increase in wealth, implies something like a 50%
increase in food demand by as early as 2030. At the same time, the proportion
of the population that lives in an urban environment will go up from about 47%
to 60%. Global economic activity is expected to grow 500%, and global
energy and materials use is expected to increase by 300% over this period.
That means there are going to be some real problems for energy, agriculture,
and water, and it is increasingly clear that conflicting demands among biofuels,
food crops, and environmental protection will be difficult to reconcile. The
“green revolution” was heavily dependent on fertilizers which are
manufactured using increasingly expensive and diminishing reserves of fossil
fuels. In addition, about 70% of available freshwater is used for agriculture.
Clearly, many natural resources will either become depleted or scarce relative
to population.

Larkspur, CA, USA Robert A. Meyers, Ph.D.
March 2019 Editor-in-Chief
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Volume Preface

The discipline of environmental geology provides academicians, government
entities, scientists, researchers, land use planners, and the general public with a
comprehensive approach to planning for natural resource utilization to ensure
protection of persons and property. This Environmental Geology volume of the
encyclopedia examines unique approaches to tackling widely known
problems and highlights the variety of issues and techniques which the ever-
changing discipline of environmental geology must incorporate in day-to-day
cases.

This volume is divided into categories to address these concerns. Two of the
“hottest topics” are in “Land and the Environment.” These relate to karst, or
limestone, terranes that are subject to sinkholes affecting infrastructure andwater
supplies and lands that are affected by subsidence from overdrafting. Unique
applications of environmental geology are being developed to address these
problems and involve the public in doing so.

“Water and the Environment” covers a broad range of topics, including
surface water geochemistry, impacts on groundwater from radioactive wastes,
and groundwater modeling. Two other aspects include intrusion of saline
waters in coastal areas impacting water quality, and mine water inrush leading
to loss of life. Water in loess also has serious potential impacts in urban areas in
terms of damage to infrastructure and potential harm to human life. Another
area deals with mineral and thermal water. The bottled water industry is
burgeoning and creating conflicts in relation to who owns or needs the water
and the utilization of plastic bottles to package the water.

How do all of the above relate to “Environmental Remediation and Sus-
tainability”? Much is being published to meet the demand of this thirst for
knowledge. This includes the Second Edition of Springer’s Encyclopedia of
Sustainability Science and Technology series of which this volume is a part,
and the relatively new journal Sustainable Water Resources Management
edited by me and published by Springer. Topics addressed in this category
vary from desertification and its encroachment on arable lands to impacts of
offshore drilling on marine life. Geochemical modeling is being applied across
many of these areas to help develop cost-effective alternatives. Carbon seques-
tration is receiving much interest and research funds to explore ways to remove
CO2 from the atmosphere. As population shifts from lands that are increas-
ingly becoming more arid to cities, more resources are needed to sustain them.
With this migration of stakeholders, more planning is required for sustainable
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resource management and minimization of infrastructure failures by pre-
venting them before they happen, or, if necessary, remediating them afterward.

“Construction and the Environment” incorporates the need for and building
of water supplies, wastewater treatment facilities, offices, dwellings, and
grounds to handle this upwell of population. In this regard, the balance
between the need to provide people with these and still preserve the environ-
ment must be addressed. This movement of people also means many more
people are susceptible to natural and manmade disasters. Guidelines have been
and are continuing to be developed to minimize damages and injury or death
from same. In addition to development of scientific and technical guidelines,
the workforce and the public must be better educated about risks and how to be
better prepared to deal with them whether by mining, landslides, sinkholes,
flooding and sediment transport, dam failures, or others.

“Earthquakes and Volcanoes” are natural disasters which have significant,
if not catastrophic, impacts on civilization and the environment. Technology is
still in its infancy in warning the public about these dangers, although new and
innovative ways of doing so are in development. Recently, potential risks from
manmade earthquakes or induced seismicity are being addressed.

The thread throughout all of the above topics is the need for increased
communication among scientists, engineers, policy-makers, regulators, and
other stakeholders. Improvements are being made in technology to address
these needs, and environmental geology provides a vital framework for doing
so.

Tuscaloosa, AL, USA James W. LaMoreaux
March 2019 Volume Editor
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Environmental Geology:
Introduction

James W. LaMoreaux
P.E. LaMoreaux & Associates, Inc, Tuscaloosa,
AL, USA

The world’s population continues to increase and
as it does greater demand is placed on the finite
resources that the earth provides. Geographic
areas once judged inadequate or inappropriate
for construction, water and wastewater manage-
ment, or transportation routes are being used for
development.

Environmental geology is the discipline which
brings together these issues in a holistic approach
to land use planning and utilization. This section
of the encyclopedia examines some of the prob-
lems, techniques, and solutions for managing
resources so the balance between development
and the environment can be preserved.

Natural disasters have varying impacts
depending upon the proximity of the disaster to
population centers and the magnitude and extent
of the event or hazard. In all cases, the primary
purpose of studying these phenomena is to mini-
mize loss of human life and secondarily to mini-
mize loss of infrastructure and impacts on present
and future developments.

Each type of hazard impacts the environment in
different ways. Some pose more danger to human
life than others, and some pose more hazards to
infrastructure and ongoing development. This sec-
tion on environmental geology will address
selected types of hazardous impacts to provide a
better understanding of how they occur, what can
be done to minimize risk and how to plan better to
address these concerns in the future.

Impacts of natural disasters including earth-
quakes and tsunamis and occurrence of sinkholes
and landslides can have more devastating effects
due to increases in world population. Two entries

address earthquake issues: ▶ “Earthquake Faulting:
Ground Motions and Deformations” and ▶ “Con-
struction Planning: Environmental Impact of Foun-
dation Studies and Earthquake Issues.” Earthquakes
have occurred throughout history and left their
traces as manifestations of geological processes on
the geological record.

Many lessons have been learned from analyzing
the damages caused by earthquakes. Guidelines
have been developed for design of earthquake
resistant structures under different foundational
and geologic conditions. Although education of
the public has saved lives, it continues to be a
critical need, as is research to develop better pre-
diction and warning mechanisms.

Sinkholes and landslides are both naturally
occurring and man-induced. Both hazards can
cause significant damages to various structures.
Protective measures can minimize the risks
involved by preparing sinkhole maps which delin-
eate the low, medium, and high risk areas subject
to subsidence. If decisions are made to develop in
sinkhole and landslide prone terrains, then site-
specific investigations of the geology and hydro-
geology can determine where to best seat struc-
tures into bedrock to minimize damages.
Engineering design can address the added stresses
such hazards pose and incorporate additional
measures so that buildings and infrastructure can
better withstand the risk.

Loess is fine-grained sediment deposited by
the action of the wind on the surface of the earth.
This type of soil occurs primarily in arid and semi-
arid regions where rainfall is intermittent or infre-
quent. Due to the fine-particle structure of this
soil, it is susceptible to erosion, landslide, and
other potential hazards. Characteristically, loess
may destabilize under certain conditions. The
study of this unique terrane is of increasing impor-
tance in areas of rapid growth.▶ “Water in Loess”
offers insight into problems and solutions, which
may occur in this specialized environment.

▶ “Karst Terrane and Transportation Issues”
discusses different types of sinkholes, some of
the causes and how to protect against occurrence.

© Springer Science+Business Media, LLC, part of Springer Nature 2019
J. W. LaMoreaux (ed.), Environmental Geology,
https://doi.org/10.1007/978-1-4939-8787-0_932

Originally published in
R. A. Meyers (ed.), Encyclopedia of Sustainability Science and Technology, © Springer Science+Business Media,
LLC, part of Springer Nature 2018, https://doi.org/10.1007/978-1-4939-2493-6_932-3
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Methods for remediating damage are often unique
applications of engineering geology. The study of
sinkhole causation can aid in preventing future
losses in sinkhole-prone terranes. ▶ “Land Subsi-
dence in Urban Environment” reviews an emerg-
ing cause of subsidence in the burgeoning
population centers of the world. Better manage-
ment of water resources is required to prevent
further subsidence from occurring in urban
areas. Optimal utilization of water supplies must
be implemented to correct existing situations and
to minimize subsidence in the future.

Karst environments vary widely. Karst areas
may be extremely complex and can require com-
plex solutions.When problems with infrastructure
occur in karst, detailed studies are required to
establish risk-based methods for remediation.
▶ “Remediation in Karst” provides a discussion
of engineering geology in karst areas and methods
to minimize failures.

Overuse of water supplies in concert with
drought conditions and land degradation is creat-
ing desertification conditions rapidly. Desertifica-
tion affects arid, semiarid, and dry subhumid
regions. Occurring on every continent, desertifi-
cation impacts more than two billion people.
Often these conditions occur across country bor-
ders and within areas of the world where tensions
are already strained for economic, political and
religious reasons. ▶ “Desertification and Impact
on Sustainability of Human Systems” discusses
the activities of the United Nations Convention to
Combat Desertification (UNCCD) and empha-
sizes the need for sustainable development at the
local level. Stakeholders in these inherently frag-
ile ecosystems must be brought together to arrive
at solutions that will allow continued production
of ecosystem goods and services.

Not only do arid conditions require sustainable
development, but urban areas do also. In ▶ “Nat-
ural Resource Flows and Sustainability in Urban
Areas,” cities are increasingly recognized as the
most important global sustainability challenge of
this century. Here too, stakeholders are critical in
regard to resource access and distribution. Studies
of urban metabolism are required to explore inter-
actions among resource flows, urban transforma-
tion processes, waste streams, and quality of life.

Results of these studies must be correlated to
address the challenge of combining urban plan-
ning with sustainable resource management.

An integral part of continued growth and
development of urban areas is detailed in
▶ “Groundwater Salinity Due to Urban Growth.”
Understanding of groundwater is critical in
regions where increasing water demand and short-
ages in water supply affect available and proposed
infrastructure. Knowledge of water accessibility
in terms of quantity and quality can help reduce
the risk of saline intrusion in coastal areas. Socio-
economic and environmental development pro-
grams require adequate political decision-
making and planning at local and regional levels.
Proper space planning implies that proposed land
use is in agreement with what land “attitude” and
its environment can provide without putting in
danger sustainability.

▶ “Geochemical Modeling in Environmental
and Geological Studies” is a powerful tool for
investigations of water quality, as well as many
other fields. Modeling is indispensable for
research and investigations of environmental sus-
tainability, science, and technology. It provides
quantitative evaluation of complex processes and
can predict the extent and consequences of geo-
chemical reactions in the order of tens of thou-
sands of years.

▶ “Mineral and Thermal Waters” have been
used for drinking, bathing, medical, or religious
purposes throughout time. Today, spa and bottled
water industries continue these themes with mod-
ern applications. Depending on the locale, there
are usually specific guidelines and requirements
for bottled waters. Thermal waters utilized for
geothermal energy and electrical power genera-
tion are specialized branches of science with
exciting applications.

The study of surface water geochemistry pro-
vides a baseline guide for assessing future impacts
to springs, streams, lakes, and reservoirs from
both natural and manmade factors. Specific geo-
logic formations have specific mineral signatures
which under the influence of weathering and run-
off make their individual contributions to the
water chemistry. Atmospheric precipitation may
also influence water chemistry, and atmospheric
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temperature variations can influence chemical
bonding. ▶ “Fresh Water Geochemistry: Over-
view” discusses the mechanisms and processes
of chemical change.

An excellent example of the utility of geo-
chemical modeling in environmental sustainabil-
ity, science, and engineering is illustrated in
geological carbon sequestration. Much research
is currently being performed on injection of car-
bon dioxide (CO2) into deep geological forma-
tions as a climate mitigation tool. ▶ “Geologic
Carbon Sequestration: Sustainability and Envi-
ronmental Risk” provides an overview of the
research and ideas about the future. National and
local regulations will require risk assessments of
wellbore integrity, well injectivity, and long-term
performance in the order of thousands of years.
The geology of each site differs and performance
assessments are necessary at all stages of CO2

storage operations: site assessment and selection,
design, installation, operations and monitoring,
and closure and post closure.

▶ “Induced Seismicity” reviews the phenome-
non associated with injection wells since the
1960s. Fluid induced earthquakes can be poten-
tially generated if an existing fault is overexposed
to an increase in pressure from fluids, typically
injected wastewaters from petroleum production.
Ways to understand and better manage this effect
are examined.

Drilling into deep geological formations is also
taking place offshore in an activity known as Oce-
anic Hydrocarbon Investigation (OHI). OHI is cur-
rently increasing its production volume in an energy
hungry society, and the quest for finding and
exploiting underground hydrocarbon resources is
being continuously improved. This is particularly
true in relation to underwater mapping, inspection,
and monitoring of the environment.▶ “Marine Life
Associated with Offshore Drilling, Pipelines, and
Platforms” states that OHI has inflicted oil-spills on
marine and coastal environments. At large, how-
ever, OHI appears to be environmentally friendly.
This notion has been documented by extensive
seafloor mapping and annual visual inspections of
platforms, pipelines, and other infrastructure.

Environmental concerns in marine environ-
ments are also being addressed as relates to

dredging of navigable waterways. Dredges of var-
ious designs have been used for many years to
create and maintain navigable waterways to move
people, goods, and materials. ▶ “Dredging Prac-
tices and Environmental Considerations” dis-
cusses the history of dredging from the times of
the pyramids when people used long-handled dip-
per shovels, to when productivity gains from
using animals increased digging power. In the
1800s, development of electric and steam power
units enabled construction of mechanical, back-
hoe, and pipeline dredges. Hydraulic technology
in the 1960s, utilizing hydraulic winches and
hydraulic rotary cutter drives, facilitated removal
of finer grade sediment. As technology improved,
so did concern for the environment. Today there is
much debate and research on the impacts of
dredging. This concern has heightened with
increased awareness of contaminated sediments.

Navigable waterways integrally relate to dam
construction and movement of people, goods, and
services. Construction of dams increases aware-
ness of environmental impacts. Since time imme-
morial, people have looked for ways to tame
surface waters to prevent floods and use water
for different purposes, including transportation,
irrigation, water supply, and electricity produc-
tion. ▶ “Dam Engineering and Its Environmental
Aspects” discusses the history of dams and their
primary role to store or to divert waters. Many
dam projects have been controversial or poten-
tially disastrous. Failure of dams and their envi-
ronmental impacts are the main reasons for
controversy and anxiety. This is particularly true
in karst environments which tend to be more
sensitive to the influence of dams and reservoirs.
With increasing demand on water resources and
electric power, how to maintain the balance
between the necessity for development and pres-
ervation of the environment is a significant con-
cern in many areas.

Energy continues to weave a thread through
this section of the encyclopedia as the chapter on
mining deals with mining of coal. Also addressed
are impacts from mining of rare earth minerals,
gold and copper among others.▶ “Mining and Its
Environmental Impacts” details the demands of
the growing world population for increasing
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amounts of raw materials. To find acceptance and
support in society, however, any future mining
activity will demand state of the art environmental
management and must incorporate sustainable
development. A history of mining is provided, as
well as an overview of the environmental effects
of mining, differentiated by its relevant phases:
exploration, exploitation and processing,
decommissioning and rehabilitation.

Underground mining in geologic areas with a
relatively high groundwater table or groundwater
under pressure is an activity with high hazard
potential. Detailed site-specific studies and unique
engineering solutions and techniques are required
to minimize risks to the environment and insure
human safety.▶ “MineWater Inrush” provides an
overview of these complex problems and dis-
cusses methods of classification and study with a
goal of prediction, prevention, or remediation.

Nuclear energy has its own inherent concerns
which are increased in times of natural disasters.
▶ “Groundwater Impacts of Radioactive Wastes
and Associated Environmental Modeling Assess-
ment” discusses the long-term risks to human
health and environment from radioactive waste
contamination in soil and groundwater. Major
sources of radioactive wastes and their impact on
groundwater contamination are reviewed along
with the major biogeochemical processes that
control the transport and fate of radionuclide con-
taminants. The evolution of mathematical models
designed to simulate and assess the transport and
transformation of radionuclides is also described.
Understanding the fate and transport of radionu-
clide contaminants can improve the ability to
forecast contaminant destination and select cost
effective remediation technologies.

Perhaps the greatest energy source known to
man is from volcanoes.▶ “Volcanoes of Mexico”
includes an introduction to volcanoes: the reasons
they form, where they are located, and the hazards
presented by different types of eruption. Mexico is

one of the world’s most volcanic regions and a
summary of the famous Mexican volcanoes is pre-
sented. Volcanic eruptions can be divided into two
broad categories: explosive or effusive. Various
factors combine to determine how the magma
emerges, the key ingredient of which is water.
With the exception of ballistics, which do not
reach very far from the volcano, volcanic hazards
can present a major risk to populations living close
by. Volcanologists investigate deposits of previous
eruptions to better understand what might happen
in the future. Hazard maps can be created which
indicate where eruptive products might accumulate.

▶ “Infrared Thermographic Imaging in
Geoengineering and Geoscience” is concerned
with the prediction of the time, location, and mag-
nitude of earthquakes through implementation of
an imaging technique utilizing thermographic
cameras to detect radiation in the long-infrared
range of the electromagnetic spectrum and then
to produce images of that radiation, called thermo-
grams. The development and interpretations of
this technique are especially useful in construction
siting and risk assessment studies.

Conclusion

Water, energy, minerals, and the environment all
play key roles in development and future growth
of the world and its population. No single aspect
can be addressed without considering another.
This section of the encyclopedia on environmen-
tal geology places these different factors into per-
spective so that scientists, politicians, economists,
planners, and stakeholders can work together to
develop solutions that provide an acceptable bal-
ance to development and the environment. Infor-
mation on projected advances in each discipline or
topic is included at the conclusion of each chapter
as a glimpse toward the future.
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Glossary

Carbonate rocks Bedrock that is composed of
calcium carbonate, such as sedimentary rocks
like limestone and dolostone.

Cave A natural cavity or series of galleries that is
produced by solution of limestone and is large
enough to be entered by man.

Centerline A term that refers to the center of a
road or highway and runs the length of the road
or highway.

Collapse A term used in conjunction with the
formation of sinkholes; the subsidence of land
or bedrock due to an underlying cavity.

Ditch line A term used in roadway design and
construction that refers to a drainage ditch that
is parallel to the roadway and located on either
side of the road and sometimes in the median of
the road.

Gabion basket A basket configuration
constructed from double-twist wire meshing;
typically the basket is backfilled with rock or
gravel to form a semirigid retaining wall.

Geomembrane Typically a synthetic man-made
material that is usually impervious to water
penetration, e.g., a swimming pool liner; used
in roadway construction to reinforce embank-
ments and line ditches.

Groundwater That part of the subsurface water
which is in the zone of saturation; also called
phreatic water.

Grout A term that refers to thin fluid mortar;
commonly used in construction and often
used to fill in cavities in limestone to produce
a stable foundation for a road, bridge footing,
or dam.

Karst A landscape underlain by carbonate rocks,
such as limestone and dolostone, that exhibit
such features as sinkholes, sinking streams,
caves, and subsurface drainage, e.g., central
Kentucky Mammoth Cave region.

Lined ditch A term used in highway design and
construction that refers to a drainage ditch that
has an engineered “bottom” such as concrete,
asphalt, or geomembrane.

Ponor A karst feature where a surface stream
disappears into the subsurface, usually via a
sinkhole or cave entrance.

Recharge A term that usually refers to the
replenishing of a substance, usually used in
association with the groundwater table, i.e.,
recharging the groundwater.

Regolith The layer or mantle of loose weathered
rock and soil debris that forms the surface of
the land and rests upon hard bedrock material;
most commonly associated with the soil hori-
zons overlying bedrock.

Reinforced concrete Concrete that is strength-
ened by using steel bars.

Roadway alignment The general configuration
and direction of a roadway.
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Rock pad A term used in construction that refers
to a layer of quarried and/or crushed rock that
is used to form a hard stable layer or foundation
and also provides for drainage of water seeps.

Sinkhole A circular or funnel-shaped depression
in the landscape of a limestone region usually
formed by the solution of limestone and the
subsurface erosion of the overlying regolith;
can occur rapidly and catastrophically causing
great damage to roads and structures.

Solution Typically the change from a solid, such
as limestone into the liquid state by its combi-
nation with a liquid; usually associated with
karst.

Definition of the Subject

As roads, highways, bridges, and railroad corri-
dors are built to better transport our society, the
terrane that they are located in may dictate design
and construction procedures necessary to produce
a stable and safe transportation route. One such
terrane is karst, a landscape that is typically under-
lain by carbonate rocks such as limestone and
weathers chemically and physically to produce
features such as sinkholes and caves.

Designing, constructing, andmaintaining these
transportation systems that are located in karst
terrane require proactive techniques to better sta-
bilize the road or bridge. Too often a reactive
approach to dealing with karst issues is pursued
by transportation agencies. Being more proactive
toward karst issues can lessen maintenance costs
and also protect the environment.

Introduction

Dissolution of bedrock in areas underlain by car-
bonate rocks (usually limestone or dolomite)
results in a terrane characterized by sinkholes,
sinking streams, underground (cave) streams,
and springs. (The entire landscape formed in sol-
uble rock areas is known as a karst terrane. The
term terrane is used rather than terrain to include
subsurface features as well as surface features.)
This terrane is usually referred to as karst.

Groundwater in these settings is more susceptible
to contamination because surface water may pass
directly into the subsurface with little or no filtra-
tion by soil. Because karst groundwater typically
flows through relatively large fractures and con-
duits within the bedrock, it may transport contam-
inants rapidly from points of recharge (such as
sinkholes) to distant cave streams, water wells,
springs, and surface streams.

A karst landscape can be composed of gently
rolling hills and valleys textured with sinkholes,
cave entrances, sinking streams, and outcroppings
of weathered limestone (Fig. 1) as is typically
found in Kentucky and Tennessee and the Vir-
ginia/West Virginia/Pennsylvania sections of
karst. Dramatic topography that exhibits tall
“haystack”-type karst terrane as found in the Li
River section of southwest China (Fig. 2) can be
impressive and a daunting landscape for highway
construction.

Existing roads in karst areas usually experience
the sudden collapse of a sinkhole or the flooding
of a sinkhole basin crossed by a road. In addition,
issues of groundwater pollution often go
unchecked or not addressed by highway agencies
as well as developers and city planners.

To the geologist and geotechnical engineer,
caves are more than just curious features because
they reveal information about the groundwater
movement and solution processes that act on car-
bonate rocks. The patterns in which the solution
cavities and resulting caves develop generally
indicate the attitude of the bedrock, fracture den-
sity, and groundwater movement. Cave passage
patterns, sinkholes, and springs are important fea-
tures that may contribute to an understanding of
the local groundwater flow. The recognition of
areas of active karst subsidence and collapse is
of considerable importance to those engaged in
the design and implementation of highways, espe-
cially the construction of infrastructure.

Some of the problems that have resulted from
human modification of karst into subdivisions,
highways, and commercial properties include the
subsidence of building foundations and the col-
lapse of lawns due to leaking swimming pools and
inappropriately located septic tanks (Fig. 3). The
collapse of highway surfaces (Fig. 4), ditch lines,
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and bridge foundations and numerous instances of
flooding are also karst-related problems triggered
by human construction activity. In most instances,
it is the impact of human construction activity and
alteration to the surface drainage that induces the
collapse of a highway or house foundation or
results in the flooding of a commercial strip mall.

Solution cavities developed in karst terrane
characteristically have numerous open subsurface
flow paths. Accordingly, any contaminating fluids
are able to be rapidly dispersed along difficult-to-
predict routes. This type of groundwater contam-
ination from highway runoff is becoming a greater

concern as transportation routes are expanded into
karst areas.

This is particularly so in karst areas where toxic
or hazardous spills along highways can directly
flow from the highway into sinkholes and cave
systems that recharge groundwater aquifers. Every-
day highway runoff including tar, gasoline, diesel
fuel, asbestos, and metals from the roadway can
also contaminate groundwater supplies where the
runoff flows into sinkholes affecting the ground-
water quality.

Most of the remedial activity concerning karst
problems has been reactive in nature. In most

Karst Terrane and
Transportation Issues,
Fig. 1 Features such as
sinkholes and cave
entrances such as this
Roane County, Tennessee
cave entrance, often
characterize karst terrane

Karst Terrane and
Transportation Issues,
Fig. 2 A karst region in
China is characterized by
remarkable landscape relief
as shown here along the Li
River near Guilin, China
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instances it is highway maintenance personnel
that tend to remediate these sinkhole collapse
and runoff problems. The reactive approach to
dealing with karst problems involves responding
in an emergency situation.

Remedial action is usually adopted in response
to karst problems. Remedial concepts used for
correcting karst problems include bridging, drain-
age, and relocation measures. Bridging a collapse
with a rock fill or a concrete structure may be one
alternative. Trying to solve flooding problems
may require the use of existing sinkholes for
drainage outlets (possibly resulting in groundwa-
ter contamination) or even constructing special
ditches to bypass sinkhole areas to access a nearby

stream. Sometimes moving a section of road or
relocating a house is the course of action required.

If proper consideration is given to karst prob-
lems in advance of a construction project, then
proactive measures can be taken that involve the
understanding of karst processes. By simply
avoiding a karst area when planning a highway
or developing a commercial zone or residential
subdivision, one can save future agony as well
as dollars for the home owner, developer, or
government agency. If avoidance is not possi-
ble, then there must be certain integrated mea-
sures taken that address not only potential
subsidence but also flooding and groundwater
contamination.

Karst Terrane and
Transportation Issues,
Fig. 4 Karst terrane can
impact our highways as
shown in this photo of a
sinkhole along I-40 near
Knoxville, Tennessee

Karst Terrane and
Transportation Issues,
Fig. 3 Sinkholes can occur
most anywhere in karst
areas, as evidenced by this
sinkhole near Morristown,
Tennessee
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In general, transportation issues in karst terrane
deal mostly with sinkhole collapse problems,
sinkhole flooding, groundwater pollution, and
environmental issues dealing with caves and
cave inhabitants. How these issues are dealt with
usually falls into reactive measures and proactive
measures.

The Character of Karst

As would be expected, the character of karst can
be varied and unusual and is often dramatic. Caves
and sinkhole collapse are the most common karst
characters and are often the features encountered
when designing and constructing highways. Sink-
hole plains, disappearing streams, resurging
streams, subsurface drainage, and delicate ecosys-
tems are also characteristic of karst and present
tenuous issues when locating or constructing
transportation infrastructure.

The geologic character of the bedrock also
plays an important role in the development of
karst features. In addition to lithology, structural
characteristics such as fracture density, folding,
and faulting also contribute to the development
of karst. Long linear belts of karst tend to develop
on folded and faulted strata, whereas flat-lying
strata tend to develop wider, dendritic-type
expanses of karst. In addition, highly fractured
strata provide more avenues for solution activity
of groundwater and therefore develop into a karst
landscape quicker than less fractured strata. There
are numerous studies that describe the relationship
between geologic structure and karst development
such as [1–7].

Cave development in karst areas, like those in
the East Tennessee region, central Kentucky, and
other karst areas around the USA, follows the
more soluble zones or lines of weakness within
the host bedrock. These weak areas are generally
parallel to zones of fractures (joints and faults) or
bedding planes of the rock. Solution enlargement
of these weak areas of fractured rock generally
coalesces into interconnecting passages that form
intricate caverns, some of which are profusely
decorated with cave formations (speleothems or
dripstone) [8, 9].

Surface expression of the subsurface condi-
tions in karst areas is usually manifested as
depressions and sinkholes (Fig. 5). The sinkholes
vary in size from several feet to several hundred
feet across and up to tens of feet in depth. Some of
the sinkholes may have active swallets or open-
ings into the cave environments, while others may
be simply silted in and covered with vegetation.
Additionally, numerous rock outcrops are present,
as well as sinking streams, cave entrances, and
springs. Mostly all of these conditions are present
along highways in the karst areas of the USA.

Sinkhole development along highways usually
results from the collapse of the residual clay soil
into cavities developed in the subsurface soil due
to erosion of the residual clay. As these “soil
cavities” enlarge and approach the surface, the
remaining soil bridge over the cavity loses
strength and collapses forming a typical sinkhole
collapse. The eroded soil is flushed down into the
solution cavities in the bedrock. This type of
induced sinkhole failure has been previously
described by Donaldson [10], Jennings, et al.
[11], Moore [12, 13], and Newton [14, 15].

The majority of sinkhole collapse incidents
experienced along most highways in karst areas
are usually the soil collapse type (Fig. 6a, b, c, d,
and e) as defined by [13] for sections of East
Tennessee karst. Extremely rare are occurrences
of bedrock collapse into large open caves; how-
ever, they do occur.

Karst Features and Highway
Construction

There are a number of features that characterize
the karst landscape that can, and often do, present
problems for highway engineering projects. Fea-
tures such as subsidence depressions (no visible
cave opening) and sinkholes should be considered
in any planning study. Likewise, known cave
systems, springs, “dry valleys,” and areas of
numerous limestone outcrops should be closely
studied. Ponors, sinkholes that receive surface
streams, and flooded or water-filled sinkholes
and depressions should be avoided if at all possi-
ble. Large karst valleys known as uvalas and
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poljes may be overlooked due to their enormous
size relative to other karst features.

Building roadways over existing sinkholes and
other karst features is obviously not the preferred
engineering choice. However, when building
roads across karst areas, these features are often
unavoidable. The construction practice of dump-
ing soil into a depression or sinkhole without
proper investigation and design procedures will
usually result in subsidence of the fill.

Collapse
One of the most recognizable features of karst is
sinkholes. The result of human activity on the
karst landscape often includes subsidence or col-
lapse of a building, roadway, house, or even a yard
(Fig. 7). When subsidence develops beneath
structures or highways, it may have a catastrophic
impact resulting in high repair costs.

The construction and maintenance of high-
ways and appurtenant structures in karst terrane
often will trigger sinkhole collapse, subsidence,
and flooding. The collapse of highways in karst
areas has been well documented in the literature
[12, 16–19].

The relationship between construction activity
and the occurrence of sinkholes has also been
documented [14, 20, 21]. More specifically,
Moore [12, 13] relates the occurrence of sinkhole
collapses to highway construction, particularly the
grading and ditching operations where surface and
subsurface water flow paths have been altered.

Studies conducted by Moore [13] cited above
show that over 75% of the sinkhole collapses that
have been documented along the roadways by the
Tennessee Department of Transportation (TDOT)
in East Tennessee were found to have occurred in
the drainage ditch of the roadway.

Sinkhole collapse and flooding problems
along Tennessee highways have been described
by Royster [22] and Moore [12, 23]. In addition,
Sowers [24], Newton [19], Foose and
Humphreville [25], and Amari and Moore [26]
have detailed possible geotechnical solutions to
subsidence, flooding, and groundwater contam-
ination in the Valley and Ridge Province from
Alabama to Pennsylvania.

In 2003 Moore updated the 1987 study by
analyzing 163 cases of sinkhole collapse incidents
in East Tennessee between 1969 and 2002. Of the
163 sinkhole incidents studied, 86.5% of the sink-
hole occurrences were located in highway ditch
lines [18]. The 2003 study also supported the
findings of the 1987 study by showing that of
the ditch line collapse incidents analyzed, 93%
also involved unlined ditches (the same percent-
age disclosed in the 1987 study).

Sinkhole activity often occurs in episodes as a
response to increased groundwater recharge or
drawdown. Sometimes these sinkhole occur-
rences can be quite dramatic, impacting not only
roadways but also houses and buildings.

The 2003 sinkhole study by Moore documents
numerous sinkhole occurrences over a 32-year

Karst Terrane and
Transportation Issues,
Fig. 5 Naturally occurring
sinkholes often expose
limestone bedrock as shown
in this photo from Middle
Tennessee
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period along the state highways in eastern
Tennessee.

There have been four major episodes of sinkhole
collapse based on TDOT office records during
the years from 1969 through 2002: 1980, 1984,
1987, and 1998. Historically, from 1977 to 1987, a
total of 74% of highway-related sinkhole collapses

occurred in roadway ditch lines [13]. The 1987
study revealed that of 74% of the ditch line col-
lapses, 93% occurred in unlined (sod or clay)
ditches. Overall, from 1969 through 2002, 86.5%
of the sinkhole collapse incidents were in ditch line
locations, again with 93% of those ditch line col-
lapses occurring in unlined ditches (Table 1).
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Karst Terrane and Transportation Issues, Fig. 6 This
sequence of drawings shows a hypothetical development
of a cover collapse-type sinkhole, common in much of the
karst areas of the eastern USA: (a) shows void developing
in the residual soil covering tilted limestone; (b) shows the
void becoming larger and spanning between two rock

pinnacles; (c) shows a larger soil bridge over the void;
(d) shows the result of the soil bridge collapsing into the
void below, causing a cover collapse sinkhole; and
(e) shows a real example of the collapse as depicted in
the above drawings
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Karst Terrane and Transportation Issues,
Fig. 7 Some sinkholes are often filled with trash and
other debris which leads to the contamination of the sur-
rounding groundwater. (a) This sinkhole collapse occurred
in the summer of 2002 along I-640 in Knoxville, Tennes-
see. (b) This collapse was located in the median of I-75 in
Anderson County, approximately 20 miles north of Knox-
ville. Note the marked area in the grass outlining the
sinkhole boundary which was measured to be approxi-
mately 30 ft in diameter. (c) A number of ditch-line type

sinkhole collapse problems occurred along highways in
East Tennessee in the winter of 2002–2003. This is along
U.S. 321 in Blount County. (d) Some of the recent sinkhole
collapse problems were just open pit shafts, as deep as
10 to 12 ft. (e) TDOT maintenance forces were used to
correct many of the collapse problems, such as this one on
an I-140 off ramp near Alcoa, Tennessee. (f) This large
collapse occurred in the ditch line of an off ramp along
I-140 in Blount County, near the Knoxville airport in
March of 2002
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All major highways including Interstate routes
experienced sinkhole collapses within the past
5 years. One ditch line collapse on I-75 in Ander-
son County was measured to be over 30 ft in
diameter. Most of the sinkhole collapses were on
the order of 10–12 ft in diameter and up to 8–10 ft
in depth. No particular geologic formation was
found to be more dominant than another in areas
where the sinkholes had formed. However, it was
observed that those areas where excavation had
approached the pinnacle-type soil/rock interface
(within 8–10 ft) experienced more collapses than
other areas where there was no excavation or very
deep soils that existed below the road grade.

Precipitation Data
Annual precipitation data for the middle areas of
East Tennessee was obtained from the Tennessee
Valley Authority and the National Weather Ser-
vice in Morristown, Tennessee, to see if there was
a correlation between precipitation events and
increased sinkhole collapse incidents along the
highways. It was hypothesized that during high
rates of precipitation, there would be a
corresponding increase in sinkhole collapses.

With the general average annual precipitation
rate for the middle areas of East Tennessee being
approximately 48 in., there have been six periods
of above-average precipitation during the years
from 1969 to 2002. These include the following:
1972–1974, 1979and 1982 (as one period),

1989–1991, 1994, 1996–1999, and 2002. The
average annual precipitation of these high years
was 59.9 in. There was also one major period of
below-average precipitation (1985–1988) where
the 4-year average was 34.53 inches (Table 2).

As was first surmised, there appears to be some
link to precipitation. However, it is not what was
first believed. There has been a general perception
that the sinkholes tend to occur during very wet
periods. And generally the data tend to support this.
However, our data also shows a sinkhole occur-
rence spike during low periods of precipitation.

Obviously, the occurrence of sinkholes during
high levels of precipitation is usually predicted
due to the increase in surface and subsurface ero-
sion. Not clearly understood is the occurrence of
sinkholes during drought conditions. A correlation
of the drought conditions may be made to mining
or quarry operations where those operations dewa-
ter or lower the local groundwater table causing
induced sinkhole collapses to occur. There are a
number of case histories where quarrying adjacent
to highways in karst areas resulted in induced sink-
hole incidents [14, 27, 28].

It is believed that the lowering of the water
table results in a loss of support to the roofs of
cavities in bedrock that were filled with water.
This also applies to residual clay soils that overlie
openings in the cavernous bedrock that were filled
with water before the decline of the water table
[29]. As drought conditions lower the water table,

Karst Terrane and Transportation Issues, Table 1 This table shows the annual number of sinkhole collapse incidents
from 1969 through 2002 (163 sinkhole collapse cases studied)
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the same mechanism causes the migration of the
residual soils from near the surface to lower areas
within the cavernous bedrock causing subsidence
and collapse to occur. This may explain the increase
in sinkhole collapse incidents during dry periods.

This study revealed that from 1969 to 2002
where 163 cases of highway sinkhole collapse
were recorded, approximately 86.5% of the sink-
hole occurrences were located in highway ditch
lines. This study also supported a previous study
by the author (1987) that of all the ditch line
collapse incidents, 93% involved unlined ditches.

It is readily evident that channeling surface
water into unlined ditches or even retention basins
or “holding ponds” will increase the incidence of
sinkhole collapse. Recognizing the impact of
development (road building, subdivisions, shop-
ping malls, etc.) on karst environments in advance
of construction can result in minimizing or even
avoidance of the sinkhole problem altogether.
Providing some element of impervious lining
(geomembrane, pavements) for all drainage
ditches in karst areas will greatly limit the inci-
dence of induced sinkhole formation (Table 3).

Warning Signs of Collapse
Catastrophic sinkhole collapses can engulf entire
houses and sections of roadways. Predicting sink-
hole development can be extremely challenging.

However, evidence of subsidence is sometimes
evident prior to catastrophic sinkhole formation.
One of the initial signs of collapse sinkhole devel-
opment is the initially minor subsidence of an

area. The effects of minor or initial subsidence
are often evident. Minor pooling of surface water
may occur in normally dry areas. Shallow puddles
of water on a highway surface or along a ditch line
are also initial signals of possible collapse.

Signs of settlement around houses and other
structures may indicate subsidence. Cracks in
house foundations, bridge abutments, or piers
are signs of subsidence. The tilting of trees or
other vegetation also indicates movement of
soils. This type of evidence is often associated
with landslides but can develop in association
with catastrophic sinkhole collapse.

Under most conditions these early warning signs
may develop over a considerable amount of time
(months or even several years). In construction
areas, induced sinkholes may occur suddenly with-
out any indication of an impending collapse.

The formation of a sinkhole in a natural setting
or on a construction site may occur in a sequence
of settlement, significant subsidence, and col-
lapse. Settlement of the ground may be noticed
at first where minor movement of the soil, on the
order of a few centimeters, may occur. Subsidence
usually follows with drastic and very noticeable
downward warping of the ground surface but with
no large-scale cracks or scarps, sometimes many
meters in diameter, but with no actual surface
collapse of soil or bedrock. Finally, a sinkhole
results from the collapse of the overlying soil
(or bedrock) into the void below. This sequence
may occur over a long period of time (months to
years) or may occur quickly in a matter of hours.

Karst Terrane and Transportation Issues, Table 2 This chart illustrates the annual rainfall data (in inches) for the
central region of East Tennessee from 1969 to 2002
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Sinkhole Formation in Roadway Ditches
The greatest number of karst problems that
develop along highways in East Tennessee
involves subsidence and collapse of the drain-
age ditch (Fig. 8). These karst problems are
referred to as being “induced” by some type of
construction activity as opposed to being natu-
rally developed [14].

In most highway design situations, roadway
ditches with gradients of 3% or less are designed
to be left barren or sodded. Only when the ditch
line gradient exceeds 3%, according to most stan-
dard roadway design procedures, are the ditches
paved or treated with an impervious material (i.e.,
concrete, polyethylene, geofabrics).

Within karst areas, the problem with untreated
ditches often results when runoff accumulates in
the ditch line and percolates into the underlying
soil and rock. As the surface water migrates down-
ward, clay particles are taken from the soil and

carried into existing solution channels in the top of
the bedrock and into the underlying bedrock con-
duits and caves. A cavity develops in the soil mass
(above the bedrock) and enlarges from the bed-
rock toward the surface over a variable period of
time (Fig. 9). Where the soil can no longer span
the subsurface void, then the soil mass collapses
into the underlying cavity, and the collapse pro-
gressively works upward to form a surface depres-
sion or a collapse sinkhole [30].

Construction projects are notorious for
disregarding the surface runoff and usually result
in serious siltation problems. In addition, the
pooling of surface runoff in recently graded or
excavated karst areas can result in sinkhole col-
lapse. A significant aspect to consider is the new
drainage path along the grade of the roadway
(a drainage ditch) that concentrates the runoff
and increases infiltration into the subsurface. An
example of this process occurred on a highway

Karst Terrane and Transportation Issues, Table 3 This table illustrates the relationship between annual precipitation
rates and annual sinkhole occurrences in East Tennessee
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construction project in Montgomery County, Ten-
nessee, where surface runoff from a rain event was
allowed to pond around newly constructed bridge
pier footings on I-24. The concentration of water
on the freshly excavated ground (which happened
to be in an active karst area) triggered a collapse
(Fig. 10) of residual clay soils around the pile-
supported footings [22].

Drainage
Other types of karst features and hazards are asso-
ciated with drainage issues. Flooding and ground-
water pollution problems are two major concerns
associated with drainage in karst.

Flooding of highways constructed across sink-
holes is a relatively common occurrence in some
karst areas. A number of sinkhole flooding prob-
lems of this type have been studied and
documented (Tennessee: [12, 23, 31, 32]; and
Royster [22]; Kentucky: [33]).

In most instances of highway flooding, the
subject road was constructed across (or into) the
sinkhole following the natural topography
(Fig. 11). Prior to construction, land use may
have been agricultural with little runoff and the
sinkhole did not flood. Many such sites are now
urbanized and the sinkhole can no longer ade-
quately drain the increased runoff.

Karst Terrane and
Transportation Issues,
Fig. 8 Sinkholes often
form along highway ditch
lines as surface water is
concentrated there leading
to the subsurface erosion of
the soil which forms these
sinkholes

Karst Terrane and
Transportation Issues,
Fig. 9 Soil voids usually
form over the limestone
bedrock before the soil
collapses forming a cover
collapse sinkhole
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Groundwater pollution due to the infiltration
of highway surface runoff into a sinkhole fea-
ture has become a major environmental concern
associated with highway routes in karst. While a
number of researchers have studied the effects
of highway runoff on the surface environment,
few have dealt with the effects on the subsurface
environment. Quinlan and Ewers [34] and
Quinlan and Ray [35] discuss the effects of
surface runoff on the Mammoth Cave System
and their efforts to dye-trace the karst boundary.
In their discussions, it was pointed out the
necessity to map and dye-trace all sinkholes
connected to roadways that traverse through
the Mammoth Cave National Park.

Stephenson and Beck [36] made a review of
literature regarding the quality of highway runoff
and its potential impacts on karst groundwater.
They found that little attention was being given
by researchers to the issue of groundwater con-
tamination by highway-related surface runoff and
that the highway runoff could contain high con-
centrations of hydrocarbons and other vehicle-
related contaminants.

In 1997, Stephenson and Beck describe the
results of a Federal Highway Administration
Pooled Fund Study (that involved 15 state
DOTs including Tennessee) where a prototype
filtration system (Fig. 12) was designed to treat
highway runoff in an interchange of I-40 and

Karst Terrane and
Transportation Issues,
Fig. 10 When roadway
bridges are constructed in
karst terrane, sinkholes can
develop beneath the
supporting structures as
shown here along I-24 in
Montgomery County,
Tennessee

Karst Terrane and
Transportation Issues,
Fig. 11 Roads built across
and in sinkholes may flood
if the subsurface drainage
becomes blocked as shown
in this photo of Prosser
Road in Knoxville,
Tennessee
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I-640 in the eastern part of Knoxville, Tennes-
see. This study described the attention that is
required by infrastructure designers to prevent
or lessen the pollution of the groundwater sys-
tem in karst areas.

Reactive Approaches and Remedial
Measures

Historically, the remedial approach to karst-
related highway subsidence and flooding prob-
lems has typically been reactive in nature. Road
crews commonly repair the sinkhole collapse after
it has happened.

Remedial measures used in correcting karst-
related subsidence problems reactively (after
they occur) may be divided into three areas: bridg-
ing, drainage, and relocation. The techniques used
in bridging include graded rock and shot rock pads
and fills, graded rock backfill, concrete structures,
and grouting [12, 37, 38]. Remedial measures used
in drainage include alteration of the existing drain-
age by the use of paved or geomembrane-lined
ditches, special overflow ditches, plastic overlays,
pumps, horizontal drains, and the maintenance of
obstructed sinkhole entrances. Surface drainage
filter systems have been researched and are begin-
ning to be employed to treat surface runoff from
highways in karst areas. Although not widely used,
relocation of the highway facility around a karst
area may also be a viable corrective measure.

Types of Bridging Remedial Approaches
The treatment of karst-related subsidence and col-
lapse features involving engineered structures can
include methods as varied and site specific as the
sinkholes themselves. Many remedial treatment
techniques involve a method of “bridging” to
provide adequate stability and bearing capacity.

There are a number of different approaches to
bridging that can be applied. These include, but
are not limited to, the following: conventional
bridge spans, “muck trestles” (bridge built on
grade), drilled shafts, riprap backfill, rock pads,
grouting, concrete slabs, geofabrics, and geogrids.
In some instances, a combination of these pro-
cedures may be needed [9].

Where field conditions warrant, a concrete
structure may be used to bridge or span the col-
lapse sinkhole area. This remedial measure may
entail the construction of (1) a free spanning high-
way concrete or steel bridge, (2) a concrete bridge
with the deck constructed on the ground surface
(commonly referred to as a “muck trestle”),
(3) drilled cast-in-place concrete piers to support
a concrete slab or bridge section, or (4) a concrete
slab placed over the subsurface opening [9].

Although a very costly approach, a free span-
ning bridge constructed over the sinkhole area is
very effective in eliminating future problems. This
approach should be considered when crossing
very large and deep sinkholes or in environmen-
tally sensitive areas such as Mammoth Cave
National Park.

Karst Terrane and
Transportation Issues,
Fig. 12 Surface runoff
from roadways can be
filtered to remove pollutants
before the water reenters the
groundwater system
through sinkholes
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The “muck trestle” bridge has been considered
for a severe karst-related flooding and collapse
problem in Hamblen County along State Route
34 nearMorristown. This concept was applied to a
railroad bridge in the same vicinity of Hamblen
County where a sinkhole collapse was endanger-
ing a rail line [39].

An often recommended measure for structural
foundations in karst strata is the use of drilled cast-
in-place piers (caissons). Where soluble limestone
strata occur beneath a river channel, numerous
cavities may exist which are either clay filled or
open. In some instances, a series of solution cav-
ities may extend downward to depths of over
30.4 m (100 ft). Karst strata that extend as much
as 8–10 m (25–30 ft) below the surface can make
excavation prohibitive and drilled cast-in-place
piers more viable.

Another type of bridging concept commonly
used in roadway applications is to use concrete
grout to seal up cavernous strata. Grouting is often
used at the soil/rock interface to close up openings
that the soil may filter into – this is referred to as
“cap grouting.” Royster [22, 40] used this concept
to repair a bridge footing along I-24 in Montgom-
ery County, Tennessee, where a collapse occurred
beneath a pier footing pile cap (Fig. 13). Another
instance of using grouting to repair subsidence and
sinkhole collapse problems is detailed in Mellett
and Maccarillo [41] where the authors warn that
grouting can divert underground water flow into
other areas, and new sinkholes may occur nearby
as a result. As shown in the above example, caution
should be used when attempting to use grouting as
a method of stabilization of collapse problems.

The Tennessee Department of Transportation
applies another effective type of bridging concept
which uses rock riprap to backfill the collapse.
The interlocking action of the riprap backfill,
often referred to as “chunk rock” backfill, and
the placement of the backfill on the top of the
in-place bedrock effectively bridge the solution
cavity (Fig. 14). This concept also provides a
free draining structure for groundwater and sur-
face drainage.

These inverse filters using “chunk rock” back-
fill are designed to prevent overlying materials
from filtering down into the interstitial spaces of

the clean rock backfill and solution cavity
resulting in subsidence or even another collapse.

A bridging technique, commonly used in Ten-
nessee, consists of a limestone graded rock pad
placed to span an area of intense solution activity
(Fig. 15). This technique was used on a section of
Tennessee State Route 1 (U.S. 11-W) in Hawkins
Countywhere a new four-lane section of State Route
1 was constructed over an area of active sinkholes.
This rock pad provided stability for the highway by
allowing groundwater to flow freely from the sink-
holes to a special channel and box culvert.

The rock pad constructed over this sinkhole
area has a minimum thickness of 1.5 m (5 ft) and
meets the following rock specifications [9]:

Rock pad material consists of sound, non-
degradable limestone with a maximum size of
0.9 m (3 ft) and is free of shale and/or clay; at
least 50% (by volume) of the rock is uniformly
distributed between 0.3 m and 0.9 m (1 and 3 ft) in

4

3 8
11

10

Karst Terrane and Transportation Issues,
Fig. 13 “Cap grouting,” where concrete grout is pumped
down to the soil-bedrock interface to seal the rock surface
and prevent the migration of soil down into cavities in the
bedrock, was used on a bridge footing in Montgomery
County, Tennessee, along I-24
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diameter, and no greater than 10% (by volume) is
less than 5 cm (2 in.) in diameter; the rock material
is roughly equi-dimensional; thin slabby material
is not accepted.

A geotextile filter fabric should be used to
separate the rock pad from the overlying fill mate-
rial (usually soil). The filter fabric specifications
should be determined based on the grain size of
the overlying fill material.

Drainage-Related Remedial Approaches
The development of proper drainage systems for
highways constructed across karst terrane is com-
monly overlooked, often necessitating reactive
approaches to karst drainage problems which
involve ditch line collapse and flooding.

A successful technique of drainage control
involves the use of lined drainage ditches along
roadways in karst areas. This includes using mate-
rials such as asphalt, concrete, or geomembrane-
lined drainage ditches. Studies [13, 18] have
shown that the majority of collapse-type karst
problems occur in unlined ditches. Unlined
ditches are usually sodded at best and have gradi-
ents of less than 3% and more often 1% or less.

Unpaved ditches also provide for increased
seepage which may result in subsurface erosion
and finally collapse. Bare soil ditches and even
sodden ditches are prone to this type of collapse
failure (Fig. 16).

Usually, water collecting in an unlined ditch
will seep into the underlying soil eventually
reaching a conduit developed at the soil-bedrock
interface below the ditch. Erosion continues until

Karst Terrane and Transportation Issues,
Fig. 14 Clean graded rock is used to backfill a sinkhole
collapse along Interstate 640 in Knoxville, Tennessee, by
the Tennessee DOT

Karst Terrane and
Transportation Issues,
Fig. 15 A rock pad is
constructed over naturally
occurring sinkholes on a
road project in Tennessee.
The rock pad provides not
only stability for the road
but allows surface drainage
to flow into or out of the
sinkhole, which had
bedrock exposed and
not soil
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the soil over the cavity collapses, the result of the
erosion being a collapse sinkhole induced by
seepage from the drainage ditch. The solution is
to line the ditch with an impervious material at the
outset, during construction.

Materials that have historically been used to
line ditches include sodding, asphalt, riprap, and
concrete. Concrete-paved ditches have histori-
cally been used in these situations and perform
moderately well.

In recent years, new emphasis has been put on
the use of synthetic geomembranes (Fig. 17).
Their use as ditch liners in karst areas is strongly
recommended due to the following factors: flexi-
bility, imperious character, strength against punc-
ture, and ease of installation.

The geomembrane liners can be installed with
a soil or sod cover for aesthetics andUVprotection.
Riprap can also be placed atop the geomembrane
(careful placement is required). In emergency situ-
ations, polyethylene sheeting can be used until a
more permanent repair can be affected. Finally, if a
concrete ditch is desired, the concrete should be
applied over a geomembrane liner. Geomembranes
that tend to perform well in these applications are
60 mil thickness HDPE and PVC membranes.

Relocation
In some instances, relocation of the highway is
the best alternative to solving the karst-related
problem. This may simply involve shifting the
roadway slightly to miss a specific sinkhole or

Karst Terrane and
Transportation Issues,
Fig. 16 Unlined drainage
ditches in karst areas
usually bear the brunt of
sinkhole formation as
shown in this photo of a
sinkhole along State Route
72 in Tennessee

Karst Terrane and
Transportation Issues,
Fig. 17 Geomembrane is
used for drainage ditches
along some highways in
karst areas of Tennessee.
Most are covered with
riprap or concrete paving
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cave entrance. In other cases, the relocation may
be several hundred feet from the original align-
ment and cost thousands of dollars for additional
right-of-way.

Proactive Measures

Being proactive in regard to dealing with karst in
highway design and construction is to identify the
problem and formulate a design that will remedi-
ate that problem before construction begins. If a
roadway alignment has to be located in sinkhole
areas, then design roadway embankments and cut
sections so that the impact of the karst on the
roadway will be lessened or eliminated. Avoid-
ance measures and some combination of drainage
and bridging methods are usually the best direc-
tion to take in a proactive approach to designing
and constructing highways in karst areas.

Avoidance Measures
The avoidance of karst areas by transportation
facilities is recognized as a highly desired
approach in highway planning; however, the
extensive suburban development necessitating
new highway construction commonly limits high-
way corridors to less desirable land. Identification
of the most severe karst areas (with respect to
drainage, sinkhole collapse, and other environ-
mental impacts) during location and design
phases of highway planning can lessen the impact
of karst features on the project and result in a
better designed and more stable roadway facility.

Avoidance is only effective where karst is
active and recognizable. The construction of new
roads with associated increases in runoff along the
new landscape can trigger subsidence and
flooding problems where previous land uses
were in relative equilibrium with the karst.

Locating new roads in areas prone to karst
development requires a great dependence upon
the geologic information that is available. The
geotechnical information gathered during the
investigative phase of a proactive approach to
highway design is most valuable in determining
route location selection relative to karst. Maps and
other information that delineate such karst areas

(derived from a proactive investigation) can be
used to avoid problem areas. The use of geophys-
ical methods such as resistivity, seismic, and radar
can be used to aid in the characterization of sub-
surface conditions in karst areas [42].

Caution should be exercised when using stan-
dard 7.5 min USGS topographic maps to identify
sinkhole-prone areas. The standard 20 ft (6 m)
contour interval used with the 7.5 min quadrangle
rarely reveals the true number of sinkholes pre-
sent. Hubbard [43] researched this issue in the
karst regions of the Valley and Ridge of Virginia
where he consistently identified more sinkholes
on the ground than were depicted on selected
7.5 min quadrangle maps. In one instance, Hub-
bard describes a 7.5 min quadrangle with a 20 ft
contour interval that revealed 55 sinkhole fea-
tures, while ground field mapping identified
533 sinkhole features.

In another case that relates this concept to East
Tennessee, Moore [44] studied a proposed loca-
tion of an interchange along I-181 in Sullivan
County, Tennessee, situated in the Valley and
Ridge Province and underlain by carbonates.
Within an approximately 100 acre site, the stan-
dard 7.5 min maps with 20 ft contour intervals
revealed some 30 or so sinkhole features. After
aerial mapping using a 1 m contour interval, a
total of 177 sinkholes and 7 cave entrances were
identified at the proposed site (Fig. 18a, b), which
was later rejected by the Tennessee Department of
Transportation for the interchange location.

Roadway designs may involve the use of broad
horizontal curves to miss a sinkhole area or cave
complex resulting in a more scenic facility. An
example of this process is the Pellissippi Parkway
Extension (I-140) in Knox County, Tennessee.
The extension of a limited-access, four-lane high-
way facility, “the Pellissippi Parkway” (I-140),
involved the possible location of corridors in
active karst areas of Knox and Blount counties
in East Tennessee. Geotechnical involvement in
the location and design phases of this highway
development process resulted in the recognition
of several unstable areas of karst and led to the
adoption of remedial and preventive design mea-
sures which were incorporated into the construc-
tion plans [23].
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Ultimately, the route selected was the most
favorable geologic setting of the four proposed
routes. Significant consideration by administra-
tive officials was given to the geologic evalua-
tion of the project, a measure of the progress in
recognizing and addressing karst processes and
teamwork within the geologic and engineering
professions.

Mapping karst areas for planning use by gov-
ernment highway organizations (state DOTs) is
very proactive and effective in reducing the
impact of karst on proposed transportation routes.
One such example is the South Knoxville Boule-
vard Extension (SR 71) in Knox County, Tennes-
see. The Tennessee Department of Transportation

(TDOT) is planning a new roadway alignment
(SR 71) that crosses portions of South Knox
County in East Tennessee. The proposed corridor
is located in a section of the Valley and Ridge
Province of East Tennessee where several ridges
and valleys will be crossed, as well as creeks,
roads, subdivisions, and rural lands. The proposed
corridor connects the current terminus of SR 71 at
Moody Ave. in South Knoxville to John Sevier
Highway (SR 168) (Fig. 19).

In an attempt to properly evaluate the potential
for geologic hazards along the project, an effort
was made to locate all sinkholes and caves within
the project area, karst being the primary geologic
hazard identified. To this effort, a karst map and a
map of one cave were completed (Figs. 20 and 21).

The proposed SR 71 corridor is situated in the
rolling to hilly topography of the Valley and Ridge
Province of East Tennessee and includes a portion
of South Knox County. Geologically, the corridor
is situated in terrain underlain by folded and
faulted middle Ordovician sedimentary strata
composed of several major rock types including
limestone, shale, sandstone, and siltstone.

The weathering of the rock strata has produced
a knobby terrain that follows the outcrop pattern
of the specific formations, especially the Holston
and Chapman Ridge formations. The weathering
has also produced classic karst topography char-
acterized by sinkholes, disappearing streams, and
caves, including Meades Quarry Cave (Fig. 22).

A geohazard evaluation was conducted by the
Tennessee DOT Geotechnical Engineering
Section for the proposed SR 71 route. This study
was an effort by the Tennessee DOT to identify
the geologic hazards along the corridor and to
avoid or reduce the hazard impact on the roadway
facility, the environment, and the public. The main
geohazard found along the proposed SR 71 study
area was karst.

The study revealed that the corridor is charac-
terized by features such as sinkholes, caves and
cave entrances, sinking streams, and outcroppings
of weathered carbonate rock (limestone and
dolostone). The recognition of areas of active
karst subsidence and collapse is of considerable
importance to the design and implementation of
the proposed highway infrastructure, SR 71.

Karst Terrane and Transportation Issues,
Fig. 18 Using topographic maps is a good source for
finding sinkhole terrane. However, the scale of map and
the contour interval can be deceiving as shown in the map
above. Map (a) shows an area on a 20 ft contour scale with
some 30 sinkholes developed; map (b) shows the same area
on a 3 ft contour scale showing over 100 sinkholes
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TDOT initiated a karst geohazard inventory
and assessment to assist in evaluating and
selecting a satisfactory alignment within the cor-
ridor study area. This study involved the location
of caves and sinkholes within and adjacent to the
proposed corridor. In addition, the caves were

visited and preliminarily evaluated as to their geo-
technical and environmental importance. The
caves that were found to be of significance to the
proposed stability of the roadway or have envi-
ronmental and archeological significance were
surveyed to determine their lateral and vertical

Karst Terrane and Transportation Issues, Fig. 19 This map shows the study area for the extension of the SR 71 –
South Knoxville Blvd. in Knoxville, Tennessee. The study area contains a large karst sinkhole area shown in Fig. 23
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extent. Mapping of the caves was performed by
both TDOT Geotechnical Engineering staff and
local speleologists.

Caves and sinkholes offer special challenges
relative to both the physical and environmental
issues of highway development. The karst
geohazard inventory study, which included
mapping karst features, disclosed the presence
of both sinkholes and caves, some of which may
have detrimental structural, geologic, and envi-
ronmental issues for alignment and grade design
considerations.

Efforts to avoid karst areas with roads and
other developments are difficult at best, especially
since the “good” land is already mostly devel-
oped, leaving only the geologically undesirable
land for current development. Geologically unde-
sirable land includes such areas as karst terrane
steep terrain, very rocky terrain, landslide-prone
areas, soft ground, and areas prone to acid mine
drainage, to name a few.

In planning new highway corridors, certain
constraints must be known and when identified
are usually displayed by mapping. The Tennessee
Department of Transportation, Geotechnical
Engineering Section, is involved in studying pro-
posed roadway corridors in East Tennessee in an
effort to identify geohazard areas.

The mapping of karst areas generally involves
the following procedure as outlined byMoore and
McDowell [46]:

• In general, 7.5 min topographic maps (that use
a 6 m (20 ft) contour interval) are used to locate
karst features such as sinkholes (closed depres-
sions on the contour map), caves, springs, and
sinking streams. Once these karst features are
identified and located on the topographic maps,
then a field reconnaissance is performed to
field check the features to make sure that they
are there.

• Afterward, the sinkholes and other karst fea-
tures are enhanced on the topographic maps,
and subjective boundaries are drawn to encir-
cle these areas. Typically, these encircled areas
are identified as “areas of high concentrations
of sinkholes” and/or “areas of numerous cave
openings.” Actual cave entrances are not plot-
ted on the final geohazard map due to access
issues and private owner protection.

• The geohazard areas are then expressed as
outlined patterns on topographic maps to better
illustrate the geohazard relative to the sur-
rounding landscape. In addition, the proposed
corridor route is overlain on the geohazard
map. This map is then used by the roadway
planners to better locate the final roadway
centerline.

In addition to the surface mapping of sink-
holes, it is becoming more important to map the
caves where they may exist in close proximity to
the proposed roadway. By knowing spatially
where the cave passages are located, a more accu-
rate design of proposed roadway cut slopes can be
made. This would prevent the unnecessary open-
ing of a cave system to the surface, and benefit the
cave biota, such as bat colonies and salamanders
to name a few.

Karst Terrane and Transportation Issues,
Fig. 22 This photo shows the man-made entrance to
Meades Quarry Cave which was opened by marble quar-
rying operations in South Knoxville in the early 1900s
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The use of experienced cavers (usually cavers
who are members of the National Speleological
Society, NSS) in combination with engineering
survey crews provided the best results for locating
the cave passages spatially with respect to the
proposed roadway. It is anticipated that mapping
of cave passages will become increasingly man-
datory as society continues encroaching onto and
into the karst environment.

After a review of available geologic data and
field investigations, the SR 71 Extension corridor
in South Knoxville, Tennessee, was found to be
located within several strike belts of karst. The
belts of karst trend in a northeast to southwest
direction, reflecting the strike of the underlying
bedrock. In addition, the rock strata are folded into
a large structural anticline resulting in the bedrock
forming a “U”-shaped pattern in the South Knox-
ville community (Fig. 23).

Numerous sinkholes and caves were found to
be located in these karst areas. A map of the most
intensive sinkhole areas was prepared in order to
better assess the corridor terrain. A field recon-
naissance of the study area was made in an effort
to locate as many of the sinkholes as possible.
Many were overgrown and difficult to locate.
A few of the caves that were identified were
found to be located outside of the numerous sink-
hole zones (outlined on the attached karst sinkhole
map) but within typical karst terrane.

The possible impacts on the karst environment
from constructing the proposed road alignment
(or any other structure, building, subdivision,
etc.) include sinkhole collapse, sinkhole flooding,
groundwater contamination, and environmental
effects on the cave and subsurface-dwelling wild-
life, such as bats and salamanders.

Mapping Subsurface Karst: Meades Quarry
Cave Mapping Initiative
Due to the uncertainty of the existence of Meades
Quarry Cave within the proposed study area, it
was decided to map the westernmost portion of
the cave system. The purpose of mapping the cave
was to determine if the general trend of the cave
and cave stream is toward the sinkhole area
around Old Sevierville Pike and Red Bud Drive,

which is within the study area of the proposed
parkway extension.

The presence of the Berry Cave salamander
(Gyrinophilus gulolineatus, a subterranean amphib-
ian listed as a potential threatened species – see
Fig. 24) in the Meades Quarry Cave stream has
made the cave an important issue of the overall
study of the proposed SR 71 extension. The Berry
Cave salamander derives its nutrition from debris
and organics that are flushed into the sinkholes by
rain events which in turn recharge the cave stream
in which the salamander lives. Adversely affect-
ing the sinkholes would directly affect the
salamanders.

As a result of the concern over the salamander
species found in Meades Quarry Cave, it was
decided by Tennessee DOT that a mapping effort
of the cave would be completed. In August of
2008, the Geotechnical Engineering Section initi-
ated an effort to map the westernmost portion
of the Meades Quarry Cave system (Figs. 25, 26,
and 27). This section of the cave system has its
entrance in the floor of an old quarry pit which
exposed the cave during quarrying operations in
the 1930s and 1940s.

As a consequence of our investigation and
mapping initiative, it was interpreted that the
stream passage of Meades Quarry Cave does
indeed lie within the study area of the proposed
SR 71 highway extension. In addition, it was
decided that a dye trace study was needed to
further delineate the groundwater recharge area
for Meades Quarry Cave system.

Dye Trace Study
A proven and reliable method of identifying sub-
surface drainage areas in karst is to use dye trac-
ing. Many studies have disclosed the valuable
usefulness of dye tracing (Quinlan and Ray [34,
35, 48, 49]). To that end, the South Knoxville SR
71 highway project study has initiated a dye trace
study of the proposed highway route in a
sinkhole-prone section of the corridor.

As noted in the above discussion, the Meades
Quarry Cave system of solution channels and
stream(s) is located within the study area for the
proposed extension of SR 71. Also, it was
disclosed by local University of Tennessee

32 Karst Terrane and Transportation Issues



K
ar
st

Te
rr
an

e
an

d
Tr
an

sp
or
ta
ti
on

Is
su
es
,F

ig
.2

3
T
hi
s
m
ap

sh
ow

s
th
e
ka
rs
t
an
d

si
nk

ho
le

ar
ea

th
at

w
as

m
ap
pe
d
by

th
e
T
en
ne
ss
ee

D
O
T

G
eo
te
ch
ni
ca
l
E
ng

in
ee
ri
ng

S
ec
tio

n
w
hi
le

st
ud

yi
ng

th
e
pr
op

os
ed

ex
te
ns
io
n
fo
r
S
R
71

–
S
ou

th
K
no

xv
ill
e
B
lv
d.

in

K
no

xv
ill
e,

T
en
ne
ss
ee
.
T
he

da
sh
ed

ar
ea

sh
ow

s
th
e
ac
tu
al

st
ud

y
ar
ea

(b
as
e
ge
ol
og

ic
in
fo
rm

at
io
n
fr
om

H
ar
de
m
an

[4
5]
)

Karst Terrane and Transportation Issues 33



biology researchers that the Meades Quarry Cave
contains a population of Berry Cave salamander
which is a rare species of animal (Moore and
McDowell [46]).

Karst Terrane and Transportation Issues,
Fig. 24 This photo of the Berry Cave salamander was
made in Meades Quarry Cave in South Knoxville, Tennes-
see. Cave environments are fragile places and harbor many
rare and endangered species of wildlife (Photo by Matt
Niemiller [47] University of Tennessee; from: http://
www.herpetology.us/niemiller/)

Karst Terrane and Transportation Issues,
Fig. 25 Mapping caves is an important process in study-
ing the location of future transportation routes like high-
ways and railroads; shown is Meades Quarry Cave
mapping by Tennessee DOT geologists

Karst Terrane and Transportation Issues,
Fig. 26 Meades Quarry Cave contains a perennial stream
that supports the environment for the Berry Cave
salamander

Karst Terrane and Transportation Issues,
Fig. 27 Cave speleothems decorate a passage in Meades
Quarry Cave in Knoxville, Tennessee. Shown are white
soda straws connecting with white stalagmites
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The US Fish and Wildlife Service and the
Tennessee Wildlife Resources Agency has noted
the presence of the Berry Cave salamander in the
Meades Quarry Cave system and requested that
TDOT do an adequate dye trace study of the
sinkholes in the area of the proposed project to
better understand the geohydrology of theMeades
Quarry Cave system. The dye trace study is to
better differentiate which sinkholes actually
recharge the cave stream that the Berry Cave
salamander lives in, so that TDOT can avoid any
impact on the cave systemwith the construction of
the proposed SR 71 extension. A result of the dye
trace study will be an effort to minimize the
impact of highway runoff on the local karst sys-
tem. This will be accomplished with the use of
runoff filtration systems.

In summary, the study of the karst of the SR
71 project found that the proposed corridor has
numerous karst features that are found within the
area topography. Mapping surface and subsurface
karst features can greatly aid the evaluation of
proposed roadway corridors. A result of this
study was the development of a surface karst
map which showed areas of numerous sinkholes,
which are interpreted as areas of potential future
sinkhole development.

The construction of road projects, as well as
industrial sites, shopping malls, and subdivisions
will be problematic in karst areas and should be
avoided when possible. However, if avoidance is
not possible, then minimization of the impact of
construction on the sinkhole and cave environ-
ments should be the objective. Such design mea-
sures as minimal cut and fill construction
and minimal alterations in the surface drainage
of an area (both surface and subsurface) are
recommended.

Another result of the karst geohazard study
was the development of a karst planning map
and the decision that mitigation of the impacts
on the karst areas will need to be included with
the roadway design and construction plans once
the road project is approved. Proactive measures
such as surface drainage filtration systems for
sinkholes, impermeable lining for ditch lines
(to prevent new sinkholes from forming), the use
of graded rock embankments (for stability and

groundwater impacts), and the use of structural
bridges over sensitive sinkholes are recommended
to be considered and/or employed during the road-
way design phase.

The groundwater contamination issue is an
important topic for the SR 71 project due to the
potential impact on the rare Berry Cave salaman-
der which lives in the Meades Quarry Cave system.
Once the groundwater dye trace results are obtained
by the Environmental Division (as discussed in
the above narrative), then a more appropriate
evaluation of the karst groundwater drainage
can be made.

Surface water runoff filtration systems, as pro-
posed for the SR 71 project in South Knoxville,
have recently been constructed on a Tennessee
DOT roadway project in Hamblen County, Ten-
nessee, where the runoff empties into a sinkhole
(Fig. 28). The filtration system design was based
on results of a FHWA Pooled Fund Study that
involved filtering highway runoff in karst areas.
Tennessee DOT was a partner in the FHWA
Pooled Fund Study [36, 50].

It is important to understand that there will
always be an impact on the karst environment
(sinkholes, caves, wildlife, and groundwater)
when construction occurs in karst areas. In some
places, this impact may be significant where caves
and sinkholes are exhumed and/or filled in with
embankment material and where surface drainage
is directed into sinkholes that empty into the caves
and groundwater systems. These impacts can
be lessened by appropriate and judicious mitiga-
tion during the design and construction phase of
the project.

Proactive Drainage and Bridging Concepts
The proactive approach to karst-related drainage
problems requires attention to several design-
related items. These include lined ditches, rock
pads, overflow channels, sinkhole opening
improvement/protection, curbs for embankment
sections, and drainage wells. The following dis-
cussion summarizes the treatment of karst-related
drainage problems [44]:

• Lined ditches – The single most important item
that can be implemented to prevent future
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sinkhole collapse occurrence is the use of lined
drainage ditches. Types of liners that tend to
function the best include 60 mil PVC and/or
HDPE geomembrane and concrete and asphalt
materials.

• Rock pads – Rock pads beneath embankments
using clean riprap limestone may be used for
bridging depressions and sinkholes (Fig. 29).

• Overflow channels – This concept involves the
construction of a lined channel or pipe from a
negative drainage area (sinkhole) to a positive
draining system.

• Sinkhole opening improvement/protection –
This concept involves improving the runoff
flowing into subsurface cavities by removing
debris and trees from around the throat of a

Karst Terrane and Transportation Issues, Fig. 29 Shown is a roadway embankment that is underlain by an
engineered rock pad across a sinkhole in Knoxville Tennessee

Karst Terrane and
Transportation Issues,
Fig. 28 This shows the
sinkhole filtration system
constructed on a Tennessee
DOT road project in
Morristown, Tennessee.
The filter is in the long
rectangular structure near
the top center of the photo.
The sinkhole receiving the
filtered runoff is in the top
left of the photo
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sinkhole and protection of the cavity opening
from siltation and debris using such methods as
siltation barriers, debris catchment fences, rip-
rap, gabion siltation barriers, and concrete
structures (Fig. 30).

• Drainage wells – An additional concept that
has been implemented in some areas is the use
of injection drainage wells [12, 22,
51–53]. These types of storm water drainage
wells are required to be permitted by the state
and are known as Class V injection wells.

When implementing any of the above drainage
concepts, it is imperative that a maintenance pro-
gram be established and monitored in order to
reduce future problems.

Another proactive method of approaching
karst drainage problems is the use of tracer studies
(dye, pollen, spores, etc.) in identifying the sub-
surface drainage regime [48, 49, 54]. As discussed
earlier (and in more detail) under proactive reme-
dial measures – investigative measures – the use
of tracers placed in the subsurface (via springs,
wells, sinkholes, etc.) enables karst hydrologists

to define the subsurface drainage basins and
recharge areas.

The information gained through tracer studies
is extremely useful in both design development
and litigation, despite its time-consuming nature.

The use of sinkholes for drainage is often con-
sidered in roadway design. In a proactive meth-
odology for environmentally sensitive roadway
design in karst, the best approach would be to
avoid placing drainage into a sinkhole, particu-
larly using the sinkhole as a wastewater disposal
feature. The use of sinkholes as drainage features
is basically groundwater contamination by design.
Eventually, hazardous waste will be spilled and
the karst aquifer will become contaminated.

Concerns about groundwater contamination
must be addressed by either a filtration system, a
retention/sediment basin, or both. A study by Ste-
phenson et al. [50] showed that using a pilot-
researched peat-moss filtration system on high-
way runoff on the I-40/I-640 interchange in Knox-
ville, Tennessee (Fig. 31), effectively reduced the
highway runoff contaminants by 90–99%
[55]. This type of treatment of highway runoff is
highly recommended for high-volume highways

Karst Terrane and Transportation Issues,
Fig. 30 When roadways are built in sinkhole areas, sink-
hole may need to be used for draining the runoff. Shown

here is one such sinkhole that was cleaned of debris and
protected against erosion and siltation with riprap and
straw bales
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where the roadway runoff recharges karst aquifers
via sinkhole features.

As discussed earlier under reactive remedial
measures, there are a number of sinkhole improve-
ment techniques that may be employed to ease the
impact on the groundwater. These include siltation
fences, trash racks, perforated and filter cloth
wrapped standpipes, gabion revetment, erosion
control geotextiles, riprap, and concrete structures
such as box culverts and inlet structures.

Regardless of the type of method used to treat
the sinkhole that is used for drainage, it is impera-
tive that a maintenance program be established for
the drainage facility. Without maintenance of the
sinkhole improvement facility, silt and trash will
eventually plug the sinkhole resulting in flooding.

Future Directions

The collapse of roadway surfaces, drainage
ditches, and bridge foundations and numerous
instances of flooding are karst-related issues and
problems triggered by human construction activ-
ity on the environment. The greatest number of
karst problems that develop along highways
involves subsidence and collapse. This may
involve the road or bridge footing itself or a drain-
age ditch. In some instances, the construction can

trigger sinkhole formation outside of the construc-
tion limits of a project.

Remedial measures used in correcting karst-
related subsidence problems may be divided into
three areas: bridging, drainage, and relocation.
Avoidance measures and some combination of
drainage and bridging methods are usually the
best direction to take in a proactive approach to
designing and constructing highways in karst areas.

Innovative and cost-effective remedial con-
cepts for solving karst-related geotechnical prob-
lems require modifications and refinement of the
standard design to insure proper results to site-
specific conditions. Proactive involvement by the
geologic and engineering profession will be nec-
essary to insure the success of karst-related reme-
dial design concepts proposed for highways.
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Glossary

Aquifer unit Aquifer unit is a geological forma-
tion, part of a formation, or a number of for-
mations that provide water substantially and in
an adequate quality for the expected usage.

Aquitard Aquitard is a geological formation that
although insufficiently in producing water as
an aquifer unit does, the volume of water that
it allows to be released from storage may
provide an adverse environmental impact as
subsidence.

CompressibilityRelates the change in volume, or
strain, induced in a soil under an applied stress.

Effective stress Represents the stress transmitted
to the full-saturated soil skeleton when a force
per unit area (total normal stress) is transmitted
in a normal direction across the measuring
plane.

Hydraulic conductivity Hydraulic conductivity
is the rate of water that an unit volume of
aquifer material may allow through under a

unit hydraulic gradient such value is a function
of its degree of saturation attaining it maximum
at 100% saturation, and is also function of
water density.

Hydraulic headHydraulic head is the sum of two
components: the elevation of the point of mea-
surement and the pressure head (assuming nil
flow velocity).

Specific storage Specific storage of a saturated
aquifer is the volume of water that a unit vol-
ume of aquifer releases from storage under a
unit decline in hydraulic head.

Void ratio Void ratio is the ratio of the volume of
voids to the volume of solids.

Definition of the Subject and Its
Importance

Progressive or sudden decrease in ground surface
elevation, defined as land subsidence, has risen
due to different issues related to the urban envi-
ronment. These issues involve primarily the geo-
logic evolution of a region that determines the
type of rock formations, presence of natural raw
material, morphology, soil, groundwater pres-
ence, and ecological complexity where a city
might develop. The evolution of the urban envi-
ronment is closely linked to the extraction of one
or more natural raw materials, which under par-
ticular situations may expose urban populations to
risk from land subsidence and negatively affect
integrity of housing, urban infrastructure, public
and private property, and also involve costs of
damage in the order of several millions of dollars.

Subsidence is a global problem (Fig. 1). More
than 200 cases have been reported in the world
(USGS International Survey of Land Subsidence
Database) and many more may be reported in the
near future as the causes and evolution are better
understood.

Due to the importance and implications of land
subsidence, the United Nations Educational, Sci-
entific and Cultural Organization (UNESCO)
included this topic to be studied under the
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International Hydrological Programme (IHP).
Each country has the responsibility of collecting,
maintaining, and interpreting the basic related
data (fluid extraction, mining, geotechnical prop-
erties, etc.) and associated land subsidence rates,
usually with the participation of professional
organizations in engineering represented by the
areas of soil mechanics, groundwater hydraulics,
geological and geophysical sciences, as well as
consulting companies, and research groups at
universities.

Introduction

The scope of land subsidence is wide. Although
several of the processes involved are included in
this entry, emphasis is given to the slow response
of the soil due to the extraction of subsurface
fluids, especially groundwater related to the
water supply for large urban environments.

Causes of Land Subsidence

Land subsidence is caused by different processes
on the crust of the Earth resulting from natural or
anthropogenic activities such as: (1) direct with-
drawal of fluids (water, gas, geothermal, oil,

brine); (2) mining (ore deposits, construction
earth materials) and tunneling; (3) application of
water to unconsolidated moisture deficient soils;
(4) dewatering of soils with high organic content
usually located in groundwater discharge zones;
(5) loading by engineering structures (buildings,
bridges); (6) collapse of subsurface cavities in
soluble rocks or soft volcanic deposits; (7) geo-
logic loading; and (8) tectonic deformation.

Land subsidence may behave as a gradual soil
settling or as a sudden sinking or collapse. Gradual
settling of the land is usually due to withdrawal of
fluids, application of water to unconsolidated mois-
ture deficient soils, dewatering of organic soils,
geologic loading, and tectonic deformation.
Whereas, sudden sinking, is usually associated
to collapse of the roof of a cavity formed due to
underground mining, to the dissolution of solu-
ble rocks (such as limestone) or to water flow
under low consolidated volcanic materials, e.g.,
the well-covered Guatemalan event [1]. Gradual
subsidence may affect areas from tens to hundreds
of square kilometers, whereas, sudden sinking
involves smaller areas in the order of hundreds
of square meters. The predictability and the
impacts on humans, their property, and urban
infrastructure also differ from one case to another.

Different rates of land subsidence or vertical
deformation causes development of earth fissures

Land Subsidence in Urban Environment, Fig. 1 World map showing countries with problems of land subsidence
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with different urban consequences, and may cre-
ate risk for humans and damage to housing, build-
ings, and urban infrastructure, and may also
represent more rapid pathways for contaminants
to reach groundwater.

Table 1 shows 27 countries where different
problems of land subsidence have been reported.
From them, groundwater extraction and collapse
due to underground mining and karst develop-
ment represent the highest risk to human popula-
tion, their properties, and urban infrastructure.

Land subsidence response is particularly criti-
cal in the urban environment where population
and urban infrastructure are concentrated
(housing, buildings, roads, surface and under-
ground transportation system, distribution lines
for water, oil, gas, among others).

From the mean causes for land subsidence
presented above, the extraction of natural earth
fluids (water, oil, gas) that fill pores of underlying
sediments and fractures of rocks is paramount.
These fluids perform different important services

Land Subsidence in Urban Environment, Table 1 Countries with land subsidence response

Main land subsidence origin (1) (2) (3) (4) (5) (6) (7) (8)

Australia ✓ ✓ ✓

Belgium ✓

China W,G,Gt ✓

Colombia ✓

Czech Republic ✓

Germany B ✓

Greece W

Guatemala ✓

Hungary W ✓ ✓

India ✓

Iran W

Israel W ✓

Italy W,G,Gt,B ✓ ✓

Japan W,G ✓ ✓ ✓ ✓

Mexico W ✓ ✓

Netherlands W,G ✓ ✓ ✓ ✓

New Zealand B,Gt

Norway W

Peru ✓

Russia W ✓

Spain W ✓

Sweden W ✓

Thailand W ✓ ✓

Turkey ✓

United Kingdom W,B ✓ ✓

United States W,B,G,O ✓ ✓ ✓ ✓ ✓ ✓

Vietnam W ✓

Adapted fromUSGS International Survey on Land Subsidence, land subsidence proceedings 1991, 1995WWater,GGas,
O Oil, B Brine, Gt Geothermal
(1) Direct withdrawal of fluids (water, gas, geothermal, oil, brine)
(2) Mining
(3) Application of water to unconsolidated moisture deficient soils
(4) Dewatering of soils with high organic content
(5) Loading by engineering structures
(6) Collapse of subsurface cavities in soluble rocks or volcanic rocks
(7) Geologic loading
(8) Tectonic deformation
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to humans, such as domestic, industrial, and irri-
gation water; oil and gas for energy generation
and combustible formulations; and others.
Groundwater extraction represents the more com-
mon and critical process of gradual land subsi-
dence (Table 2). Countries like Japan, Mexico,
and the United States have reported large-scale
land subsidence affecting populated urban envi-
ronments, such asMexico City; Tokyo and Osaka;
Santa Clara Valley and San Joaquin Valley in
California; Houston-Galveston, Texas; Las
Vegas, Nevada; and South-Central Arizona. For
example, at the beginning of the twenty-first cen-
tury, observed subsidence response in Mexico
City has been recorded to be in the order of
0.01–0.50 m/year. There is local variation in sub-
sidence rates, but at some sites soil consolidation
is causing cumulative lowering of the land subsi-
dence of several meters.

A classic example in the technical and scien-
tific literature is the land subsidence response in
downtown Mexico City and surrounded areas.
The city is built on fine lacustrine sediments,
overlying a regional aquifer composed of both
granular and fractured volcanic units, in a natural
closed basin. More than 50 m3/s of groundwater
are extracted from this aquifer unit causing cumu-
lative land subsidence of more than 10 m by 2010
after more than 150 years of groundwater

extraction. In the Chalco Plain, the site of a past
lake on the south eastern outskirts of Mexico City,
land subsidence reached 15 m in 2010 after
35 years of extraction. Large-scale fractures have
also developed associated with land subsidence,
increasing the risk to inhabitants. The Chalco
Plain suggests the result of one of the most critical
land and water use practices carried out to encour-
age unplanned urban growth; the extracted
groundwater is not used locally, but transferred
to add to the water supply of the larger Mexico
City area. Overpumping is causing severe damage
to the local hydraulic infrastructure. In one case,
anurban-industrial sewage canal broke due to sub-
sidence which affected the health and property of
thousands of people, and had repair and recovery
costs of several million dollars.

Related Issues in an Urban Environment

From the international experience, different issues
have been identified in an urban environment
associated to land subsidence. Better understand-
ing of these issues would permit reduction of risk
and associated costs to urban population as well as
to private and government property.

Geology
Geology is the science that studies the interior of
the Earth and its origin, composition, and evolu-
tion. The geological evolution of a particular
region determines the type of rock formations
and soil characteristics where cities are built.
The presence and distribution of fluids
(groundwater, oil, gas, geothermal) also depend
on the geological evolution. Geological under-
standing of the urban environment is therefore
essential to determine the risk for either gradual
soil settling or as a sudden sinking or collapse.

Different disciplines of geology study particu-
lar topics associated to geologic evolution and
natural raw materials. Among these, hydrogeol-
ogy, and in particular the flow system theory, pro-
poses a wide system view for the analysis of
groundwater in the environment which could
assist in the definition of processes involved in
land subsidence.

Land Subsidence in Urban Environment,
Table 2 Recorded total land subsidence due to ground-
water extraction

Land
Locality
subsidence (m)

Area
affected
(km2)

Central Valley CA,
USA

9.0 13,500

Houston TX, USA 2.75 12,170

Eloy ARZ, USA 3.6 8,700

Tokyo, Japan 4.6 2,400

Po Valley, Italy 3.0 780

City of London,
Great Britain

0.35 450

Venice, Italy 0.14 400

Mexico City,
Mexico

10.0 225

Chalco Plain, near
Mexico City

15.0 60
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Properties of the Soils
Soils are formed by physical, chemical, or biolog-
ical destruction (weathering) of rock units assisted
by erosion processes and other factors. Physical
weathering takes place in situ by the action of
wind, water, or glacier that disintegrate a rock
unit (alternate freezing and thawing in cracks in
the rock), where the resulting grains or particles
retain the same mineralogical composition as that
of the parent rock. Chemical weathering, on the
other hand, produces changes in the mineral com-
position of the parent rock, where the presence of
water, carbon dioxide, and oxygen play a major
role in the chemical reactions. Biological activity
plays an important role in the disintegration of a
rock unit and in the formation of soils from that of
microorganisms to large individuals through, for
example, allopathic reactions or through the roots
of trees. Clay minerals (<2 mm) resulting from
chemical weathering constitute basic structural
units of silicon and oxygen (silica tetrahedron),
which may combine with alumina and hydroxyl
(alumina octahedron) to form combined sheets.
Depending on the packing organization of the
silica sheets, alumina sheets, and presence of
water molecules or ions such as potassium, mag-
nesium, or iron, different clay minerals are formed
with specific physical and chemical properties.
Some of these clay minerals have important vol-
umetric changes depending on the water content.

Particle sizes in soils usually vary between less
than 0.001 mm to more than 100 mm. Most types
of soil consist of a graded mixture of particles
between specific limits, this mixture is known as
a porous media. The presence of clay minerals
usually exerts a major influence on the properties
of a soil, an influence out of all proportion to their
percentage per weight in the soil [2]. Determina-
tion of particle size analysis and physical proper-
ties (plasticity, liquid and plastic limits, natural
water content, porosity, void ration, compressibil-
ity, etc.) of the fine-grained particles (between
0.06 mm and less than 0.001 mm) constitutes an
important issue to understand land subsidence.

Among the many different physical properties
of a soil, compressibility (a) relates the change in
volume, or strain, induced in a soil under an
applied stress and may be represented as:

a ¼ �dVt=Vt

dse
(1)

where
�dVt is the reduction in the total volume of the

soil mass
Vt is the total volume of the soil mass
dse is the change in effective stress
Table 3 shows the range of value of compress-

ibility for different porous materials and rocks
large compactions occur in clayey soils due to
the larger compressibility (a).

Compressibility controls the magnitude of land
subsidence under loading by engineering struc-
tures or geologic loading.

Fluid Withdrawal and Properties Variation
in Time
Extraction of fluids (water, gas, oil, geothermal)
causes a depressurization of the granular materials
or fractured rocks that is manifested as compac-
tion. The amount and related importance of
parameters of the geologic media and fluid
(liquid or gas) vary from one case to another.

To illustrate the hydraulic and geomechanical
parameters and to understand the groundwater
flow system, the following example for Mexico
City is presented. In this case, land subsidence is
associated with groundwater extraction, where
lacustrine clayey deposits overly a sandy aquifer
unit. The transient hydraulic response and consoli-
dation of the lacustrine clayey deposits can be
demonstrated by using a coupled, one-dimensional,
groundwater flow nonlinear deformation, fine ele-
ment model [4]. Other aspects of the nonlinearity of

Land Subsidence in Urban Environment,
Table 3 Compressibility factors of different geological
materials and water

Material Compressibility (a) (m2/N or Pa�1)

Clay 10�6–10�8

Sand 10�7–10�9

Gravel 10�8–10�10

Jointed rock 10�8–10�10

Sound rock 10�9–10�11

Water 4.4 � 10�10

Modified from Freeze and Cherry [3]
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parameters for the Mexico City aquitard were pre-
sented by Rivera et al. [5]. The 1-D groundwater
flow equation that solves for the hydraulic head (h')
distribution within an aquitard in terms of the
stress-dependent parameters of hydraulic conduc-
tivity (K') and specific storage (Ss') is:

@

@z
K 0 eð Þ @h

0

@z

� �
¼ Ss0 e,seð Þ @h

0

@t
(2)

This model incorporates empirical expressions
that relate K' (L/T) and Ss' to the soil mechanics
parameters of void ratio (e) and effective stress
(se) (M/LT2) as:

de seð Þ ¼ Cclog
seo þ dse

dseo

� �
(3)

Equation 3 represents the change in void ratio
(e) as a function of a change in effective stress
(dse); Cc is the compression index obtained from
the slope of the linear portion of the e-log se plot,
and seo is the effective stress under current
hydraulic head conditions prior to the subsequent
pore pressure change:

Ss0 e,seð Þ ¼
rgCclog

seo þ dse
seo

� �

dse 1:0þ eoð Þ (4)

Equation 4 provides an expression for Ss' in
terms of void ratio and total stress:

dK 0 eð Þ ¼ Ko0 eð Þ 10de=m � 1
� �

(5)

Equation 5 relates the change in hydraulic con-
ductivity of the aquitard (K0) to variations in void
ratio (e); where K'o is the initial hydraulic conduc-
tivity and (m) represents the slope of the e-log K0

plot [6].
An adequate evaluation of the land subsidence

process requires a good understanding of the
regional and local groundwater flow system func-
tion [7], and a precise quantification of evolution
of groundwater flow direction and the hydraulic
and geomechanical properties of the porous media
in both aquifer units and aquitards in time and

space. When the groundwater flow system func-
tion is not well understood or ignored, negative
consequences have occurred due to arbitrary
groundwater extraction. For example, negative
changes in groundwater quality could be associ-
ated with either the overlying aquitard pore water
[8] or the uprising thermal groundwater from deep
regional flow systems [9, 10].

Underground Construction (Tunneling) and
Solid Extraction
Tunneling is a common practice in the urban envi-
ronment to conduct fresh or residual water, gasoline,
gas, oil, or underground transportation systems.
Solid raw material extraction such as from ore
deposits, coal, or geologic materials for construction
often use tunneling to get access and to extract
materials. Surface settlements during tunnel con-
struction depend on a number of factors that include
geological conditions, presence of groundwater and
geotechnical conditions, design of the tunnel
(geometry and depth) and excavation-construction
methods. Shallow tunnels will generally have a
greater effect on surface structures than deep ones.

Underground construction requires detailed
knowledge of the geology, hydrogeologic and
geotechnical properties of rocks and soils for a
long-term design that reduces the possibilities of
sudden settlements. Existing underground con-
structions can also be analyzed and instrumented
to quantify any rate of land subsidence associated
to tunneling. Predictive models can be developed
to identify zones of potential collapse.

Environmental Effects
Land subsidence is manifested as changes in
ground surface elevation that progressively
develop topographic depressions where meteoric
water may accumulate, affecting native vegetation
and fauna, among other. A good example of this
environmental effect is a shallow lake that is
forming in a topographic depression caused by
the land subsidence in the middle of the Chalco
plain, in the Basin of Mexico near Mexico City
[11]. Land subsidence is causing loss of agricul-
tural land and encroachment of a shallow lake
toward the rapidly expanding urban sprawl
areas. To control the accumulation of runoff and
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sewage, drainage canals are being deepened and
increased in length. Pumping stations for canal
water have been put into operation to control the
growth of the surface water body during the rainy
season. Land subsidence is also causing damage
to sewage canals and their periodic rupture pro-
duce consequent flooding in nearby urban areas.

Large-scale fractures in the Chalco Plain have
also developed as a consequence of groundwater
extraction; these fractures are important due to
their hydraulic implications in the groundwater
flow and solute transport controls in the lacustrine
aquitard to the underlying aquifer [12].

Urban Planning and City Growth
Several issues related to the unplanned growth of
Mexico City have accompanied its development
since historical times. The Aztecs were the initial
dwellers that constructed the city of Tenochtitlan
harmoniously with the natural conditions of the
prevailing lake system. However, the construction
and expansion of the city after the Spanish conquest
in 1,521 have included a continuous struggle with
water management issues instead of reaching a
coexistence with nature. As population increased,
flooding due to rainfall made surface water pooling
undesirable, so the lakes were desiccated by the
turn of the twentieth century through an artificial
opening of the basin. Groundwater emerged in mid
1800s as a solution to the water requirements of the
city. Population and industrial activities in the City
grew rampantly by the second half of the twentieth
century. The total population reached 14,987,000
inhabitants [13], so groundwater has been themajor
component. By 1905, more than 70% of the water
supply to the city was from groundwater. Dramatic
subsidence incidents reported by the mid 1950s
reached 0.44 per year, mainly in the downtown
area. By the 1980s, groundwater extraction inMex-
ico City proper was stopped and shifted to the
surrounding areas, such as Chalco Plain, to provide
water to Mexico City, as well as for the increasing
population of its urban sprawl and increased prom-
inent economic activities.

Monitoring of Land Subsidence
Global Positioning System (GPS) in combination
with Total Topographic Stations are traditionally

used to develop detailed topographic elevation
surveys of the ground surface. Differences in
ground surface elevation obtained for different
periods of time would permit measurement of the
rates and distribution of land subsidence. Yearly
topographic surveys are usually recommended.
Radar Interferometry is an indirect satellite tech-
nique that has also been used to track changes in
ground surface elevation.

Economics
Costs and potential costs of damage to private and
government property (urban infrastructure) caused
by land subsidence are becoming important issues.
Insurance against health implications, both physi-
cal or psychological, or property damage or loss in
some subsidence-prone areas of the world involve
millions of dollars to the urban infrastructure and
private property.

Economic studies now consider the benefits of
fluid, earth materials, or ore deposits extraction
against the costs to repair damages caused by land
subsidence in the urban centers and surrounding
areas.

Future Directions

Prediction of land subsidence and its control rep-
resent one of the main scientific challenges in the
urban environment. Prediction depends first on
understanding the subsidence events occurring
on the crust of the Earth resulting from natural
processes such as collapse of subsurface cavities
in soluble rocks or soft volcanic deposits, geo-
logic loading, and tectonic deformation or from
anthropogenic activities, for example, direct with-
drawal of fluids, mining and tunneling, applica-
tion of water to unconsolidated moisture deficient
soils, dewatering of soils with high organic mat-
ter, and loading by engineering structures. Accu-
rate predictions also depend on the quality and
density of longterm instrumentations to measure
deformation of the soils and rocks and particu-
larly laboratory and field instrumentation to
determine hydraulic and geomechanical parame-
ters involved into the physical processes of land
subsidence.
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Understanding and quantification of the evolu-
tion of the groundwater flow systems represent an
important area for research. Long before human
intervention, the local environmental system took
thousands of years to develop. Location of urban
centers usually began in groundwater discharge
areas where water was easily available. However,
as groundwater and other fluids are extracted from
underground, groundwater quality as well as its
temperature and flow direction changes with time
as extraction progresses. An understanding of
these effects and their impact, not only of the
obtained physical characteristics of the water,
but the imposed constrains on the development
of subsidence could became important issues to
incorporate into subsidence studies as to under-
stand related processes and possible options for
their control. Due to the scale and time involved in
the reaction of these systems, long-term evalua-
tion and monitoring programs are needed.

Conclusion

The particular phenomena of land subsidence is
related to geologic evolution, properties and dis-
tribution of sediments, rocks fluids and ore
deposits, in addition to the urban setting, evolu-
tion, and planning. Ground-water extraction rep-
resents one of the most important factors causing
land subsidence in the urban environment. There-
fore, it is important to determine the functioning
of the groundwater flow systems at regional and
local scales. It is also important to consider that
groundwater extraction has different effects on the
groundwater flow regime if it is tapped in a
recharge, a transit, or a discharge area. The type
of flow hierarchy, local, intermediate, or regional
[7], to be induced into the particular extraction site
could trigger different subsidence responses.
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Glossary

Aquifer An underground layer of water-bearing
permeable rock, rock fractures, or porous
unconsolidated materials (gravel, sand, or silt)
from which groundwater can be obtained by
means of a water well.

Colloid A mixture in which one substance of
microscopically dispersed insoluble particles
is suspended throughout another substance.
The dispersed-phase particles have a diameter

of approximately between 1 and 1000 nano-
meters (1 nm = 10�9 m).

Congruent dissolution A mineral or salt
is completely dissolved in water, adding
elements to the solvent in the
same proportions that existed in the original
solid.

Conservative elements Cl�, SO4
2�, NO3

�,
Ca2+, Mg2+, Na+, and K+ are considered con-
servative in the sense that their concentrations
are unaltered by changes in pH, temperature,
or pressure, assuming that no precipitation
or dissolution of solid phases or
biological transformations occur within the
ranges normally found near the surface of
the Earth.

Denudation Involves the processes that cause the
wearing away of the Earth’s surface by moving
water, by ice, by wind, and by waves, leading
to a reduction in elevation and in relief of
landforms and landscapes.

Exogenous cycle The sum of processes triggered
by forces on or above the Earth’s surface.

Hydrolysis A chemical reaction wherein a water
molecule and a reactant exchange functional
groups resulting in two end products, one
containing the hydrogen ion and the other the
hydroxyl anion.

Incongruent dissolution A mineral that does not
dissolve entirely and leaves a solid residue
which usually differs chemically from the orig-
inal solid.

Riparian zone Interface between land and a river
or stream; plant habitats and communities
along the river margins and banks, character-
ized by hydrophilic plants.

Solubility product It is the equilibrium con-
stant for a simple solubility reaction. More
precisely, it is the product of the concentra-
tions of the ions, with each concentration
raised to a power equal to the coefficient of
that ion in the balanced equation for the sol-
ubility equilibrium.
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Definition and Significance of Surface
Fresh Water Geochemistry

Geochemistry is commonly divided into a number
of specialties. A customary division is between
high-temperature and low-temperature geochem-
istry. The former is concerned with the processes
that occur at and above the temperature of hydro-
thermal systems (i.e., 350–400 �C) and, therefore,
is directly related to the geological fields of meta-
morphic and igneous petrology. The latter is usu-
ally understood as the subdiscipline that addresses
to those physicochemical processes which take
place at temperatures up to ~100�C. It focuses
on processes occurring in the atmosphere, in the
oceans, and in the critical zone (CZ), which is
defined as the “portion of the Earth’s surface that
includes the atmosphere, the biosphere, the
pedosphere, and the lithosphere interfaces”
[1]. In a more descriptive fashion, the CZ is the
“the Earth’s permeable surface, from the top of the
trees to the bottom of the groundwater zone, most
of which involve reactions with, in, or mediated
by water” [2] (Fig. 1). It is clear then that low-
temperature geochemistry involves such topics as
chemical weathering, soil chemistry, mineral dis-
solution and precipitation, sedimentary chemistry,
and diagenesis, along with other, more restricted
fields. Surface fresh water geochemistry concerns
the use of the geochemical background to study
the characteristics and the processes that govern
the chemistry of rivers, streams, and lakes (i.e.,
fresh water). It is, therefore, a subset of low-
temperature geochemistry and involves the study
of the naturalmechanisms that control fresh water
(i.e., sufficiently dilute water to be potable, e.g.,
<1000 mg l�1) chemistry. The human-made alter-
ations that impact on the quality of fresh water are
discussed within the field of environmental
geochemistry.

Introduction

The roots of geochemistry as an independent sci-
entific field are linked to early chemists. It was a
motivation for such pioneers probing into the
essence of natural substances, including minerals,

rocks, and water. Chemists like Robert William
Boyle (1627–1691), John Dalton (1766–1844),
and Jöns Jacob von Berzelius (1779–1848), all
considered forefathers of modern chemistry,
were intellectually interested in the philosophical
study of nature and the physical universe, which
were prevailing knowledge foci before the devel-
opment of modern science.

The term geochemistry denotes the intersec-
tion of chemistry and the Earth Sciences. It was
first coined by the Swiss-German chemist Chris-
tian Friedrich Schönbein in 1838 [3]. The spe-
cialty applies to the broad theoretical framework
of chemistry and the geosciences to the compre-
hension of the Earth, the solar system, and
beyond. It became clear in modern times that
such knowledge implied not only the wide-
ranging understanding of our planet but also
guidelines for the usage of the involved resources
to improve the human condition and to safeguard
life on Earth from the ill consequences of their
unsound utilization [2].

Victor Moritz Goldschmidt (1888–1947) was a
major influence in the development of geochem-
istry in the twentieth century. Born in Switzerland
but spending his career mostly in Norway
and Germany, Goldschmidt has been designated
as the “father of modern geochemistry.” In a suc-
cession of publications in the 1920s and 1930s
entitled Geochemische Verteilungsgesetze der
Elemente, Goldschmidt laid the foundation for
modern geochemistry as a discipline.

Another important figure, particularly in the
history of fresh water geochemistry, is Frank
Wigglesworth Clarke (1847–1931), who had
begun to investigate the abundances of various
elements within the Earth. His famous Data of
Geochemistry was first published in 1908 [4] and
was followed by many editions published by the
US Geological Survey (USGS). Of particular
interest in the field of water geochemistry was
Clarke’s well-known compilation of water ana-
lyses [5] which was updated in subsequent edi-
tions. Of special value in dispersing knowledge
on fresh water chemistry has been the series of
Water-Supply Papers, initiated in the twentieth cen-
tury and published thereafter for many decades by
the USGS, a role which is now mainly undertaken
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by dozens of scientific journals published by inter-
national editorials or scientific associations.

The core of the natural processes that deter-
mine fresh water geochemistry lies in a series of
mechanisms collectively known as weathering.
Rock weathering generates regolith – the mantle
of in situ and transported altered material that
covers landscapes across the planet and sub-
stances which are dissolved in water. There are
three main types of weathering occurring at or
near the Earth’s surface: physical or mechanical,
biological, and chemical. The attention here will
be placed in the latter, but since the other types
usually precede the occurrences of chemical
processes – or, sometimes, act concurrently – a
brief description of each of the other two follows:
the disintegration of rocks with no significant
chemical alteration involved in the process is
known as physical (or mechanical) weathering,
in which relationship with the chemical phase of
the rock weathering process is close because

initial chemical attack may decrease the strength
of a rock, thus enabling the ensuing physical
breakdown; on the other hand, living organisms,
through biophysical or biochemical action, partic-
ipate in material breakdown, hence contributing to
the generation of regolith [6, 7].

Most minerals formed under igneous and
metamorphic conditions are unstable at low tem-
peratures and under near-surface hydrous condi-
tions, with ample availability of oxygen and carbon
dioxide. Eventually, they react to produce dissolved
components (i.e., ions and molecules), mineral
debris (e.g., quartz grains, rock fragments), and
newmineral precipitates (e.g., oxides and hydrox-
ides, clay minerals). The naturally occurring
processes (e.g., mineral solution, hydrolysis,
carbonation) that break down minerals and rocks
are jointly known as chemical weathering (Fig. 1).

As specified above, the products of weathering
and the formation of regolith are major partici-
pants in the chain of natural events that define

Fresh Water Geochemistry: Overview,
Fig. 1 Schematic representation of the Critical Zone
(CZ) and the associated chemical, physical and biological
weathering processes, which are affected by climatic,

tectonic and anthropogenic forcing over greatly different
timescales. The response of the atmosphere, rivers and
oceans, soils and sediments is recorded in the geologic
record
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fresh water geochemistry. There are, however,
additional sources of dissolved constituents in
fresh waters. Among them, there are marine
recycled salts (Box 1) that enter continents via
wind-transported aerosols which are transferred
to the land surface by atmospheric precipitation
or as dry fallout [7]. The accumulation of water in
closed basins which, through evaporation, may
lead to hypersaline lakes or salt-encrusted playas
(i.e., dry lake, also known as a salt flat or sabkha)
is also an occasional source of soluble matter –
and insoluble mineral phases, as well –which may
be transferred elsewhere as dry material (i.e.,
through wind paths) of by rainfall or snowfall.

Box 1 Recycled Sea Salt and Aerosols
Sea spray generates sea salt aerosol, one of
the most widely distributed natural aerosols.
Aeolian paths transfer sea salt aerosols to
the continents by means of atmospheric
precipitation or as dry fallout. Current esti-
mation of the total sea salt flux from ocean
to atmosphere is ~3300 Tg y�1 (1 teragram,
Tg = 1012 g). Aerosol is a colloid of fine
solid particles or liquid droplets, dispersed
in air or another gas.

There are, still, other minor sources of dissolved
constituents to fresh water systems, and these are
the hot hydrothermal water sources, which may
outcrop through fractures, in areas directly or indi-
rectly associated with volcanic activity. These sin-
gular springs may be a source of dissolved phases
in certain areas, which persists along river courses
until its signature is obliterated by other geochem-
ical processes (e.g., adsorption-desorption, mineral
precipitation, dilution).

In lotic and lentic fresh water systems, the
mineralization of organic matter is another pro-
cess that incorporates matter to the aqueous solu-
tion. Mineralization is a biological process in
which organic matter is converted into inorganic
substances by microorganisms.

Global change has painfully taught humanity
that its actions have reached geological propor-
tions, so that “Anthropocene” has been coined and

is widely employed to describe the time interval
that frames the impact of humanity on nature. In
fresh water systems, the adverse effects of
human development are discernible through pol-
lution of rivers, streams, and lakes with undesir-
able substances (e.g., by-products of industrial
processes which are harmful to life) and by dis-
proportionately increasing (i.e., beyond limits
compatible with healthy life) the concentration
of naturally occurring chemical elements or sub-
stances. Such chemical components, foreign to
the natural environment, interact with it and may
be included in the study of fresh water systems.

Fresh Water in Our Planet

Rivers have played a fundamental role in the
historical evolution of humanity, not only supply-
ing fresh water and being an easily accessible
source of proteins but also serving as transporta-
tion pathways, useful for communication and
commerce. They have frequently been used as
natural borders separating regions and countries,
and history shows that many wars have been
fought for their control. Moreover, human beings
have shown sensibility – mainly through poetry
and magnificent paintings – to the aesthetical
aspects that often surrounds riverine scenery. To
the pre-Socratic Greek philosopher Heraclitus of
Ephesus (ca 535–ca 475 BC), rivers were an irre-
futable proof of the ever-present change of nature
when he stated that “no man ever steps in the same
river twice.” In short, flowing fresh water supplied
by rivers was, is, and will be a vital feature of our
planet, indispensable in the foreseeable evolution
of life on Earth, in general, and humankind, in
particular.

Throughout the hydrological cycle, water con-
stantly interacts with the surficial layer of the
Earth. Geological materials are progressively dif-
ferentiated through processes of weathering, reg-
olith erosion, and soil and sediment development.
These processes controlled by the forces of nature
on a large dimension have been equated to the
series of separations conducted during the course
of chemical analyses [8].
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The Earth has a water volume of
~1.39 � 109 km3 of which over 96% is saline.
Only 2.5% is fresh water (10.53 � 106 km3), of
which over 68% is locked up in ice and glaciers.
An additional 30% is buried in the ground, as
groundwater. Therefore, rivers and lakes that sup-
ply surface water for human consumption only
constitute about 93.1 � 103 km3, which is about
0.007% of total water, yet rivers are the source of
most of the water people use [9, 10] (Fig. 2).

Each bar in Fig. 2 represents a reservoir, a
subjectively defined space containing a certain
mass of water. Between these reservoirs, there
are transfers or fluxes of water in and out of the
reservoir. The residence time (i.e., the average
amount of time that a particle or molecule spends
in a particular system) of water in a reservoir is
obtained by dividing the volume of water by the
flux of water into (or out of) the reservoir. Thus,
the residence time of water in the ocean is

~3200–3500 year, in shallow groundwater is
~100–200 year, in lakes is ~50–100 year, in rivers
is ~2–6 months, and in atmosphere is ~9–11 days.

The Earth’s exposed continental crust is sub-
jected to a myriad of climates which, ultimately,
are succinctly expressed in the variability of hydro-
logic budgets and runoffs. Runoff (R) is often used
interchangeably with river discharge (D) although,
strictly stated, the former is expressed as the latter,
normalized by basin area (A):

R mmð Þ ¼ Q km3 y�1
� �

=A km2
� �� �

106

The dependency of R on climate and water use
is clearly shown by the multivariate formula:

R ¼ P� S ET þ Sþ Cð Þ

The summation of evapotranspiration (ET),
water storage (S), and water consumption (C), in

Fresh Water Geochemistry: Overview, Fig. 2 The
global hydrological cycle: water on Earth is mainly stored
in the oceans (upper left); most fresh water is locked in

glaciers and ice caps (upper right), which also accounts for
most of the fresh water existing on the surface of the planet
(lower bar graph)
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proper units, is subtracted from the total atmo-
spheric precipitation (P) falling over a specific
drainage basin to obtain its runoff. Although
there is some variability among continents, the
average latitudinal distribution of global precipi-
tation shows a clear concentration between 20�N
and 25�S. On the other hand, evapotranspiration is
difficult to calculate because it denotes the com-
bination of two interconnected processes: physi-
cal evaporation (which depends on humidity, air
temperature, and wind velocity) and plant transpi-
ration (which depends on the ecosystem involved
and plant types within that ecosystem). Decreas-
ing ambient temperatures and changing vegeta-
tion define a decreasing evapotranspiration trend
toward high latitudes. At any rate, all these interven-
ing variables result in a global fresh water discharge
rate, recently estimated in 36� 109 m3 y�1 [9]. Riv-
ers with highest discharges (and largest drainage
basins) are, in general, a typical tropical feature,
with the Amazon, Congo, Orinoco, Changjiang,
and Brahmaputra – the world’s highest mean
discharges – accounting for over 28 percent of
the total global freshwater discharge [9]. Contrast-
ingly, the highest runoffs (>5000 mm y�1) are
mostly exhibited by rivers with relatively small
drainage basin areas (<1000 km2) [9]. In general,
the largest drainage basins exhibit the largest
mean annual discharges.

Note (Fig. 3) that most global rivers dis-
charging more than 400 km3 y�1 fall below the

1:1 line defined by the Amazon River (top) and
the Irrawaddy and the Orinoco rivers (bottom).
All three rivers have the highest runoff in the set
(1000 mm y�1). In contrast, high runoff rivers
(~4000 to ~9000 mm y�1) drain tropical or tem-
perate mountains, whereas lower runoffs
(<4 mm y�1) are recorded in rivers with a variety
of elevations and drainage basin areas which are
several orders of magnitude less than continental-
size rivers (Fig. 4).

The key aspect here is that the global fresh
water mass which by returning to the coastal
seas closes the hydrologic cycle is a kind of per-
manent conveyor belt that yearly transports huge
amounts of fluvial sediment and dissolved solids,
both mainly the product of continental denuda-
tion. The most recent and accurate estimate of
such material flux is 19 Gt y�1 of sediment and
3.8 Gt y�1 of dissolved solids [9] (1 gigaton,
Gt = 109 t). This indicates that five times more
particulate material reaches the seas than
dissolved phases. It must be kept in mind that a
significant proportion of both – particularly in the
sediment fraction – is recycled material (i.e., prod-
ucts of the erosion of exposed sedimentary rocks
that have already gone through the exogenous
cycle or recycled sea salts, in the dissolved
domain). There are, however, a number of rivers –
particularly prevalent in Europe and Eurasia –
where the ratio of total dissolved load (TDS) to
total suspended load (TSS) is larger than 2 [9].

Fresh Water
Geochemistry: Overview,
Fig. 3 Among the largest
rivers on Earth, none can
surpass the limiting fresh
water yield defined by the
Amazon, the Orinoco, and
the Irrawaddy rivers:
1 km3 y�1 for every million
km2 of drainage area (Basic
data published by Milliman
and Farnsworth [9])
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Geology has a preeminent role in determin-
ing the concentrations in rivers draining differ-
ent lithologies. The only major component
which appears to remain relatively independent
of lithology is dissolved SiO2 because most
riverwaters generally contain 100–150mmol l�1

[9], indicating the relative insolubility of SiO2

in fresh waters.

Box 2 Major Dissolved Ions
Major dissolved cations (i.e., Na+, K+, Ca2+,
andMg2+), anions (Cl�, SO4

2�, HCO3
�, and

CO3
2�), and silica (SiO2) account for the

largest proportion of dissolved phases in the
Earth’s total fresh waters (~35 � 106 km3).
Fresh waters (mostly rivers, lakes, and
groundwaters) have been studied with
increasing attention, mainly since the nine-
teenth century, initially to learn if a particular
water source was suitable for consumption by
human beings and cattle, for its use in irriga-
tion, in boilers, and in other minor industrial
uses. In modern times there are many regions
in the world where there is a water crisis, not
only because of its scarcity but also for its
inadequate quality. Therefore, waters in
general and fresh waters in particular are

(continued)

Box 2 Major Dissolved Ions (continued)
studied with remarkable interest from many
viewpoints: ecologists, geochemists, geog-
raphers, biologists, engineers, physicists,
and many other specialists are keenly inter-
ested in probing into the most hidden details
of its chemical, physical, and biological
composition. In geochemistry, the foci are
placed on the sources of the dissolved and
particulate chemical elements, on the pro-
cesses that control their concentrations, and
on the partitioning between particulate and
dissolved phases.

Chemical Weathering of Minerals and
Rocks

Silicates dominate, by far, the proportion of
rocks exposed at the Earth’s land surface
[11]. Chemical weathering of silicate minerals
stems from disparities in the thermodynamic
conditions that predominated at the time of min-
eral formation and the ambient conditions pre-
vailing at the Earth’s surface, when rocks are
exhumed through tectonics and erosion. More-
over, the term weathering denotes a strong

FreshWater Geochemistry: Overview, Fig. 4 Greatest
(plotted above the 1:1 line) and smallest runoffs (below the
1:1 line) of rivers within Milliman and Farnworth’s global
data base [9]. Most high-runoff rivers (>4000 mm y�1)

drain tropical or temperate mountains, whereas rivers with
runoffs<5 mm y�1 drain a variety of elevations and many
belong in the southern hemisphere [9]
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linkage with many processes associated with the
hydrosphere, the atmosphere, and the biosphere.
It follows that chemical weathering is caused by
water – particularly acidic water – and gasses
(e.g., carbon dioxide, oxygen) which attack min-
erals. Some ions and compounds of the original
mineral are eliminated in solution, permeating
the mineral residue to feed groundwater,
streams, and rivers. Fine-grained solids may be
washed away from the weathering site, leaving
a chemically modified residue (i.e., mineralog-
ical changes occur in the regolith to regain sta-
bility in a new environment), which is the origin
of the soil layer that mantles a large proportion
of the Earth’s exposed crust and constitutes a
substratum which is essential for the biosphere
to thrive.

A key factor to understand fresh water geo-
chemistry is the extremely diverse performance
that minerals and rocks reveal when they are
exposed in the Earth’s surface. Goldich’s [12]
relative stability sequence of major rock-
forming silicate minerals during weathering
approaches the crystallization succession of
Bowen’s [13] reaction series (i.e., the least sta-
ble minerals are those that crystalize first from
high-temperature magmas). An additional sign
of a mineral’s vulnerability to weathering is the
ratio of SiO2 to other cations (e.g., Na+, K+,
Ca2+, Mg2+) in its structure. The higher the
proportion of, for example, Na+ replaceable
by H+, the more susceptible to chemical
weathering the mineral will be. Hence, olivine,
pyroxenes, and amphiboles (i.e., mafic min-
erals) may weather more promptly than plagio-
clase, K-feldspars, micas, and quartz (i.e.,
felsic minerals). This is not a strict rule, how-
ever, and exceptions are found. Chemical ele-
ments in mafic minerals have a tendency to
be released early during weathering, immedi-
ately followed by elements in felsic minerals
(Fig. 5).

The character and rate of weathering are
influenced by climatic and/or biological condi-
tions, along with tectonic and geomorphic fac-
tors that rule surface relief. The hydrology in the
CZ exerts a strong control on the magnitude of
the diffusion of chemical elements and on the
level reached by material transport.

Mechanisms of Chemical Weathering

Diverse mechanisms of chemical weathering are
recognizable, and various arrangements of these
occur together during the breakdown of most
minerals and rocks.

Dissolution/precipitation reactions: The disso-
lution of soluble minerals is the simplest
weathering reaction. Halite dissolution is the typ-
ical reaction of a salt that dissolves in water by
dissociation of ions that go into solution:

NaCl sð Þ ! Naþ þ Cl�

Halite is entirely or congruently dissolved in
water. However, this reaction can be reversed, for
example, in a saline playa subjected to intense
evaporation. Through persistent evaporation in
arid climates, brackish water (i.e., water too
saline to be potable but less saline than seawater,
with an approximate range of dissolved salts of
1000–20,000 mg l�1) becomes saline water (i.e.,
water which has salinity similar to or greater than
seawater, ~35,000 mg l�1) and then – with
continued evaporation – turns into brine (i.e.,
water significantly more saline than seawater
(�35,000 mg l�1)). If the concentration of both
ions reaches halite’s solubility product,
Ksp = [Na+][Cl�] = 37.3 mol2 l�2, halite
would begin to precipitate:

Naþ þ Cl� ! NaCl sð Þ

More strictly, activities (ai) are used rather than
concentrations. Therefore, the chemical equation
Ksp = [Na+][Cl�] can be written as (Box 3)

Ksp ¼ aCl� aNaþ

Box 3 Activities
Activity ai can be thought of as the effective
concentration of solute i. The following
equation defines the activity coefficient g
for element i:

(continued)
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Box 3 Activities (continued)

gi ¼ ai=mi

In this expression, mi is the molal concen-
tration. The activity coefficient gi for a partic-
ular species i depends on the concentration of
all the solutes present in the solution. The
overall ionic strength of the solution is
expressed as

I ¼ ½ Smizi
2

The variable zi is the charge of the ion
concerned divided by the charge on an elec-
tron. Natural waters span a considerable range

(continued)

Box 3 Activities (continued)
of ionic strength: river water <0.01, seawa-
ter 0.7, and brines 1–10 mol kg�1. This
leads us to the Debye-Hückel equation,
which works accurately for non-ideal solu-
tions (i.e., one in which activities and con-
centrations are unequal) of ionic strength up
to 0.01 mol kg�1:

log10 gi ¼ �Azi
2I½

A is a constant characteristic of the sol-
vent. Although river waters typically reach
ionic strengths as low as 0.002 mol kg�1, it

(continued)

Fresh Water Geochemistry: Overview,
Fig. 5 Goldich’s [12] sequence of mineral susceptibility
is similar to Bowen’s [13] sequence of mineral crystalliza-
tion from a melt. Decreasing temperature of crystallization

results in increased stability during weathering [14]
(# CSIRO 2008. Published by CSIRO Publishing,
Collingwood, Victoria, Australia, http://www.publish.
csiro.au/pid/5955.htm. Reproduced with permission)
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Box 3 Activities (continued)
is distinctively non-ideal. Stumm and Mor-
gan [15] and Langmuir [16], for example,
have treated extensively this particularly
important physicochemical subject in con-
nection with water chemistry.

Halite is among the most soluble salts in nature
and it is not found as such (i.e., crystallized) in fresh
water environments, although Cl� and Na+ are
among the most abundant ionic species in fresh
waters. This occurs because Cl� and Na+ are dom-
inant ionic species in seawaterwhich are transported
as aerosols by winds back to the continents. There-
fore, NaCl finds its way to fresh waters directly,
through atmospheric precipitations, or indirectly,
transferred by winds from endorheic playas
(Box 4), supplied to rivers by outcropping salty
groundwaters (i.e., a result of halite dissolution in
deep aquifers), or through hydrothermal processes.

Box 4 Endorheic and Arheic
Endorheic basins are closed drainage basins
(also referred to as terminal basin or as an
internal drainage system) that retain water
and allow no outflow to other external bod-
ies of water, such as rivers or oceans, but
converge instead into permanent or sea-
sonal lakes or swamps, equilibrated through
evaporation. Such basins are also known as
endorheic or endoreic basins. An arheic area
is one in which surficial drainage is almost
completely lacking or where rainfall is so
infrequent that all water sinks into the
ground or evaporates. Such areas are also
known as areic, aretic, or arhetic.

Figure 6 shows geochemical data from the
Colorado and Negro rivers (Box 5). The graph
(Fig. 6) shows that most data closely follow the
Cl�/Na+ seawater ratio, thus leading to infer a
clear provenance. The Negro River Andean head-
waters exhibit higher Na+ concentrations, suggesting
a dissolved supply originated in the chemical
weathering of Na-bearing minerals or, additionally,

a likely contribution from outcropping hydrothermal
solutions from volcanic terrains.

Box 5 The Paraná River and Patagonia’s
Colorado and Negro Rivers
Whenever adequate, data (and references)
from three Argentine rivers are used
throughout this chapter to illustrate different
aspects of the geochemical processes occur-
ring in fresh waters. The Paraná River is one
of the Earth’s largest rivers, discharging
~550 km3 y�1 of fresh water; its drainage
basin occupies ~2.6 � 106 km2, distributed
among Brazil, Paraguay, Bolivia, and
Argentina. It is ~4900 km long, and the
maximum elevations in the drainage basin
exceed 1000 m a.s.l. The geology is com-
plex but Mesozoic igneous rocks dominate.
The ruling climate is subtropical, and the
river joins (~34�S, ~58�W) the Uruguay
River to integrate the Río de la Plata
(~3.17 � 106 km2) [18, 19]. The Colorado
and Negro rivers drain the Atlantic seaboard
of Argentina’s Patagonia. The Colorado
River (36�090S, 70�230W) is ~1100 km
long, its drainage basin has ~22,300 km2,
and the annual water discharge is ~4.1 km3.
The Negro River (41� 010S, 62� 470W) is
Colorado’s neighbor to the south, and it is
~640 km long, its drainage basin has
~95,000 km2, and its annual discharge is
~27.1 km3 [18, 19]. Both have dominantly
igneous Cenozoic (i.e., volcanic and intrusive
rocks) Andean headwaters. The Negro drain-
age hosts several oligotrophic lakes of glacial
origin, which the Colorado does not. Both
have reservoir lakes in their drainage basins.

It is also common to find the dissolution prod-
ucts of gypsum (CaSO4.H2O), anhydrite (CaSO4),
or fluorite (CaF2). If fluorite dissolves to
equilibrium,

CaF2 $ Ca2þ þ 2F�

The law of mass action yields
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K ¼ 10�10:6 ¼ Ca2þ
� �

F�½ �2, or

F�½ � ¼ 10�10:6= Ca2þ
� �� �½

K is the equilibrium constant for the above
reaction. This equation shows that high F�

waters will have low Ca2+ concentrations and
vice versa. This is also a simple example illus-
trating some complexities inherent to fresh water
geochemistry.

Acid hydrolysis: Continental fresh water con-
tains dissolved chemical species which may ren-
der it acidic. A few sources determine such
acidity: predominantly from the dissociation of
soil zone CO2 and, also, from the dissociation of
atmospheric CO2 in rainwater (i.e., rainwater in
equilibrium with atmospheric CO2 reaches a
pH � 5.6) to form H2CO3. Also important may
be natural or anthropogenic SO2, which forms
H2SO3 and H2SO4 and can lead to a pH � 4.85
in rain droplets.

The reaction of acidic weathering agents and
minerals susceptible to acidic attack is known as

acid hydrolysis. The weathering of calcite and/or
aragonite (CaCO3) is an illustrative example:

CaCO3 sð Þ þ H2CO3 aqð Þ $ Ca2þ aqð Þ

þ 2HCO3
�

aqð Þ

The reaction is dependent on the amount of
available CO2. The addition of CO2 causes the
increased formation of H2CO3, which dissolves
more CaCO3, displacing the equilibrium to the
right hand side of the equation. In contrast, if the
CO2 flux decreases, the equilibriummoves toward
the left, promoting the reverse reaction and the
precipitation of calcite. This effect of CO2 varia-
tion is a distinct example of Le Chatelier’s princi-
ple. Karst topography, the Mexican cenotes, and
the stalactites and stalagmites forming in lime-
stone caves are all examples of the geological
effect of CO2 chemical dynamics in groundwater.

The weathering effects of CO2 in aqueous
solutions and, particularly, the interaction with
CaCO3 are often referred to as carbonation. Due

Fresh Water Geochemistry: Overview, Fig. 6 Na+ and
Cl� concentrations in the Negro/Limay, and the Colorado
rivers (Argentina’s Patagonia). The Colorado River and
main tributaries data (red and orange circles, respectively)
plot close to the mean Cl�/Na+ sea water ratio. The Negro/
Limay River system and main tributaries (black and gray

circles, respectively) show a larger Na+ contribution
(e.g., plagioclase weathering). However, most Negro’s
Andean tributaries (light gray circles), plot further away
from the ratio line, implying an even larger Na+ weathering
contribution and/or, from added hydrothermal sources
(Sea water data from [17])
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to biological activity (i.e., respiration), the con-
centration of CO2 in groundwater may be 20–30
times higher than in the atmosphere. This CO2

confined within the soil structure, which in tem-
perate climates reaches 0.1–3.5%, may rise up to
11% in tropical climates where higher tempera-
tures promote greater biological activity and,
therefore, higher CO2 concentrations.

Another example is the congruent reaction of
acid hydrolysis of magnesium-rich forsterite:

Mg2SiO4 sð Þ þ 4H2CO3 aqð Þ

! 2Mg2þ aqð Þ þ 4HCO3
�

aqð Þ þ H4SiO4 aqð Þ

The dissolution of silicates always produces
alkalinity (Box 6). The acid (H4SiO4) stemming
from the breakdown of olivine is weaker than the
slightly stronger H2CO3, from which HCO3

�

results

H2CO3 aqð Þ $ Hþ þ HCO3
�

aqð Þ

Because carbonic acid is a diabasic acid, it
dissociates in two steps:

4HCO3
�

aqð Þ $ Hþ þ CO3
2�

aqð Þ

The pH of most natural waters is regulated by
chemical reactions involving the carbonate sys-
tem. The detailed treatment of this important sys-
tem in fresh water geochemistry has been tackled
by several authors (e.g., [15, 16, 20]).

Box 6 Alkalinity
Alkalinity is the capacity of water to accept
protons and it is the sum effect of all bases
present. The conventional definition of total
alkalinity (CB) in eq l�1 or meq l�1 is

CB ¼ HCO3
� þ 2CO3

2� þ OH� � Hþ

i.e., CB equals the total equivalents of bases
minus those of acids. There are other bases
that contribute to total alkalinity but, gener-
ally, they are not considered in the calculation.

(continued)

Box 6 Alkalinity (continued)

Alkalinity is usually reported as mg l�1CaCO

3 (ormeq l�1 CaCO3). In freshwaters with pH
below 8.3, HCO3

� is commonly the only
significant base. HCO3

� alkalinity in water
originates from two sources: (a) from the
dissolution of carbonate minerals, which, if
dissolved by H2CO3, supplies twice as much
HCO3

� alkalinity relative to H2CO3, as it
occurs in the dissolution of dolomite:

CaMgCO3 þ 2H2CO3

! Mg2þ þ Ca2þ þ 4 HCO3
�

The other source is (b) the weathering of
silicates by H2CO3.

Most of the world’s surface waters have a near
neutral pH, with HCO3

� as the foremost anion
[21] because of the added effect of dissolved CO2

in soil interstitial water, the ensuing dissociation
of H2CO3 to produce alkalinity, and the occur-
rence of acid hydrolysis weathering reactions.

The presence of altered mineral residues dur-
ing weathering implies that incomplete dissolu-
tion is more usual than the chemical breakdown of
monomer silicates which dissolve completely. Sil-
icates are by far the most common minerals in the
crust and mantle of the Earth, making up 95% of
the crust and 97% of the mantle bymost estimates.
The mean composition of the upper crust approx-
imates that of a granodiorite, a rock which is a
phaneritic-textured felsic intrusive igneous rock
similar to granite, but containing more plagioclase
feldspar than orthoclase. The simplified weathering
reaction for plagioclase feldspar (e.g., anorthite)
might best represent average acid hydrolysis:

CaAlSi2O8 sð Þ þ 2H2CO3 aqð Þ þ H2O

! 2HCO3
�

aqð Þ þ Ca2þ aqð Þ

þ Al2Si2O5 OHð Þ4 sð Þ

The only solid product of this reaction is kao-
linite, the most important member of the kaolin
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group of clay minerals (i.e., 1:1 layer or two-sheet
structure) (e.g., [16]).

The acid hydrolysis of the Na-plagioclase albite,
on the other extreme of the plagioclase series, shows

2NaAlSi2O8 sð Þ þ 2H2CO3 aqð Þ þ 9H2O

! 2HCO3
�

aqð Þ þ 2Naþ aqð Þ

þ Al2Si2O5 OHð Þ4 sð Þ þ 4H4SiO4 aqð Þ

One significant product released to solution is
H4SiO4. The SiO4 tetrahedron framework is espe-
cially weak where Al has switched for Si, since
the Al-O bond has a more ionic character.

Box 7 Weathering Reactions and
Thermodynamics
Chemical reactions may be exothermic or,
in few cases, endothermic. Such heat changes
are called changes in enthalpy (H). There are
two additional factors in the energy changes
in a chemical reaction. One is Gibbs’ free
energy (G), which is the overall energy
change, and the other is entropy (S) which
is concerned with the energy changes asso-
ciated with the degree of randomness of a
system (e.g., a solid has a highly organized
structure, whereas a gas has molecules mov-
ing in a random fashion, so that gas has high
entropy and a solid has low entropy).

These energy factors are related by the
well-known equation:

DG ¼ DH � TDS

T is temperature (in kelvins, K) and D
means “change in.” Spontaneous reactions
occur when there is a decreasing value of
G (i.e., DG is negative). A couple of factors
will favor a negative value forDG: (a)DH is
negative (i.e., exothermic reaction); (b) DS
is positive (i.e., increased randomness in the
reaction). Notice that if DH is positive
(endothermic reaction), it may still be offset
by a positive value of DS (increased ran-
domness) to give a negative DG. Also, a

(continued)

Box 7 Weathering Reactions and
Thermodynamics (continued)
negative DS can be offset by a negative DH
(i.e., exothermic reaction) to give a negative
DG (e.g., [15, 16]).

It is meaningful to cast a thermodynamic view
on the above equation (Box 7). Gibbs’ free energy
values of formation for the above equation allow
calculating

DG0 ¼ 69:1 kJ

The equilibrium constant for the albite
weathering reaction is

K ¼ Naþ½ �2 HCO3
�½ �2 Si OHð Þ4

� �4
= H2CO3½ �2

The value of the equilibrium constant can be
calculated:

DG0 ¼ �2:303RTlog10K

R is the gas constant (8.314 JK�1 mol�1); T is
the temperature in Kelvin (198.2K for 25 �C); and
2.303 is ln to log10 conversion factor:

log10 K ¼ DG0= 2:303 R Tð Þ

log K ¼ �12:1022

K ¼ 7:9 10�13

K is such a small value that a very large volume
of H2CO3 is required to reach equilibrium. There
is robust evidence, however, that the reaction
takes place: kaolinite can be found in soils and
sediments, and the aqueous components are found
dissolved in natural waters. The explanation lies
in the permanent replenish of fresh carbonated
water coming into contact with the mineral sur-
face subjected to chemical attack.

Figure 7 illustrates one aspect of the dynamics
of weathering in Patagonia’s Colorado and Negro
rivers: solute sources may change and reactions
may be more variable in certain parts of the basin
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than in others. Clearly, Colorado River is more
influenced than the Negro River by the weathering
of carbonate rocks. The chemical impact of rock
sources on riverine fresh water geochemistry is fur-
ther illustrated in Fig. 8, where chemical data is
mostly framed by the ideal composition of calcite
and anorthite (i.e., the Ca end-member in the

plagioclase solid-solution series). The Colorado
River and its main tributaries show diverse litholog-
ical provenance for its solutes, whereas the Negro
(and some headwater tributaries) are more closely
associated with the plagioclase series minerals.

Reduction-oxidation (redox) reactions: The
reaction

Fresh Water Geochemistry: Overview,
Fig. 7 Geochemical data fromArgentine Patagonia’s Col-
orado (red circles), Negro (black circles), and Negro’s
Andean tributaries (gray circles), showing the relative

increase of Na+ and SiO2 with respect to Ca
2+ and alkalin-

ity. Both increases are probably determined by a relative
decrease in the significance of limestone and carbonate-
bearing sedimentary rocks as a source of dissolved phases

Fresh Water Geochemistry: Overview, Fig. 8 Graph
suggesting dominant lithological sources in the Colorado
and Negro rivers (Argentine Patagonia). Alkalinity and
Ca2+ concentrations in Colorado River and tributaries

(red circles), Negro River (black circles), and its Andean
tributaries (gray circles) are mostly framed by calcite and
anorthite ideal dissolution lines
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2FeO sð Þ þ½O gð Þ ! Fe2O3

has DG0=�240 kJ. The negative sign means that
the reaction is energetically favored and therefore
is a spontaneous reaction as everybody knows by
direct experience. Like Mn2+, Fe2+ is readily
dissolved bymildly acid waters during weathering,
but once dissolved both elements are prone to
oxidation to Fe3+and Mn4+, whose ionic potentials
are in the hydrolysate range and, consequently,
precipitate as minerals [e.g., goethite (FeOOH)].
This process explains the relative abundance of
red soils in the Earth’s tropical belt and, also, the
reddish sedimentary beds found in the sedimentary
column (e.g., Cretaceous), associated with extreme
oxidizing environments recorded in the geological
past. Iron’s world river average concentration is
66 mg l�1 [21].

Sulfides, such as pyrite (FeS2), are frequent
minerals in veins, but they are also common in
mud rocks and coal deposits (e.g., [22]). The
oxidation of reduced iron (Fe2+) and S in pyrite
causes the formation of H2SO4, a strong acid. This
is a serious environmental hazard in materials left
over after the process of separating the valuable
fraction from the uneconomic portion (i.e.,
gangue) of an ore:

2FeS2 sð Þ þ 2H2Oþ 7O2 gð Þ

! 4Hþ
aqð Þ þ 4SO4

2�
aqð Þ þ 2Fe2þ aqð Þ

Pyrite oxidation is followed by the oxidation of
Fe (II) to Fe(III):

4Fe2þ aqð Þ þ O2 gð Þ þ 10H2O

! 4Fe OHð Þ3 sð Þ þ 8Hþ
aqð Þ

At the low pH values found in acid mine
waters, oxidation occurs gradually. Ferric iron
may react further with pyrite:

FeS2 sð Þ þ 8H2Oþ 14Fe3þ aqð Þ

! 15Fe2þ þ 2SO4
2�

aqð Þ þ 16Hþ
aqð Þ

Below pH 3.5, iron oxidation is catalyzed by
the bacterium Thiobacillus thiooxidans, and

between pH 3.5 and 4.5, oxidation is catalyzed
by Metallogenium. At pH � 3, Fe(III) precipi-
tates as goethite (FeOOH).

Reduced Fe-bearing silicate minerals (e.g.,
pyroxenes, amphiboles, and Fe-rich olivine) may
also undergo oxidation, as it occurs with fayalite:

Fe2SiO4 sð Þ þ ½O2 gð Þ þ 5H2O

! 2Fe OHð Þ3 sð Þ þ 4H4SiO4

Colloidal Fe(OH)3 dehydrates to generate a
variety of oxides, e.g., Fe2O3 (hematite) and
FeOOH (goethite).

Weathering Intensity and Rate

Clearly, weathering is the foremost process that
maintains a permanent supply of dissolved sub-
stances to the Earth’s water mass. Continued
weathering of its upper crust has occurred ever
since the planet had water and a liquid ocean (i.e.,
~4.5 109 y), and rock weathering has been –and
still is – largely responsible for the ocean chemical
composition (i.e., world’s oceans have a mean
salinity of 35 g kg�1, but seawater is not uni-
formly saline throughout the world; the vast
majority of seawater fluctuates between 31 and
38 g kg�1). Ocean salinity was not only deter-
mined by the permanent supply of dissolved sub-
stances through eons of continental wear away,
but it was also the result of outgassing (i.e., HCl
and other gasses) from the Earth’s interior via
submarine volcanoes and hydrothermal vents.

The specialized literature states that ocean
salinity has been stable for billions of years, as a
consequence of a chemical/tectonic system which
removes as much salt as it is deposited. In other
words, chemical stability in the ocean does not
mean that the dissolved input from the continents
has experienced little variability throughout the
geological column. Quite the contrary, continental
weathering intensity and rate has changed mark-
edly over geological time inasmuch climate and
tectonics are dynamic forcing factors (Fig. 1).
Hence, it is important to learn about present-day
weathering intensity and rate so that it would be
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possible to probe into past weathering dynamics
and, further, into fresh water variability over time.
Basically, weathering intensity alludes to the
degree of decay of minerals and rocks at a certain
point in time, whereas the rate of such decay
ideally refers to the amount of change per unit
time. These terms may be linked inasmuch a
high degree of weathering intensity usually indi-
cates a relatively swift alteration rate.

As weathering advances and the more mobile
elements are washed away, the chemical compo-
sition of regolith will change accordingly. This is
the reason why the study of weathering intensity
in regolith is often used as proxy to probe into
fresh water geochemistry. There are two method-
ologies that lead to the assessment of such change:
(a) working out the ratio of highly resistant min-
erals (e.g., quartz, zircon) with others which are
more easily removed and (b) following the
so-called absolute approach which consists of
comparing the chemical composition of the parent
material with that of the weathered debris (e.g.,
[23, 24]).

Determination of weathering intensity with rel-
ative methods: Uncertainty in the composition of
the parent material (i.e., “fresh” rock) leads to the
calculation of the ratio of more stable and less
stable oxides, expressing the result as an index.
Bland and Rolls [23] supply an example:

WR hð Þ ¼ zirconþ tourmalineð Þ
�= amphibolesþ pyroxenesð Þ

WR lð Þ ¼ quartz=feldspars

These weathering ratios (WR) aim to unveil the
situation in the heavy (h) and light (l) mineral
fractions.

Most methodologies used in the relative
domain are based on the assumption that Al2O3

is largely immobilized during weathering. The
most popular index is known as the “chemical
index of alteration” or CIA:

CIA ¼ Al2O3= CaO� þ Na2Oþ K2Oþ Al2O3ð Þ½ � � 100

CaO* represents CaO adjusted for apatite and
Ca-bearing carbonates using P2O5 and CO2 in the

correction procedure [25]. CIA values of 45–55
indicate nearly no weathering (i.e., the Earth’s
average upper crust has a CIA of 47). Products
of intense weathering (e.g., kaolinite, gibbsite)
have CIA values of ~100, whereas other clay
minerals (e.g., smectite, illite) have values of
about 70–80. Primary minerals have much lower
CIA values (e.g., 50 for plagioclase, 0–20 for
amphiboles and pyroxene). It arises then that the
CIA value of a bulk detrital sample will vary
substantially depending on the proportions of pri-
mary minerals and clay minerals in it. Figure 9a
shows mean CIA values determined in Paraná
River TSS samples. The trend suggests a relation-
ship with discharge. Mountainous (i.e., mostly
Andean) tributaries transport coarser sediment,
with somewhat lower CIAs (Fig. 9b) [26].

There are several other relative approaches, such
as the chemical index of weathering or CIW [27]:

CIW ¼ Al2O3= CaOþ Na2Oþ Al2O3ð Þ½ �100

Like the CIA, the CIW value increases as the
degree of weathering increases as well. This index
has proved particularly useful in weathering sce-
narios where K2O has not totally been removed
from the regolith (e.g., diagenetic illitization).

Another popular index is the weathering index
of Parker or WIP [28], which is based on the
proportions of alkali and alkaline earth metals:

WIP ¼ 2Na2O=0:35ð Þ þ MgO=0:9ð Þ½
þ2K2O=0:25Þ þ CaO=0:7ð Þ�

WIP values are usually between ~100 and 0,
with the least weathered rocks having the
highest values. The assumption that all CaO in
the examined regolith is held in silicate minerals
is implied. Parker [29] included the susceptibil-
ity to weathering of the elements involved in the
equation by including bond strength values
(as denominators) as a measure of the energy
required to break the cation-to-oxygen bonds of
the respective oxides.

Weathering indices have often been devised or
adapted to attain a clearer view on the breakdown
of specific rock types. Such is the case of themafic
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index of alteration or MIA, which is an index pro-
posed to extend the equation of the CIA to include
the mafic elements (i.e., Fe and Mg), turning the
index into a more amenable tool to investigate
weathering in basalts [30]. In an oxidizing alteration
environment, Fe is considered an immobile element
along with Al2O3, and the equation forMIA is

MIA Oð Þ ¼ �
Al2O3 þ Fe2O3 Tð Þ= CaO� þMgOð�

þNa2Oþ K2Oþ Al2O3 þ Fe2O3 Tð Þ Þ��100

When the environment of alteration is reducing
and Fe is leached along with Mg, total Fe is
considered a mobile element, and the MIA calcu-
lation becomes

MIA Rð Þ ¼ Al2O3= CaO� þMgOþ Na2Oð½
þK2Oþ Al2O3 þ Fe2O3 Tð Þ Þ� � 100

As it happens with the CIA, increasing index
values always represent a more altered rock, and a
value of 100 specifies complete removal of mobile

elements and their transfer to the aqueous domain.
As it is the case with the CIA, the molar CaO is
corrected for the presence of carbonate and apatite,
considering only the silicate-bound Ca (CaO*).

Relative elemental losses attributable to rock
weathering can also be analyzed from the dissolved
realm. Tardy [31] calculated the molecular ratio
from the concentration of different dissolved spe-
cies determined in surface waters draining granitic
and gneissic terrains:

Re¼ 3
�
Naþþ3 Kþð Þþ2 Ca2þ

� �� SiO2ð Þ�� �
=

0:5 Naþð Þþ0:5 Kþð Þþ Ca2þ
� �� �

The coefficients used in the above equation
depend on the bedrock’s major primary minerals
and correspond to an average granitic composi-
tion with feldspars and micas. It is assumed that if
Re � 0, gibbsite is basically formed; if Re � 2,
kaolinite is the dominant solid product of rock
alteration; and if Re � 4, the products are mainly
smectites [32].

Fresh Water
Geochemistry: Overview,
Fig. 9 Values for the
chemical index of alteration
(CIA) in total suspended
solids from the Paraná River
system. (a) Plot of mean
CIA values and typical error
bars as a function of river
discharges. The samples
were collected in the middle
stretch (~600 km upstream
the mouth). (b) Average CIA
values determined in TSS
samples from Paraná’s
mountainous tributaries [26]
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It may be concluded, then, that the indices that
can be computed with a significant variety of
methodologies basically reflect the probabilities
of elemental mobility during weathering pro-
cesses, expanding the insight on the likely sources
which control fresh water geochemistry. Depetris
et al. [24] have described several procedures used
to appraise weathering intensity through the
chemical analyses of regolith or sediments.

Determination of weathering intensity with
absolute methods: The assumption behind any
absolute method is that a computable association
can be established between an unaltered rock and
the overlying weathered material. In order to
calculate the losses of different chemical compo-
nents in a weathered profile, it is necessary to
select an insoluble oxide which will be the
benchmark in the analysis. As with relative
methods, Al2O3 is mainly used as it is relatively
insoluble at pH values down to 5.5, such as found
in rainwater. The ratio between the Al2O3 content
of the bedrock and of the regolith is used to
calculate the losses in the other compounds.
Examples of this ingenious procedure, originally
formulated by S. S. Goldich [12], have been
treated in detail in several books (e.g., [23, 24,
33, 34]).

Weathering rate: The original observations
made by Goldich [12] showed that field observa-
tions on the weathering sequence of igneous rocks
were the opposite to Bowen’s reaction series that
ordered minerals in the crystallization sequence of
magmas. This qualitative approach was signifi-
cantly enriched by thermodynamic and kinetic
facts which expanded the insight on the suscepti-
bility to weathering of minerals and rocks.

The weathering rate R (mol m�2 s�1) is under-
stood as a chemical flux, and for a primary silicate
mineral, it is usually defined by the relationship:

R ¼ DM=S t

DM (mol) is the mass change due to
weathering, S (m2) is the total surface area of the
reacting mineral, and t (s) is the duration of the
reaction [35]. Alternatively, the rate calculation
can be based on the mass of solutes produced
during weathering:

DMj, solute ¼ DcjVs

This methodology usually involves comparing
changes between initial and final solute concentra-
tions Dcj (M) in a known volume of water Vs (L).

The mass changes due to weathering (DM) can
be tackled through several approaches, like bulk
changes in regolith, small-scale changes in min-
eral and rock compositions, changes based on
solute compositions, characterization of fluid
transport, and weathering based on solutes in
soils and in groundwater [34]. Of particular sig-
nificance for this chapter is the weathering rate
assessed through the flux of surface water solutes:

Qweathering ¼ Qwatershed output � Qprecipitation

� Qanthropogenic 	 Qbiology

	 Qexchange

The expression shows that weathering constitu-
ents connected with watershed discharge must be
adjusted to other potential sources or sinkswithin the
watershed, such as atmospheric and anthropogenic
inputs, biological contributions, and the impact
of ion exchange processes in soils. Generally, in
pristine watersheds the weathering flux is the dif-
ference between the watershed output and the pre-
cipitation input, because biologic and exchange
reactions are presumed to be at a steady state.

Measuring solute fluxes in surface fresh water
discharge is an indirect method to estimate chem-
ical weathering rates. Surface water dissolved
substances represent discharges from other
weathering environments that are spatially and
momentarily integrated by the watershed flux.
Variations in solute concentrations are supported
by a mixture of several end-member sources, for
example, a groundwater component, a component
representing waters from regolith, and an organic
component comprising soil-derived near-surface
runoff. The interpretation of the solute discharge
flux is further obscured because the relative pro-
portions of the mentioned components fluctuate
seasonally. In a mountainous drainage basin, for
instance, hill-slope waters dominate during the
rainy season, groundwater rules at lessened flow
during the dry season, and storm events appear to
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control the flux of the organic component. There-
fore, the interpretation of solute discharge fluxes
and the ensuing calculation of weathering rates
should be undertaken with caution, even in well-
researched watersheds. Despite some uncertainty
surrounding the calculation of weathering rates in
river basins of widely variable sizes, TDS and
SiO2 fluxes and yields have proved valuable in
assessing, at a global scale, the relative significance
of physical vs. chemical weathering rates [9].

Exchangeable Ions

All clay minerals exhibit ion exchange behavior to
some degree [36, 37], as also do natural organic
compounds and colloidal oxide-hydroxides (i.e.,
also collectively referred to as oxyhydroxides).
This is a process that takes place wherever small
particles (i.e., less than 1 or 2 mm) are in contact with
aqueous solutions, for example, in regolith and soil,
in fluvial and marine sediments, in aquifers, etc.

The properties of colloidal suspensions result
from electrical charges on the surface of the par-
ticles. Such electrical charges (i.e., mostly colloi-
dal) are linked to their small size and subsequent
large specific surface area. The atoms on the sur-
face of solid particles are moderately bonded
because they are not surrounded by ions of the
opposite charge. When a small particle such as
clay (e.g., vermiculite, smectite) is suspended in
water, some of the interlayer cations pass into
solution, developing a negatively charged silicate
structure surrounded by a disperse cloud of cat-
ions (Fig. 10). Such suspensions may be stable for
long periods of time but are flocculated if the ionic
strength of the aqueous solution (e.g., in an estu-
ary) increases markedly. Clays, feldspar, quartz,
and manganese oxides are negatively charged
except in significantly acidic environments (i.e.,
pH < 2.0) where they acquire a positive charge.
The iron oxide-hydroxides can have both negative
and positive charges in the 5–9 pH range. In
contrast, particulate aluminum oxide-hydroxides
exhibit positive charges except at pH > 9.

Cations adsorbed on small particles surfaces
which are in contact with dilute electrolyte solu-
tions (e.g., river water) are exchangeable for ions

in the solution. Such ion exchange reactions can
attain equilibrium that causes water-particle sus-
pensions to respond to chemical changes in the
solution in agreement with LeChâtelier’s principle.
This capability of small particles to adsorb
exchangeable ions can be measured (and therefore
defined) by the cation exchange capacity (CEC),
which is a procedure that involves the measure-
ment of uptake and release of NH4+ from 1 M
ammonium acetate (NH4CH3CO2) solution at
pH 7.0. CEC is not a precise or fundamental quan-
tity because it varies as a function of pH and, also,
as a function of the ions occupying the exchange
sites in the particle.

Exchange equilibrium between monovalent
(or two divalent) cations can be represented by
the mass action equation:

A� clayþ Bþ ¼ B� clayþ Aþ

Typical CEC in clays are vermiculites, 120–200
meq/100 g; smectites, 80–150 meq/100 g; illites,

FreshWater Geochemistry: Overview, Fig. 10 Simple
outline of the electrical double layer in a submicron parti-
cle. The excess negative charge on the particle surface is
balanced by an excess concentration of positive charges
(i.e., cations) in solution near the particle-solution interface
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10–40 meq/100 g; kaolinite, 1–10 meq/100 g; and
chlorite, <10 meq/100 g.

Sayler and Mangelsdorf [38] studied the cation
exchange characteristics of Amazon River
suspended sediment in order to determine the sup-
ply of exchangeable cations to Amazon’s geo-
chemical fluxes. The range of exchangeable
cation compositions was equally narrow in the
river and in seawater. In river water, the exchange-
able cation complement (equivalent basis, exclu-
sive of H+) was 80%Ca2+, 17%Mg2+, and 3%Na+

plus K+. In seawater Na+ andMg2+ are about equal
(38%) while Ca2+ ~ 15% and K+ ~ 9%. On reaction
with seawater, river suspended sediment took up an
amount of Na+ equal to about 1/3 of the dissolved
river load, as well as amounts corresponding to
15–20% of the dissolved fluvial K+ and Mg2+.

Adsorption

Adsorption is the adhesion of atoms, ions, or
molecules to the surface of a solid or, in a more
general sense, the buildup of solutes in the sur-
rounding area of a solid-solution interface. The
adsorption mechanisms (i.e., surface-based pro-
cesses) can be divided into electrostatic adsorp-
tion, where the ions in the aqueous solution are
pulled toward a surface of the opposite electrical
charge (i.e., the previously discussed CEC is an
example); physical adsorption, where the attrac-
tion to the solid surface is caused by moderately
weak van der Waals forces; and chemical adsorp-
tion, where chemical bonding develops between
the solute molecule and one or more atoms
exposed on the surface of the solid.

Adsorption is among the most important chem-
ical processes influencing the movement of con-
taminants in water, particularly in groundwater. It
is, as well, an important effect on mineral disso-
lution rates [35, 39], but the attention here is
mostly directed to the role of adsorption phenom-
ena in the presence of trace elements in fresh
water. It is a known fact that the concentrations
of trace elements in natural waters are far below
the values that would be predicted for saturation
with respect to a solid phase. The most general
reason for the low concentrations of trace

elements in fresh waters is their adsorption onto
solid phases such as colloidal particles of iron or
manganese oxide-hydroxides.

Adsorption is usually described through iso-
therms. The term stems from the fact that the
measurements were made at constant temperature.
In the procedure, the amount of solute (i.e., adsor-
bate) on the surface (i.e., adsorbent) is determined
as a function of its concentration. The quantity
adsorbed is nearly always normalized by the mass
of the adsorbent to allow comparison of different
materials.

The simplest adsorption isotherm is the linear
distribution coefficient or linear Kd:

Kd ¼ mi adsð Þ=mi solnð Þ

The variable mi(ads) is the concentration of the
chemical species adsorbed on the solid phase (i.e.,
usually moles kg�1 of solid), and mi(soln) is the
concentration of the species in solution (i.e.,
moles l�1).

The value of a specific Kd is a function of
the properties of the adsorbent and the composi-
tion of the adsorbate; both must be measured
experimentally in each system under study, and
the result cannot be extrapolated from one system
to another.

There are several available isotherms, applica-
ble to diverse systems: Langmuir, Freundlich,
BET, and Kisliuk, among several others (e.g.,
[15, 16, 20]). The mathematical methodology
used in every case spans from comparatively sim-
ple empirical equations to complex mechanistic
models of interaction at the adsorbate-adsorbent
interface. The scientific literature offers many
examples of studies performed with the purpose
of gaining insight on the complexities of adsorp-
tion processes and on their important environmen-
tal implications [40–42].

Organic Matter in Fresh Water Systems

Besides water and inorganic dissolved and partic-
ulate phases, rivers transport organic matter (OM)
which may end up, eventually, in the coastal sea.
Such organic matter may be autochthonous, if it is
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the result of the biological production that occurs
within the water body (e.g., photosynthesized
algae, bacteria, copepods) or, conversely, may be
allochthonous, if it is organic debris from eroded
soils, dead microorganisms, and even tree leaves
and other remains from land plants. As a result of
such processes, all fresh waters contain dissolved
organic molecules, organic colloids, and particu-
late organic matter. Before the late 1960s,
geochemists were inclined to ignore organic com-
ponents in fresh waters because of analytical dif-
ficulties and theoretical complexities involved in
the subject. Soon afterward (i.e., early 1970s),
scientific interest began to expand [43, 44] largely
nurtured by the rising awareness on climate
change and the availability of new, more evolved
analytical instrumentation. It is now recognized
that organic substances in fresh waters – besides
the role played in the global carbon cycle – are
important in weathering processes, in light atten-
uation and photochemical reactions, in diagenetic
processes, and in the transport of trace metals.

Organic matter is considered dissolved if it
passes through a 0.45 mm cellulose acetate mem-
brane filter. Such filtrate is customarily designed
as dissolved organic carbon (DOC) or dissolved
organic matter (DOM). The material retained by
the filter is known as particulate organic carbon
(POC). The most commonly reported analytical
parameters are total organic carbon (TOC) and
DOC. Although straightforward, this definition is
arbitrary because many submicron organic col-
loids and some microorganisms can pass through
0.45 mm membrane filters and, also, because the
effective pore size of 0.45 mm cellulose filters is
reduced by partial clogging during the filtration of
a water sample.

TOC and DOC: The great impact that climate
change awareness directed toward the understand-
ing of the global carbon cycle determined that
several attempts were made in the scientific com-
munity to attain a reasonably accurate estimate of
riverine carbon fluxes. In over 20 years, the esti-
mates almost doubled: from a TOC flux
~16.5 Tmol y�1 in 1975 [45] to ~31.5 Tmol y�1

in 1996 [46] (1 Tmol = 1012 mol). Currently,
28–31 Tmol y�1 is assumed as the likely variabil-
ity of the annual riverine TOC flux from the

continents to the oceans, which corresponds to a
global TOC mean concentration of
730–880 mmol l�1. On a global scale, the aver-
age concentrations of DOC fluctuate between
~400 and ~480 mmol l�1 (~4.4–5.8 mg l�1).

Six distinct fractions make up the river-
transported dissolved organic matter: hydropho-
bic acids, bases, and neutral compounds and
hydrophilic acid, bases, and neutral compounds.
In average fresh waters, more than 80% of DOC is
distributed between hydrophobic acids and hydro-
philic acids in a 2:1 ratio. Less than 20% of DOC
is evenly distributed between hydrophilic bases
and the two neutral bases. Besides, in average
fresh waters, fulvic acids and humic acids account
for ~60% of DOC, roughly distributed in a 3:1
ratio [47].

On the basis of available global riverine bio-
geochemical data, total mean concentration of
dissolved hydrolysable sugars is ~2.6 mmol l�1,
with hexoses (glucose, galactose, rhamnose, man-
nose, and fucose) more abundant than pentoses
(xylose, arabinose, ribose, and lyxose). The sum
of the mean concentration of hydrolysable sugars
accounts for ~3.0% of the organic carbon in
dissolved organic matter [47].

Similarly, the average fresh water contains
~1.3 mmol l�1 of total hydrolysable amino acids.
Jointly, they account for 1.8% of the organic car-
bon in dissolved organic matter and ~18% of its
nitrogen. The most plentiful class of lignin-
derived phenols are vanillyl phenols. As a group,
the lignin-derived phenols account for 0.6% of the
organic carbon determined in fresh water DOM
[47]. Using the available mean values, the addi-
tion of sugars, amino acids, and lignin-derived
phenols accounts for less than 6% of the dissolved
organic carbon measured in fresh waters [47].

TOC, sugars, and amino acids were measured
in the Paraná River. DOC concentrations fluctu-
ated between ~500 and 850 mmol l�1, higher than
the global average. Figure 11a shows the variabil-
ity (i.e., in a hydrological year) of dissolved
sugars plus amino acids, and DOC, as a function
of the CO2 partial pressure (pCO2). Both variables
show a decreasing trend as pCO2 increases, thus
suggesting that at least part of the decreasing trend
may be attributable to increased biological
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consumption (i.e., respiration). Figure 11b, on
the other hand, shows that both sugars plus amino
acids and the DOC/POC ratio increase toward the
river mouth, a characteristic which may be
connected with Paraná’s extensive flood valley
(i.e., the dynamic water exchange between lotic
and lentic environments). In the middle Paraná
River, mean dissolved hydrolysable sugar concen-
trations were ~12.5 mmol l�1 and mean dissolved
hydrolysable amino acids ~15.8 mmol l�1; jointly
they accounted for ~5% of DOC [48].

Particulate organic matter (POM): Soils hold
the largest carbon pool of all terrestrial ecosys-
tems [49], a significant part of which is POM,
eventually eroded and transported – mainly via
fresh water systems – to the world’s oceans. POM
is subjected to different processes in fresh water
environments, which include mineralization, dis-
aggregation, and sedimentation; such processes
determine POM’s role, behavior, and fate in
aquatic ecosystems. POM can be divided into
living (e.g., bacteria and plankton) and nonliving

Fresh Water Geochemistry: Overview, Fig. 11 (a)
Variability of dissolved sugars + amino acids carbon and
DOC, as a function of CO2 partial pressure (pCO2). The
samples were collected in the Paraná River, throughout a
hydrological year, about 600 km upstream from the mouth.
Green circles correspond to dissolved sugars + amino acids
carbon; orange circles to DOC. (b) Joint downriver

variability of dissolved sugars + amino acids carbon, and
DOC/POC atomic ratio in the Paraná River. Dark green
circles correspond to sugars + amino acids carbon mea-
sured in the main channel and light green circles to samples
from tributaries; orange circles correspond to DOC/POC
ratios (The data were collected within the SCOPE/UNEP
International Carbon Project (e.g., [48]))
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(i.e., detritus of broadly variable size) fractions.
Generally, most of the living part is promptly
recycled, along with a marginal detrital fraction.

POM (or POC) in fresh water (i.e., rivers and
lakes) is often expressed as a percentage of total
suspended sediment (TSS) and as concentrations.
It has been known for many years that there is an
inverse relationship between TSS and the percent-
age of POC (e.g., [50]): the larger the TSS con-
centration, the smaller the relative contribution of
POC to total TSS. Figure 12 shows an example for
the middle Paraná River.

The carbon to nitrogen (C/N) ratio is an ade-
quate indicator of the provenance of organic mat-
ter. In general, a C/N > 20 can be taken as an

indicator of vascular plant material, those between
15 and 8 seem to indicate terrigenous sources (i.e.,
soil humus), and lower values are thought to rep-
resent planktonic sources. The Paraná River
exhibited a TSS C/N ratio that fluctuated between
9.8 and 11.5, roughly following the prevailing
hydrological situation [48]. Figure 13 exhibits in
more detail the variability of C/N ratios in the
middle Paraná’s TSS. The data collected during
low waters (water discharges �16000 m3s�1 or
lower) showed a significant regression slope ~9,
indicating a mostly allochthonous organic matter
dominated by soil-derived detritus. In contrast,
when discharge distinctly exceeded the mean (i.e.,
there was ENSO-induced exceptional flooding

Fresh Water
Geochemistry: Overview,
Fig. 12 Variability of POC
concentrations (% of TSS)
and TSS in the Paraná
River, about 600 km
upstream from the mouth.
Mean concentrations (green
circles) and typical error
bars (The data were
collected within the
SCOPE/UNEP
International Carbon
Project (e.g., [48]))

Fresh Water
Geochemistry: Overview,
Fig. 13 POC and PN
variability in the Paraná
River, about 600 km
upstream from mouth. Data
divided into samples
collected with discharges
lower than mean
Q (~16,000 m3 s�1, green
circles), and samples
collected with discharges
higher than mean
Q (~17,000–50,700 m3 s�1,
blue circles) (The data were
collected within SCOPE/
UNEP International Carbon
Project (e.g., [48]))
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during the sampling period [18]), the regression
slope for the corresponding data decreased to
~5.9, thus suggesting that the organic fraction
transported in suspension had become domi-
nantly autochthonous (i.e., algae).

The source of POC can also be identified now-
adays by a number of powerful instrumental tech-
niques, like the determination of stable isotopes
with mass spectrometry or the organic fingerprint
by means of gas chromatography/mass spectrom-
etry. An example is the study performed several
years ago by Onstad et al. [51], identifying POM
sources in rivers from the continental USA. The
work undertook the study of the elemental, stable
carbon isotope and lignin-phenol compositions of
suspended particulate organic matter collected
from rivers draining South Central USA. The
atomic C/N ratios (~11 	 2) were similar to
those reported worldwide for riverine POM. The
corresponding stable isotope data (d13C values
varied from �18.5‰ to �26.4‰) was consistent
with the C3 and C4 plant distribution in the drain-
age basin; substantially degraded lignin-phenol
indicated input from angiosperm-rich plant mate-
rials. In short, the obtained results signified that
highly degraded organic matter is a key constitu-
ent of fine-grained POM transported by rivers of
the Central USA.

The most recent estimate on the world’s total
suspended sediment (TSS) flux to the oceans is
19 Gt y�1[9] (1 Gt = 109 t). Likewise, the latest
estimate for the TOC flux to the coastal seas is
14.4 Tmol y�1 [46]. Therefore, the flux of organic
particles is only a small fraction of the total mass
of continental debris poured yearly by rivers into
the coastal seas. Such POC flux can be translated
into a mean concentration of ~330–400 mmol l�1

(~3.9–4.4 mg l�1). Based on a limited number of
estimates, the global mean DOC/POC ratio is
~1.20 [47].

Nutrients in Rivers and Lakes

Nutrients are chemical elements vital to the devel-
opment of plant and animal life. In rivers and
lakes, nutrients are required for the growth of
algae that form the foundation of an intricate

food web sustaining the entire aquatic ecosystem.
The most common nutrients in rivers and lakes are
N and P. Si also plays a significant role in primary
biological production.

Although eutrophication is the natural process
of organic matter enrichment of lakes and rivers
through the stimulation of nutrients, human activ-
ity has dramatically increased its rate in many
water bodies, altering the associated biological
and physical characteristics. Excessive nutrients
not only affect fresh water quality but also may
adversely impact on health in humans and live-
stock. Phosphorous is not toxic to human adults in
moderate concentrations, but high levels of NO3

�

in drinking water (e.g.,>10mg l�1) can adversely
affect livestock or human infants. An undesirable
consequence of nutrient overabundance is exces-
sive algal growth, such as some cyanobacteria
(i.e., blue-green algae), which produce toxins
that may affect the liver and the nervous system.

Background levels of N and P in fresh waters
are generally quite low. Nitrogen is present in
rather small quantities in igneous rocks and in
the oceans. The greater portion of the amount on
the planet occurs uncombined in the atmosphere
(78.09% by volume). In fresh waters, it may occur
in several forms, depending on the level of oxida-
tion. It may be present as NH3 or as NH4

+. In
NO2

� it has the form N3+, and NO3
� is the most

common species of N in fresh waters, in the
completely oxidized state (N5+).

The N cycle is the biogeochemical cycle which
converts N into various chemical forms as it flows
through the atmosphere and terrestrial and marine
ecosystems. The conversion of N can be com-
pleted through both biological and physical pro-
cesses. Particularly important in the N cycle are
fixation, ammonification, nitrification, and deni-
trification (e.g., [52]): all N that is available to
biota was originally derived from N fixation,
either by lightning or by free-living and symbiotic
microbes associated with leguminosae. However,
N fixation contributes only to about 12% of the
N that is annually assimilated by land plants. The
remaining N must be obtained from internal
recycling and from decay of dead tissue in rego-
liths. Microorganisms mediate, under aerobic
conditions, the nitrification of NH4

+ (and NH3)
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to NO2
� and NO3

�. Organic compounds can cause
the reduction of NO3

� to N2 (denitrification).
The most important biologically mediated
N conversion processes are schematically pre-
sented in Fig. 14.

Nitrate concentrations in fresh waters are usu-
ally less than 0.6 mg l�1; in streams and rivers,
natural N sources include eroded regolith and
soils, leaves, grasses, and other organic debris
from the riparian vegetation. The extensive use
of fertilizers and insufficiently treated sewage are,
undoubtedly, the most important consequence of
human activities. The outline in Fig. 15 shows the
speciation of N and P in fresh waters.

The weathering of apatite [Ca10(PO4)6(OH,F,
Cl)2] releases calcium phosphate, which is soluble
to some degree in CO2-supersaturated water. This
is the main natural source of P, along with other
less abundant phosphates. In contrast with the
global cycles of C and N, the global cycle of P is
exceptional because it does not have a significant
gaseous component. Concentrations of P in
world’s average river water and river TSS are
25 and 1150 mg g�1, respectively [17]. Therefore,
background PO4

3� in fresh water is usually less
than 0.1 mg l�1; eroded soil and sediments are the
primary natural sources of P. In many areas, the
flux of P in rivers is significantly higher than the

Fresh Water
Geochemistry: Overview,
Fig. 14 Schematic
diagram showing the main
biologically mediated
N conversion processes.
NO and NO2 may occur as
intermediaries, both in
nitrification and
denitrification (Modified
from [15])

Fresh Water Geochemistry: Overview, Fig. 15 Schematic diagram showing main chemical species in dissolved and
particulate, organic and inorganic N and P
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natural background as a result of pollution and
fertilizer runoff.

The ratio of N to P specifies which nutrient will
possibly limit the growth of algae (i.e., primary
biological productivity). C, N, and P occur in algal
tissue in a surprisingly coherent ratio of atomic
weights of 106:16:1 known as the Redfield ratio
[53]. This ratio is named after the American
oceanographer Alfred C. Redfield, who described
this empirically developed stoichiometric ratio,
which he described in an article published in
1934. Redfield analyzed thousands of samples of
marine biomass and found that globally the ele-
mental composition of marine organic matter
(dead and living) was remarkably constant world-
wide. The stoichiometric ratios of C, N, and P
persist relatively constant from both the coastal
and open ocean regions, as a result of the incor-
poration of these elements in photosynthesis and
growth:

106CO2 þ 16NO3
� þ HPO4

2� þ 122 H2O

þ 18Hþ

! CH2Oð Þ106 NH3ð Þ16 H3PO4ð Þ þ 138O2

Based on this natural ratio and on abundant
bioassay experimentation with lake algae, it is
generally accepted that when N:P ratio decreases
below 16:1, algae will have a limited N supply per
unit of P and, accordingly, experience nitrogen
constraint, while ratios above 16:1 indicate
P limitation. At N:P ratios oscillating between

10:1 and 20:1, a combined limitation by both
nutrients is likely to occur.

The lakes in Patagonia owe their remarkable
oligotrophy to the limiting power of N [54]. This
is in opposition to what is often seen in many other
world lakes, which productivity is basically con-
trolled by P.

The biogeochemical typology of Patagonian
main water courses was studied in order to
determine the factors controlling the continental
fluxes of C and nutrients. Patagonia’s rivers are
partially responsible for the noticeable biologi-
cal productivity of Patagonia’s coastal region.
Data in Table 1 [55] suggest that N is also a
limiting factor in the biological productivity of
Patagonian rivers. The significantly higher N:P
ratio of the Gallegos River is likely caused by
the low-grade coal-bearing beds and abundant
mudstones exposed in its drainage basin. Silica
appears to be adequately furnished in some riv-
ers (e.g., the Colorado, the Negro, the Chubut,
the Deseado, and the Gallegos) and poorly pro-
vided in others (e.g., the Chico, the Santa Cruz,
and the Coyle).

Minor and Trace Elements

In igneous petrology and in high-temperature geo-
chemistry, a trace element is one whose concen-
tration is less than 0.1% of a rock’s total mass. In
natural waters, however, trace elements are gen-
erally characterized by concentrations lower than

Fresh Water Geochemistry: Overview, Table 1 Nutrients (means) and runoff in Patagonian rivers. Data in mmol l�1

River Runoff (mm y�1) DOC NO3
� – N PO3

3� – P SiO2 N:P

Colorado 151 99.91 2.28 1.87 183.08 1.22

Negro 251 99.91 2.07 5.17 199.72 0.40

Chubut 32 174.84 11.57 2.71 199.72 4.26

Deseado 11 174.84 6.85 6.13 316.22 1.12

Chico 65 632.75 9.00 12.59 94.87 0.71

Santa Cruz 1445 66.61 9.00 2.94 28.29 3.06

Coyle 9 424.61 0.79 7.75 39.94 0.10

Gallegos 2089 557.82 47.12 4.84 249.65 9.73

Mean* 334.11 27.96 4.19 162.00 6.22
*Runoff-weighted mean
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1 mg l�1 (i.e., or 1 ppm). Major elements in rocks
may be in trace concentrations in natural waters
(e.g., Fe, Al, and Ti), and, contrastingly, some
elements in trace amounts in rocks are major
constituents in fresh waters (i.e., C, Cl) [56].
This guides to what W. M. White [56] considers
as the best definition of a trace element: “an ele-
ment whose activity obeys Henry’s Law in the
system of interest.” This denotes sufficiently
dilute concentrations that interactions between
atoms of the element under consideration are suf-
ficiently rare that its behavior is independent of its
concentration (Box 8). Trace element concentra-
tions in fresh waters span over ten orders of mag-
nitude, similarly to the range of abundance in the
Earth’s crust.

Box 8 Concentration Units of Trace Elements
Trace element concentrations are frequently
reported in weight units as parts per million
(ppm), parts per billion (ppb), or parts per
trillion (ppt), which correspond to milli-,
micro-, and nanograms per kilogram. Usu-
ally used molarity units are milli-, micro-, or
nanomol per liter (i.e., mM, mM, and nM).

In fresh water systems, trace element concen-
trations not only depend on their crustal abun-
dance but also on their mobility during the
weathering process of minerals and rocks.
Other mechanisms may be locally significant,
such as hydrothermal contributions or the infre-
quent fallout of volcanic ashes into lakes. An
interesting example in connection with their
mobility is supplied by one of the rare earth
elements (REE): europium (Eu). Under reduc-
ing conditions, such as those existing within the
mantle or lower crust, Eu may exist in the diva-
lent state, Eu2+. This causes an increase in ionic
radius (i.e., about 17%) making it basically
equal to Sr2+ (ionic radius = 1.26 Å for a coor-
dination number= 8). Therefore, Eu substitutes
freely in place of Sr in feldspars, particularly in
anorthite (i.e., Ca-plagioclase), steering to a
distinguishing geochemical behavior compared

to the other REE. Plagioclase is among the first
minerals to weather, and hence, Ca, Sr, and Eu
are delivered to the aqueous environment during
the early stages of chemical weathering. Eu, in
very low concentrations (e.g., ~10–30 ng l�1),
does not remain for a long time in dissolved
state due to the peculiar behavior that REE
exhibit during weathering and transport and is
rapidly adsorbed onto exchange surfaces. This
important aspect of REE dynamics will be
treated ahead, but the example is relevant to
show the transfer of trace elements from min-
erals to fresh waters and some of the involved
complexities. At this point it is worth mention-
ing that, in general, trace elements are far more
fractionated by weathering and transport pro-
cesses than major elements.

Gaillardet et al. [21] proposed an approximate
classification of trace element mobility in fresh
waters. The first group involves the highly
mobile elements (i.e., mobility close to or greater
than that of Na): Cl, C, S, Re, Cd, B, Se, As, Sb,
Mo, and Sr. The second group includes those
elements considered moderately mobile, with a
mobility ~10 times less than Na: U, Os, Li, W,
Mn, Ba, Cu, Ra, Rb, Co, and Ni. The third group
comprises the nonmobile elements, with mobil-
ity 10–100 times less than that of Na: REE, Zn,
Cr, Y, V, Ge, Th, Pb, Cs, Be, Ga, Fe, and
Hf. Finally, there is a group of the most immobile
trace elements, which are more than 100 times
less mobile than Na: Nb, Ti, Zr, Al, and Ta. This
mobility scheme [21] arises from contrasting the
dissolved concentrations in rivers with the mean
continental abundance of trace elements [17]. A
similar exercise was prepared in Fig. 16, but
comparing Paraná River dissolved trace ele-
ments data with the upper continental crust
composition [17].

The diagram, ordered by increasing mobility,
shows elements such as Se, Re, As, and Sb as the
most mobile and Th and the REE as the least
mobile (Box 9). There are some differences
regarding the mobility scheme of Gaillardet
et al. [21], which are more obvious when both
the dissolved and the particulate phases (i.e.,
TSS) are used in a sort of partition coefficient
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diagram (Kd) for the Paraná River (Fig. 17). The
minor variances with the global scheme [21] are
attributable to changes in the lithology as well as
to other intervening factors (e.g., climate, relief).

At any rate, the dominance of some mobile ele-
ments is evident in Paraná’s material (e.g., As, Sr,
Sb) as well as the immobility of the REE, for
example.

Fresh Water Geochemistry: Overview, Fig. 16 UCC-
normalized diagram of dissolved trace element concentra-
tions in the middle Paraná River. The graph shows

increasing mobility (from left to right) of trace elements
during weathering and transport processes (UCC data from
[17]; Paraná River data from [26])

Fresh Water Geochemistry: Overview, Fig. 17 Mean dissolved trace element concentration/mean TSS trace element
concentration ratio in the middle Paraná River (i.e., about 600 km upstream from mouth) (Data from [26])
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Box 9 Filtration: A Key Procedure in Trace
Element Fresh Water Geochemistry
Dissolved and particulate phases in fresh
water samples are separated for subsequent
analysis by means of vacuum or pressure
filtration. Major dissolved components are
usually analyzed after filtration with 0.45 mm
pore size cellulose acetate membrane filters;
trace elements require a finer pore size
(0.22 mm) because there is ample evidence
that they tend to associate with submicron
particles which are not retained by ~1/2 mm
pore size filters. Moreover, recent research
has shown that dissolved REE concentra-
tions are significantly reduced by ultrafiltra-
tion (from 3 to 100 kDa, 1 kDa (Dalton)= 5.0
10�3 mm), thus implying that there is an
organic/inorganic colloidal phase (especially
in waters with low pH), which can pass
through the fine pores (i.e., 0.2 mm) of usual
filtration membranes ([21] and references
therein).

Table 2 [57] shows a set of heavymetals (mostly
transition elements [58]) whose total concentra-
tions (i.e., particulate + dissolved) were determined
in the middle Paraná River during a major flood-
ing event (i.e., the ENSO-triggered flood of
1982–1983) [58]. The decreasing mean concentra-
tion sequence for the considered time period was
Mn > Zn > Cu > Ni > Cr > Pb > As > Cd. In
most metals, over 70% of the total concentration
was accounted for by the particulate phases, being
Cd (~30%) and Pb (~44%) the metals with the
largest relative dissolved fraction. Correlation anal-
ysis showed that the total concentration of Ni was
significantly (p< 0.05) correlated with Cu, Zn, and
As, as also was Cd, with Zn and Pb. The increased
discharge recorded during the extraordinary flood
(i.e., the river reached flood peaks about four times
as large its mean discharge, i.e., ~16,000 m3 s�1)
did not show a discernible (and significant) rela-
tionship with total metal concentrations.

The attention now will switch to a special
group of trace elements, the REE. Following La
(lanthanum, Z = 57), electrons begin to occupy

the 4f orbitals, thus shaping the 14 metals identi-
fied as lanthanides or REE. The chemical proper-
ties of all REE are remarkably similar, including a
stable trivalent state.

There is a steady decrease of ionic radius from
La3+ to Lu3+, known as the “lanthanide contrac-
tion.” Consequently, the light rare earths (LREE,
La to Sm) are incompatible elements (Box 10),
whereas the heavy rare earths (HREE, Gd to Lu),
owing to their smaller ionic radii, are more easily
accommodated in the crystal structure of some
rock-forming minerals. The REE, though nearly
identical in other chemical properties, range con-
tinuously in behavior from incompatible to selec-
tively compatible.

Box 10 Incompatible and Compatible
Elements
In geochemistry and igneous petrology, an
incompatible element is one that is unfitting
in size and/or charge to the cation sites of
the minerals in which it is included. Such
elements are concentrated during the frac-
tional crystallization and the generation of
magma by the partial melting of the Earth’s
mantle and crust. There are two groups of
incompatible elements that have difficulty
entering the solid phase: One known as
LILE, or large-ion lithophile elements,
includes elements having large ionic radius,
such as K, Rb, Cs, Sr, and Ba. The other
group, called HFSE, or high field strength
elements, includes elements of large ionic
valences (or high charges), such as Zr, Nb,
Hf, REE, Th, U, and Ta. In contrast, com-
patible elements are depleted in the crust
and enriched in the mantle, with Ni and Ti
as typical examples. In general, the mantle
is implied when an element is referred to as
being “compatible” without specifying
the rock.

Figure 18 shows the concentrations of dissolved
and particulate (i.e., in the TSS) in the middle
Paraná River. Figure 18a exhibits the UCC-
normalized extended diagram, often referred to
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as spider diagram or spidergram. The diagram
shows significant Ce and Eu anomalies and,
also, a fractionation between LREE and HREE,
which is expressed in a LaN/YbN mean ratio �
11.6 (i.e., most post-Archean sedimentary rocks
have somewhat uniform REE patterns with LaN/
YbN < 15; the subscript N denotes chondrite
normalization [59]).

Under oxidizing conditions, Ce3+ may be oxi-
dized to Ce4+ steering to a decrease in ionic radius
(i.e., about 15%). This oxidation is accompanied
by a decrease in solubility and the precipitation of
CeO2, a process which explains the negative
anomaly frequently found in sediments.

The Eu anomaly is related to the process
described at the beginning of this section. The
anomaly is correctly expressed as [59]

Eu=Eu� ¼ EuN= SmN:GdNð Þ0:5

Again, the subscript N denotes chondrite nor-
malization, although sometimes other standards can
be used for normalization (e.g., mid-ocean ridge
basalt or MORB). In Paraná’s TSS, the anomaly is
positive (Eu/Eu* � 0.73) thus reflecting the signif-
icance of plagioclase in the TSS source materials. In
the dissolved realm, REE concentrations are several
orders of magnitude (10�5 to 10�7) lower than the

Fresh Water
Geochemistry: Overview,
Fig. 18 (a) UCC-
normalized extended REE
diagram for Paraná’s TSS.
The samples were collected
in the middle stretch (i.e.,
~600 km upstream from
mouth). Notice Eu/Eu* and
Ce anomalies. (b) UCC-
normalized dissolved REE
concentrations determined in
the Paraná River middle
stretch (i.e., ~600 km
upstream from mouth).
Notice logarithmic y-axis,
and outstanding Eu/Eu*

(Paraná River data from [26])
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REE concentrations in the Earth’s crust (Fig. 18b),
and the europium anomaly appears as persistent.

The complicated and multifaceted combina-
tion of several factors determines the mobility of
trace elements. There are several such factors
which are worth mentioning: (a) the relative sus-
ceptibility of minerals and rocks to weathering;
(b) the supply to the aqueous system of non-
weathering sources, such as anthropogenic, atmo-
spheric, and volcanic (i.e., hydrothermal); (c) the
relative ease with which the elements are
coprecipitated, adsorbed, etc.; and (d) the capabil-
ity of trace elements to be complexed by ultrafine
colloidal particles.

Isotopes in Fresh Waters

Isotopes are atoms of the same element that have
the same number of protons and electrons but
have a different number of neutrons. The differ-
ence in the number of neutrons between the vari-
ous isotopes of a single element means that the
different isotopes have dissimilar masses. For
example, deuterium, a hydrogen isotope, has one
neutron and one proton, and it is denoted as 2H or
D. In short, the isotopes of a particular element
have the same atomic number but different atomic
weights.

Some isotopes have nuclei that do not decay
naturally to other isotopes. Such isotopes are
known as stable. In contrast, there are unstable
isotopes (i.e., radioactive) which have nuclei that
spontaneously decay over time to form other iso-
topes. There is a third kind of isotopes which are
formed by radioactive decay but reach a stable
condition and do not decay themselves. These
isotopes are called radiogenic.

Isotopes have proved to be extremely valuable
research tools in both high-temperature and low-
temperature geochemistry. Stable isotopes are
generally used to recognize different water
sources or processes that have influenced water
during its historical evolution (e.g., after its evap-
oration in the open ocean). Radioactive isotopes
are used predominantly to measure age. Radio-
genic isotopes are less extensively used in the
study of fresh waters; they are mostly used in the

determination of the source (or sources) of spe-
cific elements [60, 61].

Stable isotopes: The atomic number of a spe-
cific element determines its chemical properties,
so that there is a similarity among the chemical
behaviors of the various isotopes of the same
element. The minor noticeable differences result
solely from disparities in mass. The differences in
mass cause isotopic fractionation in nature, par-
ticularly among lighter elements, because a minor
difference in mass is a significant fraction of the
total atomic mass. Fractionation occurs, for
example, when the isotopic ratios in specific
phases differ from one another (e.g., the ratio
1H/2H in rain is different from the ratio in the
oceans) [62].

Stable isotopic compositions are normally
reported as delta (d) values in parts per thousand
(denoted as ‰ or per mil) enrichments or deple-
tions relative to an internationally agreed standard
of known composition. With oxygen, for exam-
ple, d18O is defined by

d18O ¼ 18O=16O
� �

sample
� 18O=16O
� �

standard

h in

= 18O=16O
� �

standard
g 1000

For d18O, a widely used reference standard is
V-SMOW, an acronym for Vienna Standard Mean
Ocean Water. Another standard (V-PDB, which is
a belemnite – i.e., an extinct Jurassic-Cretaceous
mollusk – from the Pee Dee Formation of South
Carolina, USA) is used to measure 18O in
carbonates.

The important stable isotopes of oxygen (i.e.,
16O and 18O) and the stable isotopes of hydrogen
(i.e., 1H and 2H or D) are extensively used jointly
to determine sources of water.

The H2
18O molecule is 11% heavier than

H2
16O, which makes it slightly more difficult to

evaporate. The vapor in equilibrium with water
will be somewhat undersupplied in H2

18O and
HDO (i.e., 1H2H16O) relative to the coexisting
liquid water. Because atmospheric water vapor is
produced by evaporation of seawater, it is slightly
impoverished in these heavier molecules.Moreover,
precipitation of rain makes the remaining vapor
even more depleted. Atmospheric precipitation
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becomes progressively more deprived in H2
18O

and HD16O with increasing latitude and with
increasing distance from the ocean, over the con-
tinents. The difference between vapor and liquid
will remain about 10‰ and somake the rain increas-
ingly lighter in d18O. This process, inwhichmaterial
is progressively removed from a system without
subsequent re-equilibration, is called Rayleigh frac-
tionation. The dD and d18O values in precipitation –
and, therefore, in fresh waters – generally plot close
to a straight line, known as the global meteoric
water line (GMWL) [62]:

dD ¼ 8 d18Oþ 10

The slope and intercept of the local meteoric
water line (LMWL) for rain from a specific drain-
age basin can be different from the GMWL. For
that reason, the deuterium excess (d) has been
defined to describe these different water lines:

d ¼ dD� 8 d18O

Evaporation from open water surfaces (e.g.,
lakes, reservoirs, ponds), or mixing with evapo-
rated water, plots below the meteoric water line,
usually with a slope between 2 and 5.

Stable isotopic data from the Paraná River was
used to illustrate the variability verifiable in a
large river with a wide-ranging floodplain, peri-
odically subjected to inundation (Fig. 19). The
Paraná is one of the world’s large rivers which
are significantly influenced by periodic climatic

events (e.g., the ENSO), and stable isotopes have
contributed to disclose a significant part of the
intervening hydrological processes [63, 64].

Paraná’s floodplain is profusely dissected by
channels, oxbows, and shallow ponds, which
store a large volume of water during the seasonal
high flow stage for variable periods of time. During
the low stage, the water stored for some time in the
floodplain reenters the river’s main stem, modify-
ing to some extent its chemical composition.
Figure 19 also shows that a large proportion of
the samples plot below the GMWL, suggesting
that there is a larger water contribution from
humid vapor sources than from arid vapor sources.

Carbon has two stable isotopes, 13C (1.1%) and
12C (98.9%). Similarly to other stable isotopes,
results are reported as d13C. There are several
possible natural sources for the carbon stable iso-
topes found in fresh waters: (a) the dissolution of
calcite, aragonite, or dolomite, which delivers to
fresh waters relatively heavy carbon isotopes;
(b) in contrast, the oxidation of organic matter
supplies relatively light isotopic carbon; and
(c) the transport of CO2 (g) from soil atmosphere,
which also introduces relatively light carbon.

Carbon is an element that mediates among the
hydrosphere, the lithosphere, the biosphere, and
the atmosphere. The circulation through all these
compartments triggers fractionation which can be
advantageously used in the identification of
sources and paths. In general, 13C is used to iden-
tify sources of carbon and is particularly valuable
for discriminating carbon derived from organic

Fresh Water
Geochemistry: Overview,
Fig. 19 Lower Paraná
River stable isotopic data
[63], separated in below the
mean (red circles) and
above the mean discharges.
Notice that the majority of
the points fall below the
global mean water line
(GMWL), suggesting a
dominating tropical vapor
source
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matter (i.e., isotopically light) from carbon
derived from carbonate minerals (i.e., isotopically
heavy) (e.g., [65]).

An example on the use of d13C in fresh waters
was produced by Brunet et al. [66], studying the
signature of different dissolved inorganic carbon
(DIC) sources in the rivers of Patagonia. The
study allowed distinguishing a set comprised by
Patagonia’s largest rivers (i.e., the Colorado, the
Negro, the Chubut, and the Santa Cruz), which
have large glacial lakes and/or reservoirs in their
drainage basins and, therefore, exhibit high
d13CDIC (i.e., �3 to �7) due to significant CO2

degassing to the atmosphere. The other set clus-
ters smaller rivers (i.e., the Deseado, the Chico,
the Coyle, and the Gallegos) where organic car-
bon oxidation appears to result in a negative
d13CDIC signature (i.e., �7 to �13) for the
dissolved riverine carbon pool.

Nitrogen has two stable isotopes, 14N and 15N.
Average abundance of 15N in air (0.366%) is very
constant (i.e., atmospheric N contains about 1 atom
of the stable 15N per 273 atoms of 14N), and, hence,
air is used as the standard (d15N = 0‰) for
reporting d 15N values. Fractionation occurs along
the pathway of several biochemical reactions
which include N; most terrestrial materials have
d15N compositions between �20‰ and +30‰.
Many plants fix nitrogen and organisms cycle this
N into the soil. Additional sources of nitrogen
include fertilizers produced from atmospheric
Nwith compositions of 0	 3‰ and animal manure
with d15N values generally in the range of +10‰ to
+25‰ [67]. Rock sources of N are considered neg-
ligible. d15N has been used to identify sources –
chiefly anthropogenic sources – of NO3

� in natural
waters, sometimes in combination with d18O.

Sulfur has four stable isotopes: 32S (95.02%),
33S (0.75%), 34S (4.21%), and 36S (0.02%)
[62]. Stable isotopic compositions are reported
as ratios of 34S/32S in ‰ relative to the standard
VCDT (Vienna Canyon Diablo Troilite). The ter-
restrial range spans from +50‰ to �50‰, with
some infrequent values falling outside. The d 34S
of the ocean is currently about +20‰, but has
changed significantly in geological history. Vari-
ations in the d34S values are caused by two kinds
of processes: (a) reduction of SO4

2� to S2� by

bacteria which results in an increase in the 34S of
the residual SO4

2� and (b) several types of
exchange reactions which result in 34S being con-
centrated in the compound with the highest oxi-
dation state of S (e.g., [62, 68]). In the study of
fresh waters, d34S can be used to distinguish dif-
ferent sources of sulfur, but the technique is not
widely used in hydrochemical research.

There are many examples in the specialized
literature on the use of stable isotopes in geochem-
ical research (e.g., [68]), and the list of stable
isotopes available for their use in geochemical
applications is expanding, in coherence with the
development of new, more evolved instrumenta-
tion. Lithium is a suitable example.

The large mass differences (~15%) of its two
stable isotopes, 6Li (7.5%) and 7Li (92.5%), pro-
duce large isotopic fractionation in terrestrial sys-
tems, from �20‰ to +40‰, and appear to be
strongly fractionated in low-temperature systems
[69]. Like the other stable isotopes, variations in
Li isotopes are reported as departures from an
international standard and expressed in delta
notation:

d7Li ‰ð Þ
¼ 7Li=6Li

� �
sample

= 7Li=6Li
� �

L�SVEC
� 1

h i
1000

The used standard is the US National Institute
of Standards and Technology (NIST) highly puri-
fied Li2CO3 reference material NIST L-SVEC,
which has a 7Li/6Li = 12.02 	 0.03. Positive
values of d7Li reflect heavier isotopic ratios, in
keeping with other isotope systems [69]. Con-
cerning natural waters, d7Li in lakes fluctuates
between ~+32‰ and +13‰, between ~+38‰
and +5‰ in river waters, and between ~+40‰
and �4‰ in marine pore fluids. Seawater fluc-
tuates narrowly between ~+32‰ and +30‰
[69]. A recent study in the Mackenzie River
drainage basin showed that 7Li is enriched in
the dissolved load and that d7Li can fluctuate by
20‰ within the large river basin. The d7Li of
the particulate load replicates that of the bed-
rock and ranges between �2‰ and +3‰ [70].

Radioactive isotopes: Tritium (3H or T) is a
radiogenic and radioactive isotope of H with a
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half-life of 12.4 year. It is produced naturally in
the atmosphere by the interaction of cosmic rays
with N and O. However, the most important
source is the testing of thermonuclear weapons
which took place between 1952 and 1969. It is
used as a tracer to evaluate timescales for the
mixing and flow of waters (i.e., in the upper layers
of the ocean, in lakes, and in groundwater)
because it is deemed to be relatively conservative
geochemically, and it is ideally appropriate for
studying processes that occur on a timescale of
less than 100 years [62].

Like 3H, radiocarbon (14C) is generated in the
atmosphere by the interaction of cosmic rays
with N, and, also, it was supplied in large amounts
during the atmospheric testing of nuclear
weapons. However, 14C has a much larger half-
life (i.e., 5730 year) than 3H, making it a conve-
nient tool for dating waters as old as 50,000 year.
The most important reaction between slow cosmic-
ray neutrons and the nucleus of stable 14N is

1
0nþ 14

7N ! 14
6Cþ 1

1H

In the equation, 10n is the neutron and
1
1H is the

proton that is emitted by the product nucleus. The
14C produced in the atmosphere is carried down to
the Earth’s surface by atmospheric precipitation
and is assimilated in the biomass or conveyed into
lakes, oceans, and groundwater. Radiocarbon
decays to 14N, so once segregated from the atmo-
sphere, the amount of 14C decreases with time:

14C
� �

t
¼ 14C

� �
0
e�kt

The amount of 14C present at time t is (14C)t.
(14C)0 is the amount present at t = 0, and k is the
decay constant. The half-life t½with k is expressed
by the equation

t½ ¼ ln 2=k

Besides its use as a tool to determine water age,
14C can be used to approximate groundwater flow
velocity [60].

The decay of U and Th to Pb is one of the most
commonly used mineral dating techniques in the

Earth Sciences. Various intermediate products in
the decay pattern have been used in water studies.
One of them, 222Rn, is produced by the decay of
226Ra, which is itself a decay product of
238U. Radon is a gas and is transported by eddy
diffusion from the source into the overlying water.
Its radioactive isotope 222Rn has a half-life of
3.8 days so that its concentration would decrease
in accordance with the distance from the source; if
the diffusion rate is slow, 222Rn will be found
close to the source; if it is fast, 222Rn will be
transported to greater distances from the source
before it vanishes by decay.

In recent years, 222Rn has been extensively
used to study groundwater discharge, particularly
in coastal regions, where fresh water flow to the
ocean is identified as submarine groundwater dis-
charge (SGD) (e.g., [71]), currently evaluated
worldwide as a very significant source of water
and dissolved material [72].

Radium has no stable – or nearly stable – iso-
topes, and, therefore, a standard atomic weight
cannot be provided. Radium has 33 known iso-
topes from 202Ra to 234Ra, also products of the
decay chain of 238U (i.e., often referred to as the
radium series). With a longer half-life than Rn
(1600 year), 226Ra is extensively used to identify
areas with significant SGD (e.g., [73]), sometimes
in conjunction with shorter-lived Ra isotopes
(e.g., 223Ra and 224Ra) and, also, with 222Rn
(e.g., [74]).

Radiogenic isotopes: There is a group of ele-
ments that exhibit variations in their isotopic com-
position, which result from radioactive decay
occurring within minerals over geologic time-
scales. Such isotopic variations supply natural
fingerprints of rock-water interactions and have
been used extensively in the investigation of
weathering processes and hydrological dynamics.
It must be added here that before the extended use
in studies on weathering and hydrology, each of
these isotopic systems was employed profusely in
geochronology and petrology.

The most broadly employed isotopic systems
in the Earth Sciences are Rb-Sr, U-Pb, and K-Ar.
The latter is not directly relevant in most studies
of rock-water interaction because Ar is a noble
gas that may be mixed with atmospheric argon,
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thus limiting its usefulness in most weathering
application.

87Sr/86Sr, 206Pb/207Pb, 208Pb/207Pb, 234U/238U,
143Nd/144Nd, and 187Os/186Os are among the iso-
topic systems that have been extensively used in
weathering studies, and the pertinent scientific
literature is remarkably abundant (e.g., [75]
and references therein), probably approaching
400 by now. 87Sr/86Sr is undoubtedly the isoto-
pic system most widely used as an isotopic
tracer because of the large variability in isotopic
composition and the importance attached to
source tracing studies and to the understanding
of the cycling of Ca, the analog element. These
systems have been used, as well, to trace
dissolved phases in fresh waters (i.e., rivers,
springs, and small streams) [75].

Box 11 CHUR Model Ages and the Epsilon («)
Notation
The CHUR (i.e., Chondritic Uniform Res-
ervoir) model ages presuppose that the
Earth’s primeval mantle had the same iso-
topic composition as the average chondritic
meteorite at the formation of the Earth,
which is taken to be 4.6 Gy. For Nd iso-
topes, CHUR represents the composition of
the bulk Earth. A model age calculated rel-
ative to CHUR, therefore, is the time in the
geologic past at which the sample suite sep-
arated from the mantle reservoir and
acquired a different Sm/Nd ratio.

Isotope ratios are only strictly compara-
ble if the samples are of the same age. The
epsilon value (e) is a measure of the devia-
tion of a sample or sample suite from the
expected value in a uniform reservoir and
may be used as a normalizing parameter for
samples of different age.

eNd 0ð Þ
¼ 143Nd=144Ndð Þsample tð Þ=

143Nd=144Ndð ÞCHUR tð Þ
h i

�1
n o

10000

This is called the epsilon notation
whereby one epsilon unit represents a one
part per 10,000 deviations from the CHUR
composition.

An illustrative example [76] has been used to
identify the likely material sources in the Paraná
River by means of the isotopic signatures
exhibited by 87Sr/86Sr, 143Nd/144Nd, and eNd(0)
(Box 11). The data obtained for the Paraná’s mid-
dle stretch is presented in Table 3 [76]. The
corresponding isotopic data, along with data
from the Uruguay River, are plotted in Fig. 20.

The Andean tributaries of the Paraná River
(i.e., the Bermejo and Pilcomayo rivers) supply
most of the sediment load (~60–70%) transported
by Paraná’s middle and lower stretches. However,
most of the water (~63%) that reaches the outflow
is supplied by the upper Paraná River [18], with
headwaters in tropical Brazil. The region is sig-
nificantly mantled by Jurassic-Cretaceous Paraná
tholeiitic basalts. Figure 20 suggests that the dif-
ference in provenance for the particulate and
dissolved phases is reflected by the isotopes,
with the 87Sr/86Sr signature more radiogenic
(i.e., upper crustal) in the TSS than in the
dissolved fraction which shows, instead, a signal
closer to that of continental basalts. In contrast,
the Uruguay River [76] shows a significantly uni-
form signature for both particulate and dissolved
phases, thus reflecting the predominance of con-
tinental tholeiitic basalts (i.e., Serra Geral Fm) as a
prevailing source.

Mechanisms Controlling Fresh Water
Geochemistry

In 1970, R.J. Gibbs [77] proposed a simple model
for the mechanisms controlling world water
chemistry. Gibbs’ scheme included three major
systems that would explain most of the variability
accounted for by the Earth’s surface waters. The
mechanisms are atmospheric precipitation (i.e.,
Na+ and Cl� as major ions), rock (weathering)
dominance (i.e., Ca2+ and HCO3

� as major
ions), and evaporation-fractional crystallization
processes (i.e., again, Na+ and Cl� as major
ions). The precipitation control is one end-
member of a series, whereas rock dominance is
the other end-member; precipitation-supplied
water defines the dilution operating all along the
series. The third major mechanism that controls
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the chemical composition of the Earth’s surface
waters is identified as the evaporation-crystallization
process, which is also a continuum extending from
the Ca-rich, medium salinity (i.e., fresh water)
end-member cluster to the contrasting, Na-rich
(i.e., saline waters and brines) end-member in
the other extreme of the series. Gibbs collated
these three mechanisms in a widely known
boomerang-shaped scheme, which was (and still
is) widely cited in scientific journals and reproduced
in books (e.g., [33]).

Gibbs [77] developed the model based on over
130 water analyses of major lakes and rivers from
around theworld. Some departures from the original
scheme were pointed out by several researchers,
and, hence, a modified version of the original
model was published over 20 years later [78].

Gibbs’ approach basically focused on two domi-
nant factors: rock dominance (i.e., a proxy for
weathering) and climate, fluctuating between two
extremes (i.e., water deficit and overabundance).
The other natural factors often mentioned in the
literature as intervening in the control of water
chemistry (i.e., biota and relief) frequently show
some degree of association with climate and geol-
ogy. It follows, however, that biota and relief
always play a role in defining water chemistry
although it may be subdued or amplified in specific
scenarios. Milliman and Farnsworth [9] have pro-
bed into the control of TDS at the global level and
have arrived at the conclusion that bedrock lithol-
ogy is the governing factor in the character and
quantity of total dissolved delivery, but climate
(i.e., mostly atmospheric precipitation) controls

Fresh Water Geochemistry: Overview, Table 3 Dissolved and particulate Sr and Nd isotopes in the Paraná River,
420 km upstream the mouth

Phase Date 87Sr/86Sr 	2s 143Nd/144Nd 	2s eNd (0)

diss. Dec. 1993 0.712485 0.000009 0.512217 0.000009 �8.2

diss. Dec. 1993 n.d. n.d. 0.512018 0.000013 �12.1

diss. Sept. 1994 0.712292 0.000006 0.512157 0.00001 �9.4

diss. Sept. 1994 0.712056 0.000006 0.512165 0.000012 �9.2

part. Dec. 1993 0.723338 0.00001 0.512108 0.000009 �10.3

part. Dec. 1993 0.724472 0.000006 n.d. n.d. n.d.

part. Sept. 1994 0.72617 0.000008 0.512061 0.000009 �11.2

part. Sept. 1994 n.d. n.d. 0.512073 0.000009 �11

Fresh Water Geochemistry: Overview,
Fig. 20 Radiogenic isotopes determined in dissolved
and particulate phases from the Paraná and Uruguay rivers.
87Sr/86Sr and eNd(0) suggest differing sources for both

phases in the Paraná, whereas they indicate a common
source (i.e., continental basalts) in the case of the Uruguay
River (Paraná and Uruguay rivers’ basic data from [76])
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the rate of chemical weathering and, hence, water
chemistry.

Following Gibbs’ scheme, Fig. 21 shows the
spreading of fresh water samples collected in
Patagonia’s Negro and Colorado rivers and their
main upper tributaries [79]. The Negro River is
Ca-dominated and, therefore, appears more con-
trolled by weathering than the Colorado, which is
more Na-dominated and hence, placed some-
where along the evaporation-precipitation series
(Fig. 21a). Moreover, the Negro River and main
tributaries are clearly dominated by alkalinity,
most likely the product of silicate weathering
and dissolution of carbonates (Fig. 21b) [79].On
the other hand, the Colorado and tributaries show
an incipient trend toward the Cl-rich extreme
(Fig. 21b).

As rivers flow toward their respective mouths,
the character and concentration of their TDS load
change at often unpredictable rates. The reason for

a particular chemical change is, sometimes, obvi-
ous (e.g., the main stem receives one or more
tributaries with a different chemical signature).
In other instances, the cause for the chemical
change is not evident and it may obey to other
factors. Figure 22 shows the chemical change in
two different rivers, represented by the Na+/(Na+

+ Ca2+) ratio as a function of their distances to
their corresponding mouths. Patagonia’s Colo-
rado and Negro rivers were sampled twice, in the
downriver direction. The first sampling took place
in May 1972 and the second in January 1973.
Both neighboring rivers are almost parallel and
flow eastward across northern Patagonia, from the
Andes down to the SWAtlantic Ocean. Figure 22a
shows for the Colorado River a progressive Ca2+

enrichment toward the mouth determined during
the May 1972 sampling. The other downflow
sampling (e.g., January 1973) did not result in a
regression line significantly different from zero.

Fresh Water
Geochemistry: Overview,
Fig. 21 Colorado River
and tributaries (red and pink
circles, respectively) and
Negro River and tributaries
(dark grey and light grey
circles, respectively)
plotted in a Gibbs’ diagram
[77, 78] (Argentina’s
Patagonia). Data show clear
rock dominance for the
Negro and tributaries, and a
tendency toward the
evaporation-precipitation
realm in the case of the
Colorado and its main
tributaries
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The contribution of increased subsurface flow,
probably triggered by rainfall, is most likely the
factor determining the Ca2+ concentration increase
registered during the first field excursion.

In the Negro River, there is a contrasting set-
ting, with a marked relative increase in Na+ con-
centration, apparently similar in both sampling
exercises (Fig. 22b). In this case, the reason for
the change rests most probably in outcropping
salty groundwater, in sufficient volume and con-
centration to change the river’s chemical charac-
ter. The ratio value increases ~21% in 400 km of
downriver flow.

Although the mechanism controlling fresh
water chemistry in the Negro River appears rela-
tively coherent in both sampling instances
(Fig. 21a, b), there are aspects which Gibbs’
model does not consider and may be significant
at the time of analyzing the processes that con-
trol water chemistry. Figure 23 shows, again,

the variability of the main ions as a function of
the distance to the river’s mouth. In this oppor-
tunity, the data set has been expanded, considering
the four main ions (SZ+ = Na+ + K+ + 2Mg2+

+ 2Ca2+, in % meq l�1). The comparison of the
two bar graphs shows that in the upper stretches,
Mg2+ was relatively more abundant in the first
sampling trip (May 1972) than in the second
(May 1973). Both alkaline earths, Ca2+ and
Mg2+, showed a decreasing trend toward the
mouth, whereas Na+ accounted for a larger rel-
ative proportion of SZ+ in both downriver sam-
pling exercises. The role of K+ was equally
subordinate in both instances, probably due to
the consistent role of adsorption phenomena
(Fig. 23). Once more, this approach suggests the
contribution of groundwater, but this possibility,
as well as the occurrence of mineral precipitation
or adsorption onto colloids, should be validated
through the use of modeling and isotopes.

Fresh Water
Geochemistry: Overview,
Fig. 22 Divergent
evolution of Na+/(Na+ +
Ca2+) as a function of the
distance to the mouth in (a)
the Colorado River (red
circles) and main tributaries
(pink circles), and (b) in the
Negro River (dark gray
circles), main tributaries
(light grey circles), and
Andean tributaries (blue
circles); Argentine Patagonia
(b). The decreasing
significance of Ca2+ in the
Negro system is interpreted
as the growing contribution
of groundwater [79]
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Another aspect that may distort the picture
depicting the factors controlling water chemistry
in fluvial systems is the occurrence of extensive,
gently sloped floodplains, totally carved by sec-
ondary channels, oxbows, and ponds. Such is the
case of the middle and lower Paraná River (also of
the Amazon, the Orinoco, and other large world
rivers), which have a long (~900 km long) and
wide (~40–70 km) floodplain that holds a myriad
of relatively shallow water bodies, framed by
abundant riparian vegetation (i.e., the well-
known varzea in the Amazon River). The inunda-
tion or drainage of this extensive territory is
driven by the Paraná’s seasonal hydrological
stage. Superimposed on this harmonic discharge
succession, there are ENSO-triggered high- and
low-water events that occur with 3–5-year period-
icity (e.g., [18, 19]). These water level permanent
fluctuations determine over-the-bank flooding in
the valley (particularly during El Niño floods). In

contrast, drainage occurs during low waters, fre-
quently in coherence with La Niña events. The
significant volume of water (probably as much as
10% of the Paraná’s annual discharge) thus stored
in the valley for variable periods of time is –while
isolated in the valley – subjected to several phys-
ical/biogeochemical or chemical processes (e.g.,
evapotranspiration, ion exchange, adsorption-
desorption, organic matter mineralization, mineral
dissolution-precipitation, etc.) which modify the
chemical character of the accumulated water
mass. Thus, during low stages (i.e., below-the-
mean water gage level), the chemically modified
water flows out of the flood valley and reenters the
main stem, altering to some extent the chemical
signature of the water volume delivered by the
headwaters.

Figure 24 shows some elements to assist in the
understanding of the above described process.
Figure 24a shows the discharge variability in the

Fresh Water
Geochemistry: Overview,
Fig. 23 The bar graphs
show the relative main
cations contributions (SZ+)
in the Negro River
(Argentine Patagonia) –
during low waters – as a
function of the distance to
the mouth. (a) In May 1972
(mean monthly Q,
~235 m3 s�1) and (b) in
September 1973 (mean
monthly Q, 395 m3 s�1).
The Negro River long-term
mean annual discharge is
~860 m3 s�1 [18, 79]
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middle Paraná River (~600 km upstream the
mouth) for a 10-year period (1965–1975) along
with two chemical variables: Cl� (i.e., a conser-
vative element) and alkalinity. Both show a poor
coherency with water discharge, as demonstrated
in Fig. 24b, where discharge accounts only for
24% of the Cl� variance in a nonlinear relation-
ship. Figure 24c shows a portion of a Google map
image, where the relative importance of small
lotic and lentic water bodies in the valley can be
evaluated.

Acknowledging the significance of Gibbs’
typology but, at the same time, emphasizing
that his scheme of world water chemistry was
leaving unexplained ~20% of the Earth’s waters,
M. Meybeck [80] tentatively proposed a more
elaborate model, seeking to include rivers that
were left out in Gibbs’ proposal (Table 4). In
must be kept in mind that the relative significance
of different water types depends on the global
representativeness of the used database, and

there are still many small, remote, or insufficiently
analyzed rivers which are not represented in
global data sets of pristine or sub pristine rivers
and tributaries. Although obvious, it must be said
that human pollution has complicated further the
appearance of a conclusive interpretation on the
mechanisms controlling the Earth’s fresh water
resources.

Future Directions: Modeling,
Instrumentation, and Sustainability

Modeling: Awide number of applications in low-
temperature geochemistry are found in the litera-
ture since the introduction of computer modeling
in the Earth Sciences. The scope of such endeavor
in the field of low-temperature geochemistry has
embraced from research in the essential processes
of water-rock interactions to the ameliorated man-
agement of industrial and hazardous wastes (e.g.,

Fresh Water Geochemistry: Overview, Fig. 24 (a)
Variability of discharge, Cl� (blue dotted line) and alkalin-
ity (red dotted line) concentrations in the middle Paraná
River for the period (1965–1975); the occurrence of El
Niño and La Niña events are indicated. (b) The same data

plotted in a scatter diagram of Cl� against discharge show-
ing a poorly correlated nonlinear relationship. (c) Satellite
image of the middle Paraná River, ~600 km upstream the
mouth, showing the main channel (right) and the profusion
of lotic and lentic environments in the riparian zone
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[20]). In such environments, generally understood
as those in the temperature range of 0–100 �C and
close to atmospheric pressure, intricate hydro-bio-
geochemical reactions join together in an assort-
ment of interconnected processes that affect
nature and human beings in a two-way avenue.
Geochemical models are sophisticated tools that
allow describing multicomponent, multiphase
chemical reactions in a sufficiently transparent
mode so as to reveal the main driving forces. The
main processes that theymust deal with are mineral
dissolution and precipitation, aqueous inorganic
and organic speciation and complexation, ion
exchange, solute adsorption and desorption, redox
processes, reaction during fluid flow, etc.

A comprehensive description of all the com-
puter codes available to assist in the undertaking
of problem-solving in fresh water geochemistry is
beyond the purpose of this chapter. The treatment
is limited to mentioning the importance of soft-
ware packages developed, for example, by the
USGS [81], which offers a wide variety of tools,
particularly in the field of groundwater applica-
tions, as aids in the interpretation of water quality
data. Worth mentioning are SOLMINEQ.GW,
PHREEQC, and WATEQ4F all of which can be
downloaded free of charge at the USGS web page.
Also popular among low-temperature geochemists
is the set of five programs known as The Geochem-
ist’s Workbench™. This code performs speciation,
mass transfer, reaction-path calculations, isotopic
calculations, sorption and independent redox calcu-
lations, and temperature dependence for 0–300 �C.

The US Environmental Protection Agency
(US EPA) supports MINTEQA2 [82], which is
an equilibrium speciation model that can be used
in the calculation of the equilibrium composition
of dilute aqueous solutions in natural aqueous
systems or in the laboratory. The model, which
has a Windows version, is convenient for calcu-
lating the equilibrium mass distribution among
dissolved species, adsorbed species, and multiple
solid phases under a variety of conditions, includ-
ing a gas phase with constant partial pressures.

D.K. Nordstrom [39] has analyzed in detail the
modeling of low-temperature geochemical pro-
cesses, pointing to advantages and drawbacks of
the available computer codes, most of them in the

public domain. Future efforts should be aimed
toward developing normalized test cases,
confronting a wide variety of processes against
which code performances can be matched and
verified. Other fields open for future improvement
are more evolved comparisons between analytical
and computed speciation to attain accuracy esti-
mates of aqueous speciation, the development of
routine techniques for estimating uncertainties in
model calculations, and more exhaustive analyses
of fine-grained minerals which are reactive phases
in geochemical systems [39].

Instrumentation: Analytical instrumentation is
another field offering possibilities of future expan-
sion, which ultimately would result in increased
analytical capacity, and more precise and exact
geochemical data. Inductively coupled plasma-
mass spectrometry (ICP-MS) is a proper example
of a technique which, during the last decade, has
enlarged significantly the analytical capability of
many geochemical laboratories around the world.
More data is being reported in the ever-increasing
publication rate of specialized books and scien-
tific journals.

Mass spectrometry is another technique that
offers great advantages in the forthcoming use of
isotopes in fresh water geochemistry. Radiogenic,
radioactive, and stable isotopes have proven to be
an important and powerful tool in the investigation
of many aspects of hydrology and weathering.
Altogether, the use of Nd, Hf, and Os isotopes in
weathering and hydrology can still grow, andmuch
additional research will be needed to expand the
knowledge on the behavior of these systems and,
furthermore, to establish their usefulness in routine
investigations. Increasingly, the combined use of
several isotopic systems will enlarge our compre-
hension in a number of hydrological and geochem-
ical applications.

Fresh water biogeochemistry is another field
which has gained from new and more evolved
instrumentation. Organic geochemistry facilities
provide capability to develop scientific under-
standing of organic compounds in soils, sedi-
ments, and waters. Investigations cover themes
such as organic metabolic paths in fresh water
bodies, pollution studies and environmental foren-
sics, terrestrial and marine paleoenvironmental
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analysis, climate change, and several other similar
fields. In terms of instrumentation, different types
of chromatographic analysis coupled with mass
spectrometry have proved to be powerful tools –
and will continue to do so – in probing into the
complex realm of biogenic markers.

Sustainability: Water is a limited and irreplace-
able resource that is central to human well-being
and to all life on Earth. It is only renewable if
understood as a thoughtfully administered vital
resource. More than 1.7 billion people live in
river basins where supply reduction through use
surpasses natural recharge, a tendency that –
according to the UN – will see two-thirds of the
world’s population living in water-stressed coun-
tries by 2025.Water can pose a serious challenge to
sustainable development. It is decisive for socio-
economic growth and healthy ecosystems and for
human survival itself. In a more focused perspec-
tive, it is vital for stopping the global problem of
disease and improving the health, productivity, and
welfare of populations. If properly managed, water
can play a crucial role in supporting the resilience
of social, economic, and environmental systems,
rapidly exposed to sudden and unpredictable
changes. Water also plays a vital role in the adap-
tation to climate change, operating as the crucial
link between the climate system, the human soci-
ety, and the environment.

Through scientific knowledge of a resource,
the main stepping stone to its sustainable use may
be reached. This is where and when fresh water
geochemistry will continue to prove its value, as
an indispensable aid to secure safe fresh water for
future generations. More and better scientific
resources, worldwide, will undoubtedly result in
a more accurate map of the road to sustainability.
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Glossary

Absorption The process in which a dissolved

substance is incorporated into the interior of a
solid grain.

Adsorption The adhesion of a chemical species
onto the solid surface.

Contaminant fate and transport The ultimate
state of contaminants and the processes by
which the contaminants migrate through the
subsurface.

Groundwater Water that exists in liquid
form beneath the land surface, filling the
cracks, voids, and pore spaces in earth

materials. The subsurface strata that store
and transmit groundwater are referred to as
aquifers.

Mass transfer The interaction and exchange
of solutes in mobile state with those in immo-
bile state through either physical or chemical
processes.

Radioactive waste Awaste product that contains
radioactive material. The majority of radioac-
tive waste is “low-level” waste, which has low
levels of radioactivity per unit of mass or vol-
ume. Depending on the type and nature of
radioactive wastes, it could take hours to thou-
sands of years to diminish their radioactivity.

Reactive transport model The mathematical
model that couples hydrogeological, geochem-
ical, and biological processes to simulate and
predict the contaminant fate and transport in
the subsurface.

Sorption/desorption Sorption is a general term
used to describe both adsorption and absorption
by which a dissolved substance is attached to the
surface or incorporated into the interior of a solid
grain. The reverse process from the sorbed phase
to the dissolved phase is referred to as desorption.

Definition of the Subject

Ever since the dawn of the nuclear age, especially
since the 1970s with the work related to explora-
tion of Yucca Mountain as a potential nuclear
waste repository [1] and remediation of former
nuclear fuel processing sites such as Hanford [2],
there have been significant public concerns over
groundwater impacts of radioactive wastes. This
is because groundwater is a vital water resource
with tremendous values to public water supplies
and ecological lives, and because groundwater
provides a pathway for potential spread of radio-
active contaminants, posing significant risks to
human health and ecological systems. Investi-
gation of groundwater impacts of radioactive
wastes requires understanding hydrogeological,
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geochemical, and biological processes that con-
trol the fate and transport of radionuclide contam-
inants. It will also require developing numerical
simulators to integrate these processes for future
projection under both natural and engineered
remediation scenarios. While some sporadic
information is available at specific sites, few
attempts have been made to integrate scattered
information into a coherent framework to
answer relevant questions such as what are the
most common sources of radioactive contami-
nants in groundwater and how they are trans-
ported and transformed in the aquifer.

Introduction

Radioactive waste contamination in soil and
groundwater poses long-term risks to human
health and environment. Public awareness on
this subject has steadily increased worldwide
since the inception of the nuclear age. Signifi-
cant efforts have been made to understand the
fate and transport of radionuclide wastes in
environments, and a number of research and
remediation programs have been established to
remediate contaminated sites in the United States.

The radionuclide fate and transport in ground-
water is controlled by hydrologic, microbiologic,
and geochemical processes that operate in the
subsurface environment. These processes and
their coupling control contaminant migration
and persistence, and efficiency of remediation
technologies. The understanding of the fate and
transport of radionuclide contaminants can
improve our ability to forecast contaminant des-
tination and select cost-effective remediation
technologies such as mobilization, immobiliza-
tion, or in-ground degradation.

Reactive transport models are important tools
to systematically integrate physical, chemical, and
biological processes and data that are critical to
understand and predict the fate and transport of
radionuclide contaminants in the subsurface.
Properly designed and calibrated models can
describe the interactions of competing processes
at a range of spatial and time scales, and hence are
helpful for optimizing field operations and

designing monitoring systems for remediating
contaminated sites.

This article is intended to provide a review of
the major sources of radioactive wastes and their
impacts on groundwater contamination, to discuss
the major biogeochemical processes that control
the transport and fate of radionuclide contami-
nants in groundwater, and briefly describe the
evolution of mathematical models designed to
simulate and assess the transport and transforma-
tion of radionuclides in groundwater.

Overview on Groundwater Impacts of
Radioactive Wastes

Source of Radioactive Wastes
Radioactive wastes were generated primarily
from the production of nuclear fuels for the
weapons program and electricity energy, develop-
ment and operation of commercial power reactors,
nuclear weapons tests, fuel reprocessing, waste
storage and disposal activities, and nuclear acci-
dents. According to the statistics by Ahearne [3],
the combined volume of all radioactive wastes
(excluding that in the soil and water) from both
the government and commercial sources in the
United States (US) is about 5.5 million m3 and
the total radioactivity from all anthropogenic
sources is about 31 billion Ci. Over the past
decades, the uranium mining for production of
nuclear fuels have resulted in a large volume of
mine and mill tailings, which contain all of the
naturally occurring radioactive elements. This has
left a legacy of environmental pollution across the
countries in the world, such as former Soviet
Union, US, Germany, France, Eastern European
countries [4].

Contamination of Groundwater Caused by
Radioactive Waste Release
Radionuclide contaminants have been detected in
subsurface sediments and groundwater as a result
of intentional and accidental release of radionuclide-
containing wastes during storage, processing, and
disposal of nuclear materials [5–7] as well as the
leaching of uraniummill tailings [8, 9]. About 30–80
million m3 of soils and 1,800–4,700 million m3
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of water have been contaminated by radionuclides
in US [10]. Among them, most contamination
occurred at US Department of Energy (DOE)
sites used for nuclear weapons production,
where totally over 5700 individual contaminant
plumes have been detected in subsurface [11]. At
DOE sites, the radionuclides (e.g., uranium,
cesium, strontium, thorium, and tritium) have
been normally co-disposed with chlorinated
solvents (e.g., perchloroethylene (PCE) and tri-
chloroethylene (TCE)) and metals (e.g., lead,
chromium, and mercury) and thus have been
often identified together with these contami-
nants in groundwater [5]. According to DOE
estimation, approximately 38 million m3 of
groundwater was contaminated from the wastes
generated from uranium mill processing or mill
tailings [12]. Among the radionuclide contami-
nants, actinide elements uranium, neptunium,
and plutonium are the most problematic [13]
because of their long decay half-lives in subsur-
face sediments and groundwater.

Groundwater Contamination by
Radionuclides at Well-Known Sites
Thousands of sites around the world are currently
contaminated with radionuclides [7]. In particular,
spectacular examples of such sites can be found in
the former Soviet Union and US. Major contam-
inated areas are often located at or near facilities
that reprocessed nuclear fuels from production
reactors [6]. In the US, the major sites are at
Hanford in Washington state, Savannah River in
South Carolina, and Oak Ridge in Tennessee [5, 6].
The contamination at Oak Ridge was caused by
underground injection of cesium and strontium
wastes, and at Savannah River resulted from the
release of mixed fission product solutions into
streams and seepage basins, and at Hanford orig-
inated from the discharge of mixed fission wastes
into soils and surface ponds [6].

Among the contaminated sites at US, the Han-
ford site has been dubbed “the dirtiest place on
Earth” [14]. The contamination at the Hanford
site, which was divided into three areas namely
100 Area, 200 East andWest Areas, and 300 Area,
has mainly occurred at locations of nuclear fuel
fabrication, fuel irradiation, strategic radionuclide

separation, and waste storage and disposal for
plutonium production [5]. About 67 of the 149 sin-
gle shell tanks used for storing nuclear wastes
were suspected to have released over 1.9 million
L of tank waste to the vadose zone [15]. The tank
leaks, combined with discharge of liquid waste
through ponds, trenches, pipelines, and cribs,
caused a large quantity of radioactivity (through
the year 2000: two million Ci) and 100,000 to
300,000 t of toxic chemicals residing in the
vadose zone [2]. Wastes at the site have migrated
through the vadose zone, resulting in groundwater
contamination including nitrate, chromium, tri-
tium, uranium, strontium-90, technetium-99,
iodine, carbon tetrachloride, and others [16–18].
For example, waste disposal in 300 Area resulted
in a groundwater plume of uranium (VI) with an
area of 0.4 ~ 0.5 km2 that exceeded the drinking
water standard of 30 mg/L up to present [19].

For over 30 years, trillions of liters of acidic
plating wastes containing high levels of uranium
and nitric acid were generated at the Y-12 Facility,
Oak Ridge, Tennessee and were discarded into
unlined S-3 Ponds. The wastes were neutralized
and denitrified and the area was capped and
converted to a parking lot in 1984 [20]. Despite
these treatments, radionuclide contaminants con-
tinued to migrate from the source along geologic
strike and dip to groundwater [21, 22].

The Savannah River Site was established in the
early 1950s to produce nuclear materials, primar-
ily tritium and plutonium-239 for nuclear weapon
purposes, but also plutonium-238 and various
transplutonium radionuclides for medical, indus-
trial, and scientific applications. The production
was ended in 1988 [23, 24]. The operations at the
Savannah River Site have resulted in the migra-
tion of radionuclides (e.g., uranium, cesium,
radium, thorium, and tritium) into groundwater
at various locations, predominantly in the central
areas of the site [24, 25].

Many abandoned mine processing sites were
also contaminated with radionuclides during ura-
nium mining activities. Contaminated groundwa-
ter at the former uranium mill site located at
Naturita, Colorado, which processed uranium
and vanadium ores intermittently from 1930s to
1958, occurred in the thin alluvial deposits of the
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SanMiguel River floodplain. High concentrations
of uranium were measured in the groundwater
below and downgradient of the former tailings
pile [26]. The uranium at the Old Rifle UMTRA
field experiment site in western Colorado in the
aquifer originated at mill tailings (now removed),
percolated through a 4-m thick vadose zone to the
water table, and was transported laterally through
the aquifer via groundwater flow with maximum
uranium concentrations 300 mg L�1 [27].

Controlling Biogeochemical Processes

The fate and transport of radionuclides in ground-
water is controlled by geochemical and biological
processes, in addition to the hydrological ones.
This section discusses four biogeochemical pro-
cesses that have been identified to have major
effects on the fate and transport of radionuclide
contaminants in groundwater.

Adsorption/Desorption
The adsorption to sediment surfaces is a major
geochemical process controlling the mobility of
radionuclide contaminants in oxic groundwater.
This process is regulated by interfacial chemistry
of the prevailing mineral surfaces [9, 26, 28–32].
For example, spectroscopic characterization, lab-
oratory transport experiments, and numerical sim-
ulations have revealed that adsorption is a primary
process controlling uranium transport in the ground-
water at Hanford 300 Area [33, 34], at a U(VI) mill
located in Naturita, Colorado [26], at the Oak
Ridge site in Tennessee [35], and at the Old Rifle
UMTRA site in western Colorado [27]. Many
experimental studies have also demonstrated that
plutonium can be adsorbed onto a variety of min-
erals and mineral assemblages [36–38].

Sorption of actinides, particularly plutonium,
onto submicrometer-sized colloids increases their
mobility in groundwater [39]. Certain actinides
can be stabilized in natural waters through the
formation of actinide pseudo-colloids, in which
the actinide sorbs onto aquatic colloids. This
process alone can increase the actinide concentra-
tions by many orders of magnitude over the values
expected from solubility calculations [24, 39–41].

Colloid-facilitated transport is likely one of major
mechanisms for long-distance transport of acti-
nides in groundwater [39].

The kinetic adsorption/desorption behavior
of radionuclide contaminants has often been
observed in uranium(VI)-contaminated sediments
with controlling mechanisms generally not well
understood [32, 34, 42–47]. The kinetic uranium
(VI) release from the Hanford 300Area sediments
was found to result from diffusional mass transfer
from intragrain, intracoating, and intragrain aggre-
gate regions based on microscopic and spectro-
scopic characterizations of the sediments [48, 49].

Aqueous Complexation
Uranium(VI) can complex with various ligands
such as carbonate in groundwater to form aqueous
complexes. The aqueous complexation process
stabilizes uranium in aqueous phase and decreases
its tendency to bind to mineral surfaces [50]. Fox
et al. [51] and Dong et al. [52] found that calcium
can have a significant impact on the aqueous
speciation of uranium(VI) under neutral to mild
alkaline pH conditions through formation of ter-
nary uranium(VI)-calcium-carbonate aqueous
species. The aqueous and surface uranium
(VI) complexation is sensitive to important
groundwater chemical composition including
pH, carbonate, and calcium concentrations
[9, 26, 51]. Consequently, the hydrogeochemical
conditions in groundwater at field sites have a
great impact on radionuclide-contaminant fate
and transport. The groundwater redox conditions
have also been found to impact the mobility of
other selected radionuclides [53].

Precipitation/Dissolution
Radionuclide fate and transport is also affected
by processes, such as precipitation/dissolution
reactions [46, 54, 55], coprecipitation with
other minerals [56], and microbially induced
mineralization [22]. The actinide precipitation/
dissolution may occur in intragrain regions
where thermodynamic conditions for precipita-
tion/dissolution reactions may significantly dif-
ferent from bulk solution [46, 54].

Precipitation and co-precipitation processes
play an important role in uranium stabilization
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under both reducing and oxidizing conditions [33,
57–59]. Under oxidizing conditions, radionu-
clides can react with carbonate and phosphate to
form carbonate and phosphate minerals (e.g.,
autunite, Ca(UO2)2(PO4)2). Under reducing con-
ditions, anaerobic bacteria can reduce uranium
(VI) to uranium(IV) to form poorly soluble urani-
nite [22, 27, 35, 58]. Radium can be sorbed and
coprecipitated with Fe–Mn oxyhydroxides, gyp-
sum, barite [4, 60], and amorphous silica [61]. The
stability of coprecipitated radionuclides is con-
trolled by the host mineral solubility and stability.
For example, microbial reduction of iron minerals
can indirectly contribute to radium-226 release in
groundwater [60].

All the processes mentioned above can act
cooperatively or sequentially to control the transport
behavior of radionuclide contaminants in aqui-
fers. For example, a study by Catalano et al. [33]
using the sediments collected from the Hanford
300 Area revealed that uranium coprecipitated
with calcite in shallow vadoze zone sediments,
formed metatorbernite (Cu(UO2PO4)2�8H2O) that
coexisted with adsorbed species at intermediate
depths in the vadose zone, and occurred predomi-
nantly as adsorbed onto phyllosilicates in the deeper
vadose zone and groundwater.

Bioreduction
Bioreduction has been proposed as a remediation
approach to immobilize redox-sensitive radionu-
clides in subsurface environments. Radionuclides
can be reduced by various dissimilatory bacteria
including metal-reducing bacteria and sulfate-
reducing bacteria that use radionuclides as termi-
nal electron acceptors [62, 63]. Microbial reduc-
tion of uranium(VI) to insoluble uranium(IV) by
the injection of ethanol has been demonstrated at
DOE Environmental Remediation Sciences Pro-
gram (ERSP) Field Research Center in Oak
Ridge, Tennessee [64] and Old Rifle UMTRA
field site in western Colorado. The results from
Wu et al. [22] demonstrated that aqueous uranium
concentrations below the USEPA maximum con-
taminant level (<0.126 mM) can be achieved in
situ, that bioreduced/immobilized uranium is stable
under anaerobic conditions, and that infiltration of
dissolved oxygen into the bioreduced area promotes

spatially variable oxidation of uranium (IV) and
mobilization of uranium(VI). Studies at Old Rifle
UMTRA site demonstrated that the immobilization
of uranium (VI) in groundwater can be achieved by
iron-reducing bacteria stimulated by acetate amend-
ment at the field scale [27, 65].

However, one major unresolved question in
terms of bioreduction as a viable remediation
technology is the long-term stability of bioreduced
radionuclides such as biogenic uranium(IV). Zhong
et al. [66] demonstrated that biogenic U(IV) readily
oxidizes once groundwater environment returns
to oxic condition. Wan et al. [67] presented evi-
dence that bioreduced uranium(IV) was reoxidized
under reducing conditions because carbonate accu-
mulation promotes the formation of highly stable
carbonato-uranium(VI) complexes under neutral to
slightly alkaline conditions. Further researches are
needed to enable the bioreduction as a remediation
technology.

Environmental Modeling Assessment

Numerical modeling can help scientists and engi-
neers understand and predict the radioactive con-
taminant fate and transport in the subsurface.
Specifically, the modeling can be used to integrate
conceptual understanding into a consistent and
numerical framework, to test hypotheses on phys-
ical and chemical processes under field relevant
conditions, to plan for field experiments under
uncertainties, to interpret and analyze the field
experimental data, and finally to help with the
design of remedial alternatives. In an iterative
and complementary way, field experiments and
modeling activities can work together to enable
us to gain new insights and to improve our pre-
dictive capabilities on contaminant fate and trans-
port. This section discusses two major types of
approaches for modeling radionuclide fate and
transport in the subsurface.

Isotherm-Based Transport Modeling
This type of models was based on the simplifica-
tion that a sorption isotherm involving a single
distribution coefficient (Kd) can be used to
describe the sorption equilibrium of radioactive
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contaminants [12]. The Kd-based sorption iso-
therm can be directly incorporated into a hydro-
logical transport equations to simulate the coupled
effects of advection, dispersion, and sorption
processes [68].

As discussed before, however, the radionuclide
adsorption/desorption is controlled by complex
geochemical and microbiological conditions at
field and a single Kd value is usually not adequate
to represent the sorption behavior over a wide
range of geochemical conditions. This is because
Kd values are sensitive to geochemical conditions
and vary as geochemical conditions change. For
example, the Kd value for uranium(VI) can vary
by 5 orders of magnitude over the pH range from
6 to 9 and by 4 orders of magnitude at pH 8 as the
partial pressure of CO2 gas increases from its
value in air to 0.01 atm [9, 26].

In contaminants plumes where the groundwa-
ter compositions change spatially and temporally,
the Kd values could also have complex spatial
patterns and evolve temporally along with the
transport processes. Consequently significant
errors and uncertainties may be introduced in
reactive transport simulations if a constant-Kd
modeling approach is used at sites where ground-
water chemistry varies temporally and spatially
[9, 26, 28–31].

Multicomponent Reactive Transport
Modeling
Over the last two decades, a number of models
that couple advective-dispersive-diffusive trans-
port processes with “full” geochemistry, including
pH, redox-state, sediment/rock–water interactions
have been developed, such as PHT3D [69],
MIN3P [70], and PHAST [71]. In these coupled
models, the solute transport and chemical reac-
tions are rigorously simulated often in three-
dimensional groundwater flow systems. The
mechanistic treatment of chemical reactions in
the coupled multicomponent, multispecies mass
transport has obvious advantages over the empir-
ical isotherm-based transport models since the
models more realistically account for complex
geochemical processes.

In contrast to the constant-Kd modeling
approach, the coupled models normally incorporate

surface complexation reactions into solute transport
models through the mass action equations describ-
ing the equlibria between aqueous chemical spe-
cies and species formed at mineral surfaces to
account for the adsorption/desorption [9]. Surface
complexation models (SCM) can account for var-
iations in chemical conditions and aqueous specia-
tion, and thus can describe spatial and temporal
changes of radionuclide adsorption [26].

There are two major approaches for applying
the SCM concept to natural subsurface systems:
the Component Additivity (CA) and Generalized
Composite (GC) approaches [9]. The CA
approach utilizes documented SCMs for well-
characterized surfaces and detailed sediment char-
acterization of the study site to determine the
quantity of each reactive surface in sediments
and then assembles an SCM for the sediment
from its basic components [9, 26]. In the GC
approach, adsorption is assumed to occur on
“generic” surface sites that represent average
properties of the sediment surfaces because the
surface of the mineral assemblage is considered
too complex to be quantified in terms of the con-
tributions of individual phases to adsorption.
Adsorption can be described by mass laws written
with “generic” surface functional groups, with the
stoichiometry and formation constants for each
mass law determined by fitting experimental data
for the mineral assemblage as a whole [9, 72].

The SCM approach has not been commonly
used to describe adsorption in field-scale reactive
transport modeling studies because of a poor
understanding of the thermodynamics of surface
complex formation in natural systems and the lack
of field data. However, there is a growing appli-
cation of SCM in multi-component reactive trans-
port modeling to simulate the radionucide fate and
transport in aquifers due to recent advances in
computer codes and availability of extensively
geochemical characterization data in some filed
sites, such as uranium reactive transport models
developed at the Naturita site, Colorado [26], the
Hanford site [34, 47, 73], the Oak Ridge site [35],
and the Old Rifle site [27]. In addition to the
models that consider equilibrium-based surface
complexation reactions, models that couple
kinetic mass transfer processes with surface
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complexation reactions have also been devel-
oped to simulate the kinetic adsorption and
desorption behavior of radionuclides. For exam-
ple, Liu et al. [34, 47] proposed a multirate SCM
to consider the effects of diffusive mass transfer
on U(VI) adsorption/desorption processes and
the approach was evaluated at the Hanford site
[73, 74].

The multicomponent reactive transport model
can also take into account for other biogeochem-
ical reactions including aqueous complexation,
precipitation/dissolution of radionuclide-containing
minerals and bioreduction (e.g., references 35, 75).
Thus, the multicomponent reactive transport
model can better describe the transport and fate
of radionuclide contaminants in the aquifer. How-
ever, obtaining sufficient and accurate field data
for properly parameterizing a field-scale multi-
component reactive transport model will remain
a major challenge.

Future Directions

Future research should be aimed at improving
fundamental understanding of radionuclide trans-
port processes in heterogeneous subsurface media
and facilitating transfer of knowledge and insights
gained from laboratory experiment to field
application.

Mass Transfer Processes of Radionuclide
Contaminants in Heterogeneous Media
The variability in the physical and chemical prop-
erties of subsurface media, such as hydraulic con-
ductivity, porosity, grain size, and reactive surface
area, may vary by several orders of magnitude
within an aquifer. The heterogeneity of physical
and chemical properties causes spatial variations
in groundwater flow velocity, reaction rate, and
speciation. These variations may be associated
with a range of different predominating phenom-
ena such as preferential flow and contaminant
migration pathways, hydraulically inaccessible
zones into which solutes may only diffuse, and
mineral grains by which solutes are selectively
sorbed (e.g., references 76–82). The individual
phenomena in turn contribute to a variable extent

to the spreading (dispersion) of chemical contam-
ination, emerge and disappear at different time
scales, and lead to variable reaction types and
rates during solute mass transport.

As a result of physical and chemical hetero-
geneity, the mass transfer could occur in the
subsurface at multiple scales. The release of
contaminants including cesium-137, chromium
(VI), strontium-90, and uranium from contami-
nated sediments at the Hanford site to ground-
water is found to be controlled by mass transfer
in laboratory experiments [46, 55, 83–85]. Mass
transfer limitations also occur at increasingly
larger (macroscopic) scales in the field (e.g.,
references 54, 86) such as between coarse and
fine-textured zones in a given facies, or between
different geologic formations and facies, such
as highly conductive and less conductive aqui-
fer layers [87]. Understanding multiscale mass
transfer processes and their implications to con-
taminant migration and remediation at the field
scale is at the forefront of reactive transport
science and is a critical need for the remediation
of contaminated sites [87].

Upscaling of Radionuclide Transport from
Laboratory to Field Scales
Laboratory experiments provide important infor-
mation on parameters and key insights for con-
taminant transport processes. Even complex
reactive transport models may be reasonably
well constrained by measured data at the labora-
tory scale, where a large number of measurements
and observations are available. However, this is
generally not the case for field-scale problems
where reactive transport may be affected or con-
trolled by strongly chemically and/or physically
heterogeneous conditions (e.g., references 74,
88–91). The heterogeneity at different scales sig-
nificantly influences and drastically complicates
the upscaling of solute transport and its analysis
and prediction at larger scales (e.g., references 86,
92–95). Consequently, important differences can
exist between the experimental conditions under
which a laboratory model was developed and
calibrated, and those present in the field, including
the ratios of reaction and transport time scales and
variability in reactant properties and distribution.
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Without appropriate consideration of the
upscaling problem, reliable prediction of reactive
transport processes is impossible. Therefore, scale
dependence and associated upscaling of transport
parameters for porous media have been actively
studied for two decades. For the most part, how-
ever, the existing research has focused on the
development of theoretical or empirical upscaling
methods in relatively simple systems [96–98] and
on the investigation of the scale dependence of
different transport parameters such as diffusion
coefficients, geochemical reaction rates, sorp-
tion coefficients, and retardation factors [99]
and other factors (e.g., reference 100) at various
scales ranging from pore scale to column exper-
iments, and to field tracer tests. However, very
few studies have been reported on upscaling of
transport processes of radionuclide contami-
nants in groundwater [74]. Thus, the unsolved
problems is how to systematically upscale the
reactive transport process and parameters for
reactive transport models involving complex,
physically and chemically heterogeneous sys-
tems across multiscales.
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Glossary
Aquifer unit It is a geological formation, part of a

formation, or a number of formations that yield
water substantially and with adequate quality
for the expected usage

Basin It is often referred to as the drainage
basin or watershed where rainfall is
gathered with a common discharge outlet; it
is considered to have no additional inflow or
outflow

Flow systems They are manifested by the pres-
ence of groundwater flows with contrasting
hierarchy (local, intermediate, and regional),
in which their components may be clearly
defined from field evidence in conjunction
with modeling of groundwater hydraulics,

geochemistry, geomorphology, isotopes, and
associated soil and vegetation cover

Groundwater vulnerability to contamination It
is the tendency or likelihood for a contaminant
to reach a specified position in the groundwater
system after introduction at some location above
the uppermost aquifer unit

Hydraulic conductivity It is the rate of water that
is mobilized through a unit section under a unit
hydraulic gradient; such value is a function of its
degree of saturation, attaining its maximum at
100% saturation, and is also a function of water
density and viscosity

Local flow system It is the flow that is travelling a
short distance and depth, recharging and
discharging in the same valley

Regional flow system It is recharged at the
highest elevation and then travels deeply to
the basement depth and discharges at the low-
est plain in the region

Urban sprawl It is a multifaceted concept, which
includes the spreading of dwelling construction
outward of a city and its suburbs to its outskirts of
low density and becoming an auto-dependant
development on rural land, high segregation of
uses (e.g., stores and residential), and various
design features that encourage car dependency

Vertical flow It is groundwater traveling down-
ward (as in a recharge area) or upward (as in a
discharge area). This upward flow component
occurs largely during intensive abstraction
which induces deep groundwater ascent

Water balance It, as applied to a watershed (sur-
face-basin), is referred to the application of a
lumped parameter approach that lacks consid-
eration of spatial and temporal variations of
precipitation, evaporation, transpiration,
recharge, runoff, and change in storage as
well as the processes involved

Water quality change It is the chemical evolu-
tion of water quality with abstraction time in a
borehole

Wellhead protection area It ideally is the entire
groundwater inflow area for the well; often, this
inflow area is too large to be managed (or
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defined) effectively, so a smaller location around
the well is often chosen and delineated by flow
lines basically incorporating horizontal flow; no
vertical flow upward is included

Definition of the Subject and Its
Importance

The population of the world is increasing at dif-
ferent rates according to the period of time and
geographical position; however, at present, the
number of cities that have a population larger
than one million is estimated to be more than
336; while in the 1950s, 83 cities were in that
range. Such urban development has been seen in
Mexico City, which has more than 18.6 million of
inhabitants, this number could be larger if the
adjoining urban sprawls are included (nearly
28 million). Cities have often solved their water
supply requirements by means of groundwater
abstraction. In ancient times, most of those mega-
cities were founded where surface waters and
springs were accessible. Later, when the number of
inhabitants and economical activities increased,
shallow dug wells were the solution to cope with
the increasing water needs. Afterward, the popula-
tion and economical activities of cities have seen a
large increase; and by 1900s, many cities have
experienced a rapid growth that has led to their
actual size. Due to this excessive growth, ground-
water was regarded as a major alternative.

Initially, during the second half of the ninetieth
century, groundwater abstraction in Mexico City
was made on the surrounding plains by means of
boreholes that provided artesian yields with good
water quality and sufficient quantities to comply
with existing local requirements. In view of the
extensive and continuous increase of water needs,
limited supply has led to additional boreholes con-
struction. Later, by the end of the first half of the
twentieth century, many boreholes were no longer
flowing artesian waters, so the acquisition of the
turbine pump started a new abstraction period. At
that time, the prevailing viewwas that water quality
would basically remain constant with abstraction
time due to the use of a hydrological conceptual
model known as the “water balance,” applied in

Mexico since the middle of the 1960s. This con-
ceptual model included an important assumption
based on the presence of purely radial horizontal
flow to the abstraction borehole as published by
Theis [23], a condition that was supposed to prevail
in existing abstraction boreholes.

Initially, boreholes were drilled to shallow
depths in the vicinity of 100 m, reaching few
meters of the whole aquifer thickness. At present,
deeper boreholes may reach 400 m but are still far
from tapping the full thickness of the aquifer,
which is estimated to be of more than 3000 m.

Originally, the deterioration of groundwater
quality was solely expected to arise from spillage
on the soil surface of anthropogenic and industrial
substances (i.e., gasoline leaks, leachates from
rubbish pits, improper management of sewage
water, etc.), not from substances naturally occur-
ring in the groundwater. The common prevailing
wellhead protection area was considered to be the
only source of contamination responsible of
the quality change of the supplied groundwater.
This misconception was overcome by the pres-
ence of vertical ascending flow from abstraction
boreholes.

Vertical component of groundwater flow has
been overlooked as well as its meaning in produc-
ing related environmental impacts [7]. Vertical
ascending components of flow become paramount
when viewed in the context that usually the screen
of the abstraction borehole is crossing less than one
tenth of the full aquifer thickness. Below this
abstraction depth, groundwater flow systems with
contrasted water quality travel in the vicinity of
local flows that were initially captured by the bore-
holes at shallow depth. Regional flows with both
high temperature and salinity travel at depth and
were represented by the Peñón de los Baños spring
(44 �C; Cl, 650 mg/L; Li, 1550 mg/L) reported
since pre-European arrival times. Regional flows
are being slowly but steadily induced to extraction
wells, changing the initial water quality. Addition-
ally, there is an increase in the disappearance of
springs due to extracting water from boreholes at
the spring site. The recognition of the presence of
such flow systems is very important. As population
and economic activities increase water consump-
tion, the induced vertical flow rate will increase,
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which in turn will noticeably change the obtained
water quality over time.

Introduction

Groundwater has provided feasible alternatives to
water needs for many growing cities worldwide.
The definition of groundwater functioning is
essential when looking for water accessibility in
terms of quantity and quality in both time and
space. Such knowledge could assist in providing
an adequate definition of water sources to reduce
the risk of salinity increase of abstracted ground-
water due to the growing water needs along with
the urban and industrial growth. Establishment of
adequate groundwater management policies
needs to be in accordance with the understanding
of the functioning of existing flow systems and the
groundwater environmental manifestation due to
human intervention.

The understanding of groundwater functioning
is most important in regions where there is an
increase in water needs and where shortages in
the water supply often affect available infrastruc-
ture. The limiting conditions for appropriate
development of big cities in many regions could
be solved under land-use planning; this refers to
the method used by the public sector to influence
future spatial distribution of people and economic
activities at various scales. Land-use planning
processes that are undertaken at local, provincial,
and regional levels require covering a broad range
of issues, such as housing, commercial and other
nonresidential facilities, roads and transportation,
schools and utilities, and farming. What is meant
to be considered proper land-use planning implies
that the proposed land use is in agreement with
what the land “attitude” and its environment could
provide without affecting its sustainability.

Ideally, a socioeconomic and environmental
development program should be assisted by an
adequate political decision-making to include
the definition of the groundwater flow systems.
Required actions to increase development
involve a responsible and meticulous knowledge
of the nature of the territory, not only surface
elements but also groundwater availability and
its connection to neighboring surface drainage

basins. The common water availability analysis
carried out for additional development in Mexico
has been related to the water balance since late
1960s. This usually involves hydrological fac-
tors that are difficult to obtain through the appli-
cation of the scientific method. This is due to the
(1) simplification of natural processes; (2) use
of estimates of variables which are not directly
measured, such as runoff, precipitation, evapo-
transpiration, groundwater abstraction, infiltra-
tion, and groundwater recharge; (3) presumption
of instant infiltration of local precipitation that
is reflected in an ascending water table; and
(4) the lack of consideration of water quality
response. Additionally, prevailing geological
conditions of Mexico, and in particular those
related to the location of Mexico City, implies
the presence of aquifer units with thicknesses
beyond 3000 m that extend over 100,000 km2.
Therefore, most surface drainage basins have an
underground hydraulic connection with near or
faraway surface drainage basins [24]. A starting
point with most computed water balance carried
out on a surface drainage basin generally fails to
represent a consistent scenario which involves
the groundwater functioning as a connected sys-
tem, and as a result, any groundwater abstrac-
tion program would fail to consider the changing
of water quality over time.

Abstraction response in terms of water quality
and its relevant control before the water reaches
the borehole pump may be defined applying the
Tóthian Groundwater Flow Systems (TGFS),
methodology that permits water quality control by
understanding before acting [6, 8]. An approach
that has been continuously applied since the 1960s
needs to be included in a law ad hoc as to direct any
groundwater-related activity to this method; the
aim is to understand and, therefore, control related
processes responsible for observed mineralization
increase before this effect is produced and observed
in an abstraction borehole. Although economical
and more environmentally friendly, this method
was not given adequate interest as compared to
the other black box models which often create
additional undesirable effects.

From the perspective of safeguarding ob-
tained water quality, the concept of “borehole
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protection area” (see http://www.state.nj.us/dep/
njgs/whpaguide.pdf) in complex hydrogeological
systems lacks the required control of particular
needed measures of protection to preserve
obtained water quality and to recommend
appropriate monitoring programs for borehole
production. Under purely horizontal flow condi-
tions, the sources of water quality variations are
solely expected to arrive from the surface and not
from beneath the tapped aquifer unit. The con-
cept of groundwater vulnerability to contamina-
tion has limited value in protecting existing
groundwater supply if every alteration of water
quality is solely expected to be of exogenic ori-
gin, rather than natural.

A different approach is therefore needed to
define expected changes in the obtained ground-
water quality over time. A better understanding
of groundwater functioning will facilitate
the process. Additionally, the inclusion of socio-
economic and political variables has an equal
importance in preventing effects generating
extracted water quality deterioration if abstrac-
tion and water requirements are properly planned
in agreement with the groundwater flow regime.
A constant increase in abstraction yield requires an
interdisciplinary understanding to assist decision-
makers in reaching a better assessment on how
concepts such as a specific land-use planning
may change water quality and availability.
A particular policy of land-use planning on a
territory with certain water availability could
develop a sustainable use according to the knowl-
edge of water sources functioning and their natu-
ral limits. Conversely, without a clear perception
of the functioning of water sources, decision-
makers are very limited in projecting the outcome
of their decisions regarding the steady increase of
related cities requirements. In Ref. [7], associated
environmental impacts due to a lack of attention to
the functioning of groundwater flow systems in
Mexico are identified.

In both semiarid and temperate regions,
groundwater sources have become crucial to
maintain social and economical developments
[12, 14, 17]. Fresh groundwater is available in
many areas as recently infiltrated rainfall
manifested in local groundwater flow systems;

therefore, it is common sense to improve strate-
gies for its adequate management since it usually
remains the lower-cost option for drinking water.
This low-cost option is favored not only finan-
cially but also environmentally, especially when
water transfers among neighboring basins or sur-
face water sources have become polluted. Another
alternative often used is to treat the extracted
groundwater. However, such a procedure has pro-
ved to be inadequate in the case of the control of
the continuous inducement of deep saline
waters in Mexico City which surpass local treat-
ment methods and capacity designed to cope
with the expected strict levels of salinity. One
important issue related to this inefficient rate is
linked to the changing of water quality with
abstraction time. The quality of the inflow
water to the plant will hardly meet design spec-
ifications, and consequently, treatment plants
may fail to meet drinking water production
standards.

Groundwater Flow Systems Hierarchy

Groundwater flows in 3-D from its recharge to its
discharge area (i.e., river, wetland, lake, spring, sea)
travelling through paths of different lengths and
depths differentiating local- to regional-scale flow
systems [25]. The presence of flow systems with
contrasting hierarchy may be clearly defined from
field evidence in conjunction with modeling of
groundwater hydraulics, geochemistry, geomor-
phology, edaphology, and natural vegetation
response. Contrasting geomorphological charac-
teristics give groundwater a distinctive flow sys-
tem with particular physical functioning [25],
resulting in specific flow directions: vertical
downward in recharge areas, horizontal in transit
areas, and vertical upward in discharge areas
(Fig. 1). Groundwater flow systems are con-
stantly linked; therefore, it is paramount to
understand their functioning to manage them
adequately in agreement with their environmen-
tal conditions to reduce the impacts of human
water usage and land-use changes.

Regions have distinct physical and chemical
characteristics for different flow systems, especially
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when thick and extensive aquifer units are pre-
sent. Usually, the changing in temperature (cold
in recharge areas, high in the discharge area)
and chemical conditions (i.e., water with high
dissolved oxygen, low pH, and low salinity in
recharge areas; and low dissolved oxygen, high
pH, and high salinity in discharge areas) are key
indicators of the existing flow systems. Ground-
water flow systems travel in the prevailing geo-
logical framework structure along the horizontal
and vertical plans. Local flows travel short dis-
tances at shallow depth, while those that initiate
their traveling path in a basin and discharge in a
neighboring basin constitute intermediate flows
including several local flows (Fig. 1), all of
which may be contained by a regional flow. This
flow is limited by a basement rock which consists
of a regional geological unit with a low hydraulic

conductivity; underneath it there are practically no
flow conditions (i.e., Cambrian or Precambrian
igneous rock). A sketch of the location of Mexico
City as related to the prevailing flow systems is
represented in Fig. 1 in view of the current depth
of abstraction boreholes.

In Mexico, as a result of the thickness and extent
of geological formations that constitute the aquifer
unit, as well as the variability of climate characteris-
tics, regional flows travel several hundreds of kilo-
meters, often flowing from a temperate climate
region to one with arid to semiarid characteristics,
constituting the basic source of urban and econom-
ical development as the city of San Luis Potosí
[6]. Such development has been in progress without
proper consideration being given to water availabil-
ity not only in quantity terms but also regarding its
quality.
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Fig. 1 Gravity-driven flow systems developed in a sedi-
mentary drainage basin defining local, intermediate, and

regional flow systems (Adapted from [26]). The location of
the groundwater abstraction for Mexico City is indicated
by the depth of boreholes as related to the full aquifer unit
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Importance of Groundwater for Urban
Development

The Mexico City Case
A large groundwater storage capacity becomes
important when urban development condition
exceeds surface water availability. However,
the awareness of groundwater functioning is
necessary to be understood and incorporated in
any development plan of megacities as Mexico
City (and other major cities worldwide), which is
characterized by thick and extensive aquifer units,
to avoid inducing vertical inflows of deep ground-
water flow systems that might deteriorate the qual-
ity of the originally obtained groundwater supply.

From its establishment, water needed for the
development of Mexico City was originally pro-
vided by groundwater sources (springs). As time
advanced, both development and population
increased, and as a result water supply needs
were mainly overcome with groundwater usage.
Abstraction rate had a relatively stable increase
from 1900 to the 1940s (from �2 to �4.5 m3/s,
respectively); however, starting from 1940s, a
rampant increase in water needs reached a claimed
water supply in excess of 60 m3/s by the end of the
twentieth century, where about 76% was obtained
from groundwater sources (Mexico basin�67.0%
and Lerma basin�9.4%) and 23.6% from surface
waters (Mexico basin � 2.3% and Cutzamala
basin �21.3%). This steady abstraction has pro-
duced depletion in the water-table level from
artesian conditions to a depth of more than 50 m;
a consequent response of the flow system to such
increase in groundwater extraction was perceived
in the changing of water quality.

Groundwater Quality Response

Mexico City is located on a plain within a natural
closed basin where its 80% of water supply was
provided by groundwater since the beginning of
the twenty-first century. The groundwater supply
has generally been of good quality for almost a
century, from the late 1840s when the first borehole
was constructed to the early 1970s when the

extracted water quality drastically changed. Ini-
tially, groundwater abstraction was obtained
mainly through artesian boreholes at depths of
about 100 m. As technology advanced, construc-
tion of deeper boreholes was feasible, and the
turbine pump was employed to solve the no
overflowing conditions; deep boreholes went
down to about 400 m, which is their current
depth beneath the foundations of the city.
Reported groundwater salinity problems in the
northwest of Mexico City started by 1976, with
an increase of about 300% in salinity; for exam-
ple, Cl, Fe-Mn, and TDS increased from
32 mg/L, 0.1 mg/L, and 230 mg/L, respectively,
to 55 mg/L, 0.45 mg/L, and 750 mg/L,
respectively.

An understanding of the changing of the
chemical groundwater quality as a result of the
continuous increase of abstraction in the Mex-
ico basin (Fig. 2) may be reached when consid-
ering that thick aquifer units and recharge
conditions are directly responsible for the pres-
ence of contrasting groundwater flows traveling
at different depths with different path lengths.
Intensive abstraction with partially penetrated
boreholes also contributes to water quality
changes through vertical ascent.

Geological Framework

Geologically, Mexico City is located on a plain in a
closed basin situated above a graben structure
developed during the Oligocene, where a thick
succession of volcanic and lacustrine materials
was deposited. During the Oligocene, the basin
drained to the south. This drainage outlet was
closed during the Pleistocene from a series of
volcanic activities [10] that formed theChichinautzin
Sierra to the south. The closure was part of an
intense regional volcanic activity that formed the
Trans-Mexican Volcanic Belt (TMVB), which
now covers Central Mexico from east to west
with a length of about 1100 km and a width of
400 km. The Mexico basin is located at the center
of TMVB (Fig. 2). The extrusive events have
occurred since 700,000 years before present until
the Quaternary; during the later stage, volcanism
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allowed a substantial heterogeneous layer of ash,
interbedded with extensive alluvial and lacustrine
deposits, to accumulate in the various lakes
formed after the closure of the basin. The full
volcanic succession consists of a Middle Tertiary
volcanic unit that includes clastic material as well
as basalt, rhyolite, and andesite rock units with a
total thickness of 3000 m. These units are partially
covered by Lower Pliocene deposits characterized

by lacustrine and pyroclastic material with a total
thickness of 600 m. These rocks are overlaid by
Plio-Quaternary rocks consisting mainly of basal-
tic andesite, andesite, and pyroclastic material that
dominate the highlands and are interstratified with
contemporaneous alluvial and lacustrine deposits;
their total thickness on the plain is over 1000 m.
Recent volcanic episodes and regional tectonic
events have produced an intensive vertical fault
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structure identified to be crossing beneath the
plain [10].

These volcanic rocks overlie a regional Creta-
ceous sequence of calcareous deposits that consist
of limestone, sandstone, and shale outcropping
beyond the southern and northern basin limits;
this deepest and oldest identified geological unit
of 1500 m of total thickness is at the center of the
basin. Deep drilling encountered the upper limit of
this unit at 1581 m below ground surface. Karstic
and fractured features are reported based on partial
and total loss of drilling fluid and the drop of about
8 m of the drilling tools [28].

Recent deposits cover the entire plain, compris-
ing some 600 m of fluvial and alluvial deposits.
A lens of fine material (microfossils, volcanic ash,
and, to a minor extent, lacustrine clay interbedded
with sand, silt, and occasionally gravel) is included
within these deposits; it outcrops in Lake Texcoco,
underlying the rest of the plain except at the mar-
gins; in general, these deposits contain [19] high
Na (up to 9200 ppm) and Mn (up to 1920 ppm).
Total thickness increases gradually from the edge
of the plain to Lake Texcoco, where it attains
approximately 300 m. This unit forms a main
aquitard saturated with water of heterogeneous
quality, which locally acts as a confining or semi-
confining unit to the aquifer material beneath. This
aquifer unit includes the extrusive and sedimentary
rocks that extend regionally over Central Mexico
with a thickness of more than 4000 m, and it lays
above a basement rock that has not been physically
described.

The Mexico basin is one of the largest of series
of closed basins located in the Mexican Trans-
volcanic Belt [28]. The basin has a drainage extent
of about 9600 km2; however, the actual part cov-
ered by the city and its extended area is estimated to
2400 km2. An abrupt relief of the surrounding
mountains, with altitudes in excess of 5000 m
amsl, slopes toward the flat-lying center of the
basin to an altitude of approximately 2230 m amsl.

Climate Framework

The present climate conditions where Mexico
City is located are those of subtropical but with a

significant variation in themean annual precipitation
across the basin. Precipitation ranges from 1800mm
in the southern Sierra Chichinautzin, 1100 mm in
the west (Sierra Las Cruces), and 1200mm in Sierra
Nevada to 600 mm toward the remnant Lake
Texcoco toward the center of the basin. The
rainy season is mainly in the summer months.
The mean annual temperature is from 12� to
14 �C in the sierras of Chichinautzin and Las
Cruces and 15 �C in Lake Texcoco site. The
potential annual evapotranspiration is around
1400 mm. Rainfall produces negligible surface
runoff on the permeable rocks of the Sierra
Chichinautzin to the south of the city. In contrast,
substantial runoff is generated in Sierra La Cruces
to the west of the city, a condition that has caused
severe historical flooding.

Water Quality Response to Groundwater
Abstraction

Mexico City reportedly abstracts more than 50 m3/s
of groundwater from its basin to supply different
water needs. An action plan for positive environ-
mental response to groundwater abstraction should
rely on an understanding of the flow systems func-
tioning to assist in a sustainable planning of
groundwater management by defining which par-
ticular flow is more vulnerable to intensive local
abstraction in time and space.

Fourfield cases of theMexicoCity basin [8]were
examined; the interference of particular nearby bore-
holes was not incorporated. The first case presented
by borehole 3 in Fig. 3 shows abstraction (and
recovery test) data that illustrate the local confining
characteristics of the geological environment
manifested as the classical drawdown-time response;
the evidence of the horizontal flow is reflected on the
relatively steady values of TDS and temperature of
obtained water with abstraction time.

The case of borehole 8 shows a response tradi-
tionally considered to be the only possibility of
chemical water quality change in this basin,
portraying the acknowledged leaky effect from
the semi-confining unit located above the level
of groundwater abstraction. There is an inflow of
cold water and withdrawal from this unit
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producing water with lower temperature. As
abstraction progresses, inflow water is expected
to reach observed previous values (pv) when the
borehole was stopped to initiate the test, at about
21 �C. The TDS decrease shows a change in the
chemical characteristics of inflow water due to
leakage from the semi-confining unit.

Drawdown-time data in borehole 23 would
appear to also suggest a standard leaky response
where the drawdown rate is diminished along the
duration of the test; however, the increase of
groundwater temperature may imply that water
is induced through vertical ascent of intermediate
or regional flows traveling beneath.
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The response of the increase in TDS and con-
stant temperature of borehole 12 suggests that
obtained water is derived from standard semi-
confined conditions, where aquitard material
above and below the tapped aquifer strata pro-
vides a steady response in terms of salinity values.
Water is derived from the same shallow depth,
keeping temperature at a steady value of 21 �C.

The overall response of each of these boreholes
in terms of obtained water quality results from the
combined effect of (1) hydrogeological character-
istics of tested aquifer units (i.e., lack or presence of
confined conditions, geological structure, Kv/Kh
ratio), (2) discharge yield, (3) effect of drawdown
on the local hydraulic potential (i.e., relative thick-
ness among flow systems of different densities),
(4) travelling path length of any flow system to the
level of abstraction in the particular borehole,
(5) borehole construction design as related to the
stratigraphic units, and (6) position of the water-
table. All factors should be further studied to better
plan actions to improve the quality of obtained
water and to assess possible borehole techniques
to better manage flow control. Suggestions on tech-
niques to be applied are proposed in Ref. [8].

As suggested in Fig. 3, the response of borehole
23 is implied to be general to the prevailing long-
term abstraction yield. The increase over time of
groundwater abstraction in the basin ofMexico has
reached far more than 50 m3/s, with individual

boreholes extracting an average of 60 L/s. The
effect of the partial penetration of production bore-
holes is that of radial flow in 3-D; relative shallow
abstraction levels in theMexico City plain generate
an ascending flow from deeper levels. This can be
depicted in the presence of the inflow of water of
contrasting chemical quality as well as of higher
temperature (Fig. 2). This condition appears when
considering the graph of Fig. 4, where mNa/Cl-log
Cl suggests that extracted shallow water (local
flow) is evolving to water representing the
former thermal spring of Peñón de los Baños
(end-member). The inducement of regional flow
with different quality into the supplied waters
increases the concentration of obtained salinity in
the water. The vertical components of ascending
flow are key factors of observed water quality
changes. Understanding water quality evolution
could enhance better control processes of regional
flow inducement and assist in predicting where and
how waters of more desirable quality might be
obtained as suggested in Ref. [6].

Vertical Flow Control to Prevent Water
Quality Deterioration

The identification and understanding of abstracted
groundwater quality changes resulting from
contrasting flow systems supplying a borehole is
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one tool for possible control of obtained water qual-
ity [6, 8]. These authors interpreted resulting field
tests carried out in partially penetrating boreholes
tapping a > 2000-m fractured volcanic (rhyolitic)
rock sequence and proposed a technique to induce
the production of the required quality water to a
particular abstraction borehole. The procedure
involves the definition of a particular response of
flow systemsmixture under prevailing local abstrac-
tion and hydrogeological variables, such as vertical
and horizontal hydraulic conductivities, porosity,
hydraulic head response between cold and warm
flows, and rate and time of abstraction. The response
is basically defined through long-term aquifer tests
that include measurement of standard drawdown-
time (s-t) response plus electrical conductivity
(EC) and temperature at the various t intervals of
the duration of the test. Additional collection of
water samples for chemical and isotopic analyses
was carried out to support obtained results.

Available information on vertical flow in volca-
nic terrain with large thickness [8] is important in
understanding the factors affecting groundwater
flow distribution and obtained water quality in the
vicinity of the abstraction borehole. An abstraction
yield will present a particular water quality,
depending on the construction design of the bore-
hole, lithology, associated flow systems, and their
physico-chemical components. Obtaining a specific
water quality is difficult to implement; this difficulty
may be overcome by understanding the control of
obtained water quality related to tests carried out
in each particular borehole. Methods include an
initial step-drawdown test, followed by a constant
abstraction-rate aquifer test; both in which temper-
ature and EC measurements must be conducted.
The response of the borehole could be further
defined and understood when full sampling and
water analysis are carried out to define major,
minor, and trace elements as well as stable iso-
topes to differentiate the various components of
inflowing groundwater flow systems.

Future Directions

Understanding and defining the groundwater
flow systems before planning for their abstraction

is a basic rule that requires further attention in
Mexico, especially when it comes to resolving
responses related to groundwater quality deterio-
ration and yield. The perception of groundwater
behavior achieved in the second half of the twen-
tieth century was obtained mainly based on the
concept of shallow, thin aquifer units. This
acquired knowledge provides a basis to define
groundwater response and propose agreeable
solutions for thick aquifer units.

Such powerful techniques have been applied in
growing cities as Mexico City, where the increas-
ing need for water has produced changes in the
flow system regime. The continuous development
of an interdisciplinary approach as the flow sys-
tem theory [25] is useful for defining the response
and acquiring solutions to the diversity of param-
eters involved in extracting water of the desired
quality. The application of this theory is a power-
ful tool as it provides answers that are in agree-
ment among the diverse disciplines involved.

Increase in population and economic activities
in large cities relies on developing local ground-
water flow systems that are often hydraulically
linked to regional flow systems when the litholog-
ical sequence has a thickness greater than 1000 m.
An interdisciplinary understanding must be
reached where groundwater flows of different
chemical compositions and temperatures travel
in a stratified mode. A 3-D modeling is useful
for a clear understanding of the problem and
introducing solution for thick aquifer units where
regional flow maybe induced. Usually, current
analysis carried out is made solely on the horizon-
tal scale; however, vertical components of flow
need to be acknowledged. Aquifer tests, as well as
other common hydrogeological tools, may define
groundwater response and its functioning by
incorporating the observation of the quality and
temperature of extracted groundwater.

Changes in the obtained groundwater quality
due to an increase of abstraction rate are reflected
by the chemistry and temperature of water flowing
from a different level to that of the targeted aquifer
unit. Water quality changes could become key
factors for density variation identification during
water abstraction, indicating the presence of semi-
confining conditions through the rate of change of
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drawdown over time (s-t) to that of inflow of water
from regional systems at depth.

The growth of cities located above thick aqui-
fer units (i.e., >1000 m), accompanied with
increasing water needs, makes the identification
of local, intermediate, and regional groundwater
flow systems essential. Two main issues arise in
the analysis of thick regional aquifers in Central
Mexico: (1) the position of basement rock, which
in turn implies the coverage of the aquifer unit
involved, and (2) effects due to groundwater
chemistry change, such as water density varia-
tions, affecting actual hydraulic heads, and flow
direction. These variables becomemore important
in thick aquifer units.
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Glossary

Caving zone The completely collapsed part of the
overlying rock in response to mining. The rock
has the characteristics of irregularity, bulking
property, and poor density. The caving zone is
not effective in preventing water from entering
the mining area.

Draft zone of confined water Refers to the
upward penetration height of water from the
confined aquifer into the geologic barrier along
fissures or fractures in the floor.

Floor rock pressure failure zone Due to mining-
induced stresses, the floor rock is continuously
destroyed, resulting in a rock failure zone.
Hydraulic conductivity increases significantly
in the altered rock formation.

Goaf water Water in old excavated roadways,
abandoned mines, and caves. The water pres-
sure is generally large. Once exposed, the goaf
water can suddenly gush into active mining
areas, resulting in mass destruction. Water
gushing may be accompanied with emission
of harmful gases. The gushing water duration
is typically short.

Mine water inrush classification A system of
classifying water inrushes into different types
based on the characteristics of mine water
inrush, water inrush pathway, water inrush
mode, and hazard form.

Mine water inrush An incident in which a large
amount of water suddenly poured into mines
through water-conducting pathways from
aquifers, water-rich caves, goafs, and other
strong water-bearing geological bodies.

Water-filling channel The pathways of water
flowing into mines, such as faults, rock pores,
fissures, conduits, caves, and collapse columns.

Water-filling source Sources of water flowing
into mines. They mainly include atmospheric
precipitation, surface water, groundwater, and
goaf water.

Water-filling strength The amount of groundwa-
ter flowing into mines. This parameter is used
to reflect complexity of mine hydrogeological
conditions.

Definition of Mine Water Inrush and Its
Importance

Mine water inrush is a phenomenon in which a
great volume of groundwater suddenly gushes
into underground workings when water-bearing
media, such as high-pressure confined aquifers,
water-flowing fractures, water-rich karst caves,
and goafs, are exposed during tunneling or min-
ing. Mine water inrush generally occurs dramati-
cally and can submerge tunnels in a short period
of time, jeopardize mine production, and cause
casualties. As the largest coal-producing country
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in the world, China has abundant coal resources
which encompass a vast geographical distribu-
tion. Furthermore, China is a land formed by
multiple tectonic plates that were spliced through
numerous tectonic movements, showing complex
hydrogeological conditions of ore deposits.
Therefore, China is one of the countries that is
most seriously impacted by mine water inrush in
the world. According to the statistics of China’s
State Administration of Work Safety, mine water
inrush has become the second most serious disas-
ter after gas explosion in serious and major coal
mine accidents. At present, more than 2.5 � 1010

tons of coal reserves are threatened with water
inrush, mainly in developed industrial areas, such
as North China, East China, and Southern China
where coal reserves account for about 70% of the
national coal resource. Figure 1 shows the number
of water-related hazards and casualties in coal mines
of China between 2000 and 2014. In recent years,
with the progress of science and technology, mining
equipment and mining technology in coal mine
production and construction have been greatly
improved. Furthermore, the number of accidents
and casualties caused by mine water inrush has

been declined in general, but the casualties and
property losses induced by accidents are still serious.
Therefore, it is practically significant to clearly rec-
ognize the current situation of mine water inrush,
study countermeasures for preventing water inrush,
and take effective engineering controls. Knowledge
on water inrush ensures safety production of coal
mines, frees coal reserves from threats of water
disaster, and guarantees sustainable and stable
development of society and economy.

Introduction

Mine water inrush studies suggest that different
types of water inrush generally call for
corresponding prevention and control technolo-
gies. Therefore, it is necessary to classify water
inrush according to distinct characteristics of mine
water inrush. Due to diversity and complexity of
mine water inrush, the systematic, overall, and
comprehensive classifications of mine water
inrush are rarely reported at present [1–4]. In
fact, because scientific classification of mine
water inrush is a huge systematic classification
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project, it needs to develop qualitative, quantita-
tive, and combined classification methods. Fur-
thermore, it requires a large amount of field data
and cases of water inrush as well as supports of
relevant scientific theories [5, 6]. Therefore, the
classification of mine water inrush has important
theoretical and practical value for basic theory
research, investigation and exploration, evalua-
tion and prediction, design of detection equip-
ment, prevention and control technologies, and
comprehensive utilization of mine water [7–9].

Principles for Classification of Mine Water
Inrush
The division bases need to be constructed prior to
classification of mine water inrush. According to
case histories of water inrush and specific character-
istics, water-filling source, water-filling channel,
water-filling strength, harm forms, economic loss
and casualties, and time-varying characteristics are
used as the bases for classifying water inrush
[10–12]. Water-filling source refers to all of the
water sources that exist in and show hydraulic con-
nections with ore bodies and surrounding rock strata
that can cause continuous mine water inrush (gush)
during the mining process. Water-filling channel is
the path for these water sources entering into pits.
Harm forms indicate pit water inrush (gush) show-
ing characteristics, such as abnormal temperature
and corrosivity. In addition, economic losses and
casualties measure the magnitude of economic
losses and the number of casualties directly resulting
from mine water inrush, respectively. Time-varying
characteristics show the temporal relationship
between mine water inrush (gush) and the progress
of mining engineering [13–15].

Main Types of Mine Water Inrush

1. Classifying mine water inrush in accordance
with water-filling source. Based on the nature
of water-filling source, water inrush can be
divided into water inrush of natural and artifi-
cial sources (Fig. 2). The natural water-filling
source includes the mine water inrush directly
recharged by atmospheric precipitation, mine
water inrush of surface water-filling sources
(large-scale surface water bodies, such as seas,

lakes, rivers, pools, bogs, and reservoirs), and
water inrush of groundwater source [16,
17]. Among them, the groundwater-source-
type water inrush can be divided into unconsol-
idated pore water-filling source type, bedrock
fissure water-filling source type, and karst
water-filling source type in soluble karst rocks
through medium characteristics of water-filling
aquifers [18, 19]. According to the classification
criteria, China’s coal mine groundwater inrush
types can be obtained from Fig. 3. According to
hydraulic characteristics of water-filling aqui-
fers, the groundwater-source-type water inrush
can be divided into perched water-filling source
type, phreatic water-filling source type, and con-
fined water-filling source type. In addition, the
artificial source water inrush consists of mine
water disasters of groundwater captured source
type and goaf water source type [20, 21].

2. The classification can also be carried out
according to the location and contact relation-
ship between minable seams and water-filling
aquifers [22–24]. In accordance with the relative
locations of minable seams and water-filling
aquifers, water inrush can be classified as water
inrush from coal roof, coal floor, and periphery
water-filling source. Furthermore, based on the
contact relationship between minable seams
and water-filling strata, water inrush can be fur-
ther divided into six typeswith direct and indirect
roof water-filling source, direct and indirect floor
water-filling source, and direct and indirect
surrounding water-filling source [25, 26].

3. Water disasters can also be classified in light of
the water-filling channel. Water-filling channel
can be divided into natural and artificial water-
filling source passages [27, 28]. The natural
water-filling source passages include water
inrush with point karst collapse column pas-
sage, linear fracture (fissure) zone passage,
narrow strip concealed outcrop passage, plain
fracture network (thinning area of partial plain
aquifuge), and earthquake-induced passage
[29]. The artificial water-filling source passages
are divided into those with passages in roof
caving fractured zone, roof cut caving fractured
zone and roof pump caving zone, floor rock
pressure failure zone, floor draft zone of
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confined water, ground karst collapse zone, and
poorly sealed boreholes [30–32].

4. Mine water inrush can be classified according
to the harm forms into normal-temperature,
moderate- to high-temperature, or corrosive
water disasters [33].

5. One can divide mine water inrush in accor-
dance with economic losses and causalities.
In accordance with causalities or direct economic
losses, mine water disasters can be divided into
extremely large, very large, large, and general
ones [34, 35].

6. Classification can be carried out according to
time-varying characteristics as well. Based on
time-varying characteristics, water inrush is
divided into instant, hysteretic, skipping, or
gradually varying ones [36, 37].

Main Characteristics of Different Types of
Mine Water Disasters
1. Mine water inrush directly recharged by

atmospheric precipitation. Atmospheric precipi-
tation is the main supply source of groundwater,
and all ore deposits filled with water are directly
or indirectly related to atmospheric precipitation
[38, 39]. The source of atmospheric precipitation
described here indicates the only water source for
direct water filling of ore deposits. There is a
synchronous correlation or delayed correlation
between the disaster time and the precipitation
time. Moreover, catastrophability is related to

precipitation and rainfalls and is generally pro-
portional to rainfalls [40–43].

2. Water inrush of surface water. For ore deposits
close to large-scale surface water bodies, such
as seas, lakes, rivers, reservoirs, and pools, it is
critical to clarify the influences of surface water
under natural conditions and after mining on
ore deposit mining. This is a key process of
hydrogeological exploration in mining areas
and hydrogeological work in mines [44]. Sur-
face water is generally large in volumes. Once
surface water forms hydraulic connection with
mining activities and influencing ranges, the
catastrophability is likely to rise [45, 46].

3. Water inrush of groundwater. This type of >disas-
ter is complex. According to medium character-
istics of water-filling aquifers, the water inrush
can be divided into those with sources of pore
water-filling unconsolidated sediments, bedrock
fissure water filling, and karstic water filling in
soluble rocks. Furthermore, perched water, phre-
atic water, and confined aquifer source water
disasters are included in this type in accordance
with hydraulic characteristics of water-filling
aquifers [47, 48]. From the perspectives of
water-bearing media and hydraulic characteris-
tics, confined aquifers of karstic water show
strong water abundance in general. Therefore,
once such aquifers are connected due to mining
activities and influencing ranges, thewater inrush
of karstic water source generally demonstrates
the greatest catastrophability [49].

Mine Water Inrush, Fig. 3 The types of coal mine water inrush in China
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4. Water inrush of captured water. Because of
mining, the groundwater depression cone con-
stantly extends, and thereby mining activities
strongly transform natural groundwater flow
fields in mining areas. The new supply water
source obtained in artificial groundwater flow
fields is known as captured water source. The
captured water source includes spring water
in groundwater drainage areas, surface water
(seas, lakes, and rivers), the neighboring aqui-
fers in one side of drainage areas in groundwater
flow zone in mining areas, and groundwater in
the adjacent hydrogeological units. Therefore,
the catastrophability is generally proportional to
water abundance of the supply source [50–53].

5. Water inrush of goaf water. Because part of goaf
remained open after mining, the goaf becomes
filled with water in the late stage. If the edge of
water bodies is mined, water in the goaf can
suddenly gush into underground mines, causing
mine water inrush accidents. According to statis-
tics, this type of inrush has the largest number
and strongest catastrophability in serious mine
water disasters [54, 55]. Such a type of mine
water inrush is unexpected with large amounts
of water inflow, causing great damages. The
goaf water is often acid and shows high con-
centration of hydrogen sulfide gas. However,
due to the limited size of the water-storing
space, the water flow may last for a short dura-
tion, and the water can be easily drained.

6. Mine water inrush of roof water. Mine water
inrush of roof source occurs when mining
activities and influencing ranges (caving and
fissured zone and water-flowing structure)
affect the aquifers overlying the ore body
[56]. The catastrophability is directly related
to the water abundance and connectivity
of the overlying water-filling aquifers. Greater
catastrophability results from stronger water
abundance and connectivity of aquifers in the
influencing ranges of mining activities [57].

7. Mine water inrush of floor water. Mine water
inrush of floor source is triggered when the min-
ing activities and influencing ranges (zone
destroyed by mine pressure and water-flowing
structures) affect aquifers underlying the ore
body [58]. Similar to the water inrush of roof

source, the catastrophability of floor water
inrush is directly correlated with water abun-
dance in and connectivity to the underlying
aquifers. If aquifers in the influencing ranges
of mining activities show remarkable water
abundance and connectivity, the catastrophability
of mine inrush is strong [59, 60].

8. Mine water inrush of periphery water. Such
disasters result from mining activities and
influencing ranges affecting the aquifers around
the ore bodies. The water-filling sources can be
direct or indirect. The catastrophability has a
proportional relation with water abundance of
surroundingwater-filling aquifers and connectiv-
ity of fissures [61–63]. In general, direct water-
filling sources in above three types of mine water
inrush refer to the water source directly
contacted with mined ore or water source
which can be affected by roof water-flowing
caving zone or floor rock pressure failure zone
and thereby contacted with mined ore bodies.
The indirect water-filling source indicates the
water-filling source that enters mines by pass-
ing through water-resisting rocks through cer-
tain water-flowing structures or via leakage. It
mainly distributes around mined ore body but
does not directly contact with ore bodies or
locates outside normal caving zone or zone
destroyed by mine pressure [64].

9. Mine water inrush through natural water-filling
passage. While mining ore body, various paths
for water-filling source entering pits are
referred to as water-flowing passages. More-
over, the mine water disaster caused by water
gushing into pits through non-artificial water-
flowing passages is called water inrush of
natural water-flowing passage [65–68]. The
characteristics are described as follows:
1. As for water inrush through karst collapse

column passages, the hydraulic relation of
groundwater in coal series strata and differ-
ent water-filling aquifers can be connected
by karst collapse column passages, thus
increasing catastrophability of such mine
water disasters [69, 70].

2. Water inrush through passages in linear frac-
ture (fissure concentrated) zone mainly takes
place in fault concentrated zone, fault
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intersection point, fault convergence, or fault
tip. The passages link the close hydraulic
connection between water-filling rock strata,
thus causing mine water disasters [71].

3. In view of water inrush of narrow strip
concealed outcrop passage, according to
the practical experience in China, the qua-
ternary pore aquifer group is very likely
hydraulically connected to the coal series
and water-filling aquifer group of the thick
carbonate formations at the narrow strip
concealed outcrops. As a result, water disas-
ter happens through narrow strip concealed
outcrop passages, resulting in strong
catastrophability.

4. Water inrush through passage in plain fracture
networks (thinning area of local plain
aquifuge). In the northern area of North
China-type coalfield, stresses have been
released through rock fracturing in the brittle
water-resisting strata under multistage tec-
tonic stresses in the geological history. There-
fore, concentrated cracks and joints in
different directions are present in the water-
resisting strata. These fractures and joints
form plain extended fracture networks with a
planar distribution on the whole. With the
increases of groundwater head difference in
the upper and lower water-filling aquifer
groups, such fracture networks form vertical
water exchange in a plain leaky form and
causewater disasters of plain fracture network
passages [72].

5. Water inrush through earthquake-induced
passage. When strong earthquakes occurred,
fractures in different scales were formed near
the epicenter by coupling of cyclic tension
and compression of seismic forces with
shear. Mine water inrush disaster occurs
when fractures near the coal seams develop
and connect with surrounding aquifers [73].

10. Mine water inrush through artificial water-
flowing passages. The mine water inrush
caused by water gushing into pits through
artificial water-flowing passages is known as
inrush of artificial water-flowing passage.

Such type includes water inrush with pas-
sages in the following media [74–75]:
(1) Roof caving fractured zone
(2) Roof cut caving and fractured zone
(3) Roof pump caving fractured zone
(4) Zone destroyed by mine pressure of floor
(5) Floor draft zone of confined water
(6) Ground karst collapse zone
(7) Borehole with poor sealing quality

Subtypes (1), (2), and (3) are similar and
caused by the fact that upper aquifers are
connected due to roof rock damages trig-
gered by mining activities. The difference
is that caving fractured zone in (1) is mainly
developed in horizontal or gently tilted
strata, while caving zone in (3) is mainly
developed in steep dip strata. Furthermore,
cut caving fractured zone in (2) is formed in
thick and extremely thick strata of sandstone
or coarse sandstone with a large modulus of
elasticity on the roof of coal seams. Caving
does not happen in limited mining ranges.
When caving occurs, it takes place in a large
range, damaging roofs or floors. Similarly,
subtypes (4) and (5) are similar. They are
mine water disasters resulting from the fact
that the lower aquifers are connected because
of floor rock damages induced by mining
activities. The differences lie in that zone
damaged by mine pressure in (4) is formed
in strata closely neighboring the lower ore
bodies, while draft zone of confined ground-
water in (5) develops in the top of lower
aquifers of ore bodies. In large-scale water
pumping and dewatering practices of karst
water-filling deposits, surface karst collapse
is well developed in mining areas and sur-
rounding areas. These collapses allow surface
water and atmospheric precipitation to be
filled into mines to form subtype (6). When
roadways or working face is advanced to
boreholes with poor sealing quality, ground-
water in roof and floor water-filling aquifers
of coal seams gush into tunneling face via
these boreholes, thus leading to (7).

11. Normal-temperature, moderate- to high-
temperature, and corrosive water inrush. The
normal-temperature water disaster refers to
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water inrush in the normal temperature range
of local groundwater. Under the effects of
abnormal geotherm, the water disaster in
which the temperature of water inrush is
higher than the normal water temperature is
known as moderate- to high-temperature
water disaster. Corrosive water disaster
means that the source of water inrush is cor-
rosive to mining machinery equipment, drain-
age equipment, and roadways.

12. Instant, hysteretic, skipping, and gradually
varied water inrush. Instant water disaster
refers to the water inrush occurring in the
working face of mines, while hysteretic
water disaster refers to that appearing in the
goaf behind the working face. With the grad-
ual growth of mining depth and large-scale
mining of under-group coal seams, the crustal
stress and water pressure of the mining envi-
ronment also increase. Hysteretic water disas-
ters induced by different passages including
faults, fracture concentrated zones, or karst
collapse columns occur more frequently in
recent years. Skipping water disaster refers
to water inrush during which the inrush
amount constantly changes with time while
gradually varied water disaster is water
inrushes during which the inrush amount
gradually increases or decreases [76, 77].

Typical Prediction Methods of Mine
Water Inrush

Due to differences in geological condition and
enrichment law of coal resources in various
regions, mine water inrush does not occur in
many coal-producing countries such as the
United States, Canada, Australia, and India.
As a matter of fact, water disasters only take
place in some countries including former Soviet
Union, Poland, Hungary, Yugoslavia, and China.
Therefore, countries suffering from mine water
disasters are pioneers in studying the prevention
of the disasters which has lasted for over
100 years [78].

The study of mine water inrush begins with
Europe, in the 1940s. Weg Frence from Hungary
proposed the concept of relative water-resisting

layers aiming at the karst water inrush from coal
floors [79]. The researcher suggested that water
inrush is correlated with the thickness of water-
resisting aquifuge and the water pressure of aqui-
fer, and the water inrush process is restricted by
the ratio of the thickness of equivalent water-
resisting aquifuge to the value of the water pres-
sure. The ratio was called relative water-resisting
aquifuge. He also suggested that no water inrush
occurred when the relative thickness of the
aquifuge was greater than 1.5 m/atm in the mining
process. Eighty percent to 88% of the water inrush
occurred where the thickness of relative water-
resisting aquifuge was less than this value. Thus,
many countries with confined water mining have
learned from the concept and suggested that water
inrush will not occur if the thickness of the
aquifuge is greater than 2 m/atm. From the
1960s to 1970s, the Hungary Mining Technology
Committee included the thickness of relative
water-resisting aquifuge into mining safety codes
and provided explanations on different mining
conditions [80]. Scholars in many countries such
as former Soviet Union and Yugoslavia also
began to study the effect of the relative water-
resisting aquifuge during this period involving
the influence of stress change caused by the goaf
on the thickness of relative water-resisting layer
and relationship between water flows and rock
structures. The Xi’an Exploration Group of
China Coal Research Institute began to investi-
gate mine water inrush in the 1960s and proposed
applying the water inrush coefficient as the crite-
rion to predict whether water will burst out from
floors or not.

From the 1970s to the late 1980s, scholars
specialized in rock mechanics in numerous coun-
tries investigated the failure mechanism of floors
while studying the stability of pillars. For exam-
ple, C.F. Santos and Z.T. Bieniawski analyzed
the load-bearing capacity of floors by introduc-
ing the critical energy release point based on the
improved Hoek-Brown’s rock strength criterion
[82]. Li Baiying proposed “down three zone”
theory, which indicates that there are three
zones in the mining of coal floors just like mining
overlying strata including floor failure zone,
intact rock stratum, and the confined water-rising
zone [83]. Wang Zuoyu, Liu Hongquan, and
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others put forward the theory of “in situ tension
and failure at zero position” [84], which points
out that the mine and water pressures exert a
combination effect on working face, and the
influence range on coal seams can be divided
into three sections: advanced pressure compressing,
pressure-releasing expansion, and post-mining pres-
sure compressing and stable stages. Since the 1990s,
the methods for studying mine water inrush have
been diversified with the development of science
and technology. For instance, the Bureau of Mines
in the United States analyzed the stability of road-
ways under multiple environments by using finite
element model. V.F. Bense investigated the defor-
mation mechanism of materials around fault zones
and the spatial distribution of water conductivity
by applying the digital image analysis [85]. Aca-
demician Qian Minggao of China University of
Mining and Technology established the KS theory
of rocks in mining floors according to the stratified
structure characteristic of coal floors. The theory
indicates that there is a stratum with the largest
load-bearing capacity in the coal floor below the
mining failure zone and above the aquifer, which
is called “key strata” [86]. The Institute of Geol-
ogy, Chinese Academy of Sciences proposed the
theory of “high-permeability passage,” which
states that whether water inrush from floors occurs
depends on the existence of water inrush pas-
sages. It is divided into two cases. On the one
hand, there are water inrush passages connecting
with the water source in the hydrogeological
structure of floors. On the other hand, there are
no natural water inrush passages in coal floors, but
new penetrated passages with high permeability
are formed due to the deformation and damages to
weak sections along the rock structures of floors
under the effects of engineering stress, crustal
stress, and underground water [87]. The Xi’an
Exploration Group of China Coal Research Insti-
tute in the 1990s proposed the theory of coupling
of rock mechanics and hydraulics. The theory
holds that floor water inrush is the result of rock,
water (floor pressure water), and stress (mining
stress and ground stress) interaction [88]. The
mining pressure makes the floor aquiclude pro-
duce a certain depth of the permeable fracture,
reducing the strength of the rock, weakening the
aquiclude performance, and resulting in the

redistribution of the seepage field. When the con-
fined water along the water rupture zone to further
rise, rocks are softened due to water and continue
to expand the cracks. The interaction between the
water and the surrounding rocks reduces the min-
imum principal stress of the rock mass. When the
minimum principal stress is less than the confined
water pressure, fracturing expansion takes place,
and water inrush will occur [89, 90].

In summary, the development history of mine
water inrush theory reflects the process of con-
tinuous understanding of mine water inrush
disaster, which is a process from practice to
theory and from theory to practice. Apart from
the above research on water inrush mechanism,
some excellent achievements have also been
made on predicting and forecasting mine water
inrush [91–96].

Water Inrush Coefficient Method
The water inrush coefficient refers to the water
pressure that can be borne by unit water-resisting
aquiclude, which is expressed by the following
equation [81]:

T ¼ P=M

where T is the water inrush coefficient, in unit
of MPa/m; M is the thickness of aquiclude floor,
in unit of m; and P is the water pressure on floor
aquiclude, in unit of MPa. When the water pres-
sure exceeds the critical water inrush coeffi-
cient, water inrush possibly occurs. Based on
statistics of actual water inrushes, the critical
water inrush coefficients are 0.10 MPa/m for
normal segments and 0.06 MPa/m for compli-
cated tectonic segments.

Vulnerability Index Method
There are numerous factors causing water inrush
from coal floors, and the water inrush process
exhibits a complex nonlinear dynamic char-
acteristic. Owing to the traditional water inrush,
coefficient method only considers water pres-
sure and aquiclude thickness, which fails to
fully describe the water inrush from coal floors –
a nonlinear dynamic phenomenon with multiple
complex mechanisms controlled by multiple
factors [97]. Thus, academician and professor
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Wu Qiang of China University of Mining and
Technology (Beijing) has been engaged in this
challenging task in the last 20 years. He intro-
duced multi-source information integration the-
ory in the 1990s and proposed vulnerability
index method for forecasting water inrush risk
from coal floors in the 1990s [98–100]. The
method can reasonably reflect the water inrush
process from coal floors and forecast water inrush
from floors by considering the interaction among
various influence factors of water inrush from
floors and the relative weights of factors. Vulner-
ability index method is used for predicting water
inrush from coal floors by coupling the mathemat-
ical model with the geographic information sys-
tem (GIS) with functions in analyzing and
processing spatial information. The mathematical
model determines the weight coefficients of mul-
tiple control factors of water inrush. The “vulner-
ability index method” reflects the complicated
mechanisms in water inrush processes and can
predict the water inrushes reasonably well. The
specific steps are described as follows:

1. Collect data about the mine under study. Based
on the analysis of mine water inrush mecha-
nism in the mine, the main controlling factors
of water inrush from coal floors are determined
through three aspects – water abundance of
aquifers, water-resisting layer of floor, and
geological structure. Typical factors include
equivalent thickness of effective aquiclude,
thickness of brittle rock under broken zone by
underground pressure, distribution of faults
and folds, water abundance of aquifer, and
water pressure of aquifer.

2. The geological and hydrogeological data are
used to establish the attribute database and
develop the thematic map for each factor. The
collected data including drilling data, coordi-
nates of water monitoring points, and quantita-
tive values are inputted into GIS to develop the
thematic maps of the main controlling factors
by using functions of GIS including data stor-
age, spatial data analysis and processing, and
result display. Themaps reflect the spatial char-
acteristics of the factors. Figure 4 shows an
example.

3. The weights of main controlling factors can be
calculated by using either constant weight
mode or variable weight model. The variable
weight model considers the relative impor-
tance of controlling factors and the influence
of changes of index values of controlling fac-
tors on the comprehensive evaluation value in
different evaluation units. The role is realized
by adjusting weights in response to the change
of index values. Evaluation results are more in
line with the actual situations. The relevant
theory of the variable weight model can be
obtained from references [100].

4. The superposition process is conducted to
compose information storage layers of relevant
factors into one information storage layer, so
that the produced information storage layer
contains the information of all relevant factors.
The evaluation model of water inrush vulnera-
bility is established to calculate the vulnerabil-
ity indexes of each evaluation cell, producing a
zoning map for the water inrush risk. Figure 5
shows an example. The accuracy of forecasting
and evaluation results is tested by using loca-
tions of known water inrush points or locations
of water inrush after mining.

Three-Map and Two-Prediction Method
The three maps in this method employ the follow-
ing maps: zoning map for water abundance of
water-filling aquifers in coal seam roofs, safety
zoning map for roof caving, and comprehensive
zoning map for water gushing (inrush) conditions
of roofs [101–102]. According to the method, the
necessary and sufficient condition for the water
filling in coal seam roofs is that water-flowing
fractured zones in roofs formed by coal mining
connect overlying direct water-filling aquifers,
and the aquifers have large water abundance
in the caving zone of the mining face. In zones
with low water abundance, serious water disasters
are not likely to happen even if water-flowing
fractured zones connect aquifers. Severe water
disasters only take place in zones with large
water abundance under the condition that water-
flowing fractured zones connect aquifers.

The two predictions in this method consist of
groundwater flux rate prediction for the working
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face prior to mining and groundwater flow rate
prediction for the working face during mining.

The method can favorably predict water disas-
ters in coal seam roofs, and the concrete steps are
as follows:

1. Determine water abundance of water-filling
aquifers in coal seam roofs. On the basis of
considering the main controlling factors
influencing water abundance of water-filling
aquifers in roofs, weights of the factors are
solved according to the controlling effects of
each factor on the water abundance. Then, the
zoning map for water abundance of water-
filling aquifers in roofs is developed through

overlay analysis ofmulti-source geo-information.
Figure 6 shows an example.

2. Develop the zoning map for roof caving. The
developing height of caving and fractured zone
after mining is calculated by using the empiri-
cal formula in Coal Mine Safety Regulations.
Afterward, the safety zoning map for roof cav-
ing is plotted according to the distance from the
height of the above zone to the water-resisting
layer between coal seam roof and aquifer floor.
Figure 7 shows an example.

3. Through the overlay analysis of the generated
zoning map for water abundance of water-
filling aquifers in roofs and safety zoning map
for roof caving, the comprehensive zoningmap

Mine Water Inrush, Fig. 4 Thematic maps of main
factors influencing the floor water bursting. (a – water
pressure of limestone aquifer; b – water abundance of
limestone aquifer; c – equivalent thickness of effective

aquiclude; d – distribution of faults and folds; e – thickness
of brittle rock under broken zone by underground pressure;
f – distribution of intersection and endpoint of faults and
folds; g – index of fault scale)
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for water gushing (inrush) conditions of roofs
is developed. Figure 8 shows an example.

4. The “two predictions” refer to the mine water
inrush quantity predictions in natural and
man-made conditions. The natural conditions
mean that the geological and hydrogeological
conditions are not disturbed by mining activ-
ities, while the man-made conditions mean
that the geological and hydrogeological con-
ditions are disturbed by mining or trans-
formed by some engineering measures such
as groundwater drainage and reinforcement
of the fractured strata by grouting. The two
predictions are based on mine-specific con-
ceptual site model, three-dimensional
groundwater flow field, calibration of model
parameters, and stress distributions during
mining. Figure 9 shows the predicted water
flow rate in a mining face in natural condi-
tions, whereas Fig. 10 shows the predicted
water flow rate in the same mining face in
man-made conditions.

Five-Map and Two-Coefficient Method
Five-map and two-coefficient method is another
coal floor water hazard evaluation method. The
five maps consist of contour map of coal floor
protection layer failure depth, contour map of
coal floor protection layer thickness, contour
map of water head above coal floor, contour map
of effective protection layer thickness, and evalu-
ation map of mining above confined aquifer. The
two coefficients are water inrush coefficient and
the coefficient of mining above the confined aqui-
fer. Water inrush coefficient is the ratio of “effec-
tive protection layer thickness” to water head
value. Coefficient of mining above the confined
aquifer is the index that represents hydraulic pres-
sure resistance per meter of stratum. This method
can favorably predict coal seam floor water disas-
ters, and the detailed steps are as follows:

1. Develop contour map of coal floor protection
layer failure depth. In the process of mining,
coal floor is fractured to a certain depth, also

Mine Water Inrush, Fig. 5 Risk zoning map of water inrush
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referred to as “floor failure depth,” which
induces water flow in the rock stratum. The
floor failure depth can be obtained with exper-
iments and empirical calculations.

2. Develop contour map of coal floor protection
layer thickness. The rock stratum between coal
floor and aquiclude roof is named as “protec-
tion layer.” It is the barrier that stops confined
water from flowing into the mining space. Its
thickness and variation pattern can be obtained
from exploratory boreholes.

3. Develop contour map of water head above coal
floor. The contour map is based on groundwater
monitoring data. The confined water heads are
different for different floor elevations.

4. Develop contour map of effective protection
layer thickness. The effective protection layer
thickness is calculated by subtracting the floor
failure depth from the coal floor protection layer
thickness. It is a portion of the protection layer
that possesses real ability of water head pressure
resistance and safety protection function.

5. Finally, develop the evaluation map of mining
above confined aquifer based on the existence
and thickness of effective protection layer in
accordance with the comprehensive analysis
on “two-coefficient and three-class evalua-
tion.” The evaluation map shows the relative
water inrush risks of mining above the con-
fined aquifer.

Mine Water Inrush,
Fig. 6 Zoning map of
aquifer water abundance

Mine Water Inrush 139



Future Directions

The prevention and control technology for mine
water inrush has recently witnessed a great pro-
gress and development. Because of the diverse
coalfield hydrogeological conditions and complex
coalfield geological structures, the mine water
inrush is concealed, and the factors and mecha-
nisms are different, especially with the large-scale
mining of deep mineral resources. Prevention and
control of mine water inrush is still austere, and a
lot of work needs to be done [103]. Many

problems are to be solved and challenges are to
be overcome. The following summarizes the
development trends of future prevention and con-
trol technologies for mine water disasters
[104–106]:

1. A detailed, intelligent, and geologically
guaranteed system for safety and efficient min-
ing is expected to be developed. Coal mine
geological security system should include two
parts – the production geological security sub-
system and safety geological protection
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Fig. 7 Zoning map of roof
caving and fractured degree
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subsystem. Regardless of mine production or
mine safety, the basic geologically guaranteed
system is a prerequisite. The basic geological
guarantee is a large systematic engineering and
involves many aspects [107, 108]. It covers
survey and prospecting of hydrogeological
conditions, forecasting of water regimes and
disasters and high-precision and detailed detec-
tion, and locating of technology and equipment
for geological structures (particularly concealed
disaster-causing structures) and water abundance
of water-filling aquifers. Apart from these, it also

includes drilling and construction technology
and equipment for rapid and efficient control of
mine water disasters and emergency rescue and
dynamic monitoring and early warning of
hydrogeological conditions for mine water-
filling and mining effects. These are basic
issues guaranteeing the safety production of
coal mines and need to be analyzed using the
theories and methods for large-scale system
engineering.

2. Studies should be conducted on the basic the-
ories and techniques for prevention and control

Roof aquifer water inrush risk zoning map
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Mine Water Inrush,
Fig. 8 Risk zoning map of
roof aquifer water
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of mine water disasters in the mining of deep
coal seams. As the shallow and upper-group
coal resources are depleted, it is inevitable to
enhance the exploitation of deep coal resources
[109, 110]. In response to such situation, lots of
work need to be done, for example, the deep
and lower coal seam occurrence rule, the char-
acteristics and distribution of concentrated
high ground stress, high water pressure, high
water temperature, and high gas pressure, as
well as evolution characteristics of deep rock
mechanical behavior in the “four-high” environ-
ment; geophysical and hydrophysical applications
to supplementing exploration; hydrogeological
conditions in supplementary exploration;
in-depth analysis of the recharge, runoff, and
drainage characteristics of deep karst water;

dynamic evolution law of mining-induced
fractures; and dynamic mechanism and trigger-
ing condition of deep mine water inrush. In
addition, the economically and technically fea-
sible detailed detection and locating techniques
for deep concealed geological structures, the
chain reaction effect of the coupled cross-feed
of various geological disasters in coal mining,
and the forecasting theory, prevention technol-
ogy, monitoring, and warning approach for
water inrush need to be investigated.

3. The theoretical and technical research on coal-
water couplet-resource mine construction and
the development of key technologies for water-
controlled coal mining are supposed to be
enhanced. Water-abundant mining areas are
generally faced with conflicts of coal mining

Mine Water Inrush, Fig. 9 Dynamic curve of inflow in mining face in natural state

Mine Water Inrush, Fig. 10 Dynamic curve of inflow in mining face in artificial modification state
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(dewatering), water supply, and eco-environment
protection. The coal-water couplet-resourcemine
construction and the technology development
for water-controlled coal mining are effective
approaches for solving the above conflicts. The
key technologies for these methods include:
1. For mines where dewatering is feasible, the

three-in-one optimization and combination
method that consists of mine drainage,
water supply, and eco-environment protec-
tion can be applied (Fig. 11). The drainage
measures can be implemented on the
ground, underground, or a combination of
both. It is advisable to use a sewer system
with a cleanup shunt, which can greatly
reduce the cost of mine water [111].

2. For mines where dewatering is not feasible,
the three-in-one method also can be used.
The measures of groundwater control may
include grouting reinforcement of coal
seam floor and reconstruction of aquifer,
blocking water channels by grouting, and
change in coal mining method such as opti-
mization of the mining process by filling as
well as room pillar mining method. Where
the quaternary strong aquifer is present,
implementation of local slight blasting
helps to inhibit the development of fracture
zone height. The use of one-time mining or
caving coal mining technology locally
should be restricted because they tend to
produce great damage to the roof and floor

of the coal seam. Evaluation of mining suit-
ability study should be performed to deter-
mine the non-suitable mining areas. In some
cases, cautionary measures should be taken
such as pre-cutting the groundwater flow to
the mine by establishing ground drains and
pre-draining strong groundwater runoff
zones. While it is desirable to minimize
the mine water inflow, efforts should be
made to maximize the use of the mine drain-
age after treatment. Through the effective
control and utilization of mine water,
groundwater resources are protected in the
mine area, and the groundwater levels are
controlled to avoid deterioration of themining
ecosystems and geological environment.

3. The five-in-one optimization and combina-
tion method that consists of mine water con-
trol, treatment, utilization, recharge, and eco-
environment protection can be used in mines
with unique recharge conditions [112]. Under
the scenarios in which effective measures are
taken to prevent and control water for safe
production, mine water treatment should be
performed to maximize the use of mine water
in underground production and groundwater
supply process. The remaining mine water is
processed and recharged back into the
underground to achieve the goal of sus-
tainable coal resources development and
overall water resources and ecological
environment protection.

Mine Water Inrush,
Fig. 11 The sketch map of
drainage – water supply –
eco-friendly
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4. Organizational coordination. As the optimi-
zation system of “three-in-one” or “five-in-
one” involves three separate different
departments of mine, water, and environ-
mental protection, cooperation is essential
between them.

4. The forecasting and evaluation theory and field
measurement technology for super-high water-
conducting fractured zone of roofs and extra-
deep mine pressure disturbed zone of floors in
integrated mechanized mining with large min-
ing height and high one-time-take-whole cav-
ing are also a future research direction. From
the beginning of the twentieth century, most of
China’s large coal mines have adopted inte-
grated mechanized mining methods with large
mining height and high one-time-take-whole
caving. These coal mining methods created
high productivity and efficient mines and
have also brought new hydrogeological prob-
lems. The height of the roof caving fractured
zone and depth of the floor rock pressure fail-
ure zone are much greater than those from the
traditional stratified mining. The roof and floor
filling water sources that are not in the distur-
bance zone of the traditional mining may
become parts of the disturbance zone in
response to the new mining methods, which
poses a threat to the safety of coal mines [113,
114]. The abnormally disturbed zones in coal
roofs and floors induced by the powerful mech-
anized mining increase the probability of
connecting to aquifers in roofs and floors,
goaf water, or surface water and lead to a
higher risk of mine water inrush.

5. In the study on the drilling and geophysical
integration in technology for exploitation
water of advanced drilling, exploitation water
of advanced drilling of underground mining
faces generally includes drilling and geophys-
ical exploration, each having its own advan-
tages and disadvantages.

The advantages of drilling are intuitive and
clear. As long as the drilling intercepts the
water body, one can prove its exact location
and thus implement drainage to achieve the
purpose of advanced exploration. However,
the shortcomings are limited control range,

existence of exploration blind spots, long dura-
tion, and large investment. Interception of no
water only means that there is no water content
in the location of the borehole. Multiple bore-
holes must be designed to determine the distri-
bution of the water content in the entire range
of the excavation work surface [115, 116]. On
the other hand, the shortcomings of geophysical
methods are nonunique interpretation, decrease
in detection accuracy with the increase of the
detection range (volumetric effect), and strong
influences on the detection accuracy by the
environment. The advantage of geophysical
methods is that these methods can quickly and
cost-effectively carry out a comprehensive sur-
vey of the entire mining face. When the detec-
tion range is small, the accuracy is better [117,
118]. In view of the above advantages and dis-
advantages, the geophysical methods are typi-
cally used first, which is followed by drilling to
verify the geophysical results. A true integration
of drilling and geophysical exploration has not
been achieved.

6. A monitoring and early-warning technology
system for mine water disasters with functions
of monitoring mining-induced deformation
and potential water inrush is expected to be
developed in the future. The occurrence of
water inrush cannot happen unless the follow-
ing three conditions are met, i.e., water-filling
source, water-filling channel, and water-filling
strength. Water inrush will not occur if any of
these conditions are not met. The microseismic
monitoring technology can perform real-time,
planar, high-precision positioning and three-
dimensional display and analysis of the mining
process of the aqueduct to determine the chan-
nel type, channel space position, and deforma-
tion scale, but the microseismic monitoring
technology cannot detect and determine if the
channel is filled with water or not. The micro-
earthquake itself cannot monitor and provide
early warning of water inrush potential,
because water inrush will not occur if there is
no water supply, although the mining deforma-
tion may be great [119, 120]. In addition to
microseismic monitoring technology, the mon-
itoring technology based on fiber grating
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communication can monitor mining-induced
deformation and water pressure in real time;
however, the multiparameter monitoring sys-
tem can merely conduct point monitoring but
fails to monitor the whole working face
[121]. Therefore, developing the monitoring
and early-warning technology system for
mine water disasters is another important
research direction in the future. The system is
expected to perform concurrent monitoring of
two parameters – mining-induced deformation
and water-filling sources.
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Glossary

Codex Alimentarius Collection of internation-
ally recognized standards, codes of practice,
guidelines, definitions, and recommendations
relating to food, food production and pro-
cessing, and food safety, including standards
for bottled drinking waters and natural mineral
waters. The Codex Alimentarius is developed
and maintained by the Codex Alimentarius
Commission established in November 1961
by the Food and Agriculture Organization of
the United Nations (FAO). The World Health
Organization (WHO) joined the Commission
in June 1962. The first session of the Commis-
sion was held in Rome in October 1963.

Curative water Groundwater which meets
the standards of mineral water (i.e., at least
1 g/kg dissolved solid) or which contains less

than 1 g/kg of dissolved solids but having
concentration of pharmacologically active
compound above the lower limit, including
temperature above 20 �C (i.e., thermal water).

Geothermal energy resources Total amount of
thermal energy (heat) accumulated in the Earth’s
crust down to given depth, referred to particular
area for which the calculations are made and for
mean annual temperature at the Earth’s surface.

Geothermal energy Is a heat energy generated
and stored in the Earth.

Geothermal system Consists of three elements:
(i) heat source, (ii) reservoir (i.e., aquifer), and
(iii) fluid – i.e., thermal water (or steam) as a
heat carrier; it comprises the entire hydrogeo-
logically connected area with the recharge zone,
reservoir aquifer, and outflow zone; the geother-
mal aquifer plays a role of geothermal reservoir.

Lindal diagram Diagram that illustrates the pos-
sible utilization of thermal waters with respect
to their temperature.

McKelvy diagram Diagram that utilizes the
resources and reserves to assess the amount
of any minerals on the Earth in the light of
two distinct parameters: degree of certainty
and the profitability (technically, these param-
eters are used as axes of the diagram). Such
diagram can be used also to assess the
resources of geothermal energy.

Mineral water May be defined in different ways
depending on the field of application, i.e.,
hydrogeology, balneology, or bottled water
industry. Traditionally term “mineral water”
was referred to specific groundwater used for
curative purposes which characterized higher
than average concentrations of dissolved solids
or gases or higher temperature. The formal
definition of mineral water has been proposed
for the first time by L. Grünhut in 1911 during
the International Balneological Congress in
Nauheim, Germany. It was established that
this term can be referred only to the ground-
water which contains at least 1 g/kg of dissolved
solids. Nowadays, the value of 1 g/L of total
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dissolved solids is commonly accepted border
between fresh and mineral waters also from
hydrogeological point of view.

Thermal water Also called as geothermal water,
are defined as groundwater with a temperature
of at least 20 �C at the outflow.

Definition of the Subject

From the beginning of time, water has been essential
resource for survival of man. Except freshwaters
used for drinking and household purposes,
the mineral and thermal waters used by man from
centuries have their special place in the development
of societies, nations, countries, and civilizations.

Mineral and thermal waters from hydro-
geological point of view are groundwaters. The
groundwater is defined as the free water (i.e., able
to gravitational flow) present beneath Earth’s sur-
face in pores and fissures of rock formations.
Groundwater constitutes about 1.7% of the world’s
total water, which accounts for the volume of
around 23.4 � 106 km3. More than 50% of that
volume constitutes groundwater which occurs in
strata below 1 km depth where water is mostly
saline and hot. Thewater is an extraordinary solvent
that dissolvesmore substances than any other liquid
in nature. That is why groundwaters through inter-
action with rocks as they travel through under-
ground environment gradually acquire their
unique physicochemical characteristics, mineral
content, and temperature. Part of these waters,
depending on the specific chemical features, tem-
perature, and place and form of occurrence at the
surface, have been used by people for drinking,
bathing, healing, therapy, or religious rites for thou-
sands of years. The use of these resources for
heating, personal hygiene, and curative and recre-
ational purposes is deeply integrated in the history
of our civilization. Archeological findings show
that mineral and thermal waters have been used
for bathing since the Bronze Age (about
12,000–3,000 years BC). Many hot springs have
been used in connection with religious rites in
Egypt and by the Jews of the Middle East; the
Greeks, Turks, and Romans were famous for their
spa development and use from Persia to England.

The term “mineral water” traditionally is
connected with balneology and is referred to
groundwaters used for curative purposes in
which total dissolved solids are higher than that
of waters commonly used for drinking or house-
hold purposes at particular area. “Balneology”
relates to warm baths for healing purposes with
natural thermal waters, different temperatures,
chemical composition, or viscosity (pure liquid
or mud). The first formal definition of “mineral
water” proposed by L. Grünhut in 1911 during the
International Balneological Congress in Nauheim,
Germany, indicates that this term should be
referred exclusively to groundwaters with total
dissolved solids of 1 g/kg solution. Groundwaters
which contain less than 1 g/kg of dissolved solids
but having concentration of pharmacologically
active compound (e.g., F�, Br�, I�, HBO2, CO2,
Fe, H2SiO3, etc.) above the medically
(balneologically) accepted lower limit can be
counted among mineral curative waters as the
so-called specific waters. The temperature is one
of these pharmacologically active compounds
of mineral curative waters. The groundwaters with
a temperature of at least 20 �C at the outflow are
unanimously called thermal (or geothermal) waters.

The use of mineral and thermal waters devel-
oped and evolved over time: from curative and
healing bathing or drinking at the place of their
occurrence and origin to the emergence of two
very important sectors of economy, namely,
(i) bottling water industry and (ii) geothermics –
science/industry pertaining to the exploration and
utilization of geothermal heat for direct use and
electric power generation. The uniqueness of the
use of mineral and thermal waters from the begin-
nings to these days is characterized by a firmly
established belief in the curative powers of min-
eral and thermal water springs in the countries in
which they occur. Nowadays this is corroborated
by a growing number of balneological healing
centers, health resorts, and spas, which are well
established in the system of public health care in
many countries of the world. On the other hand,
the bottling water markets positioned bottled
waters as very good, healthy, and safe alternative
for less healthy packaged beverages as carbonated
soft drinks or fruit juice drinks.
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Mineral and thermal waters still play an impor-
tant role in social, cultural, and industrial devel-
opment of many countries providing the human
health, food, and renewable energy security.

Introduction

Mineral and thermal waters constitute a special
category of groundwater which has been used by
man for drinking, bathing, healing, therapy, or
religious rites for thousands of years. From the
beginning to today, people have believed in the
curative powers of mineral and thermal water
springs in the places and countries in which they
occur. That is why throughout the centuries, ther-
mal waters have always occupied a significant
position in the history and development of nations,
countries, civilizations, and societal relations.
Nowadays utilization of mineral and thermal
waters falls into three main areas which constitute
important sectors of the economy, namely,
(i) balneology – relates to the most traditional use
ofmineral and thermal water, balneotherapy, health
and wellness industry, and warm baths for healing
purposes with natural thermal waters of different
chemical composition or viscosity (pure liquid
water or mud); (ii) water bottling industry, relates
to specially distinguished and regulated water-food
market and to consumption of natural mineral
waters, springwater, table waters, etc., packed and
sold for consumers; and (iii) geothermics, geother-
mal energy sector connected with exploration and
utilization of geothermal heat produced by thermal
water for direct use and electric power generation.

This chapter is focused on the explanation of
the key issues of mineral and thermal water occur-
rence, formation in the Earth’s hydrosphere, and
their exclusive socioeconomic role in modern
societies resulting directly from the ways they
are used and applied. The first chapter provides
basic information on the distribution and move-
ment of water in Earth’s hydrosphere to show the
position and relative volume of the groundwaters:
groundwaters are direct source of mineral and
thermal waters used by man. The second chapter
deals with terminology and definitions of mineral
and thermal waters and explains mutual relation-
ships between these two water types. Confusion

of terminology is particularly evident in relation to
mineral waters: they are understood differently in
different areas of usage, e.g., balneology vs. water
bottling industry. The next three chapters are
focused on the application and utilization of min-
eral and thermal waters in three main areas: bal-
neology, geothermal energy, and water bottling
industry. Balneology and balneotherapy refer to
the oldest and the most traditional use of mineral
and thermal waters and were described with spe-
cial focus on historical aspects.

Geothermal energy is perhaps the least under-
stood of all alternative energy resources among the
general public and even among workers in other
energy fields. In the twentieth century, high-
temperature water resources have been used for
the production of electricity, while medium- and
low-temperature resources are used for domestic
heating, from individual houses to whole commu-
nities, as well as for industrial and agricultural
purposes. It usually comes as a surprise to learn
that the use of thermal waters as geothermal heat
carriers saves the equivalent of more than two
million tonnes of oil per year. Various ways of
utilization of thermal water heat are shown in
light of the global use of geothermal energy.

The water bottling industry is a key sector in
the economies of many countries. According to
the newest analytical reports, the global bottled
water market was valued at approximately USD
170.0 billion in 2014 and is expected to reach
approximately USD 280.0 billion by 2020. In
terms of volume, global bottled water market
stood at around 290.0 billion liters in 2014.
Marketed bottled mineral waters are treated as
food, have their own definitions, and must comply
with special safety regulations and standards
which are shown in detail in the last chapter
together with the newest data concerning con-
sumption of bottled water in the world.

Distribution of Water in Earth’s
Hydrosphere: Sources of Mineral and
Thermal Waters

Water – transparent fluid which forms oceans,
streams, rivers, lakes, ice caps, and rains – is
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essential to life on our planet. About 71% of the
Earth’s surface is covered with water (Fig. 1).

About 96.5% of the Earth’s water is stored in
oceans. The remaining 3.5% is stored in gla-
ciers and ice caps, groundwater, and soil mois-
ture. More than 97% of the Earth’s water is salt
water, and only 2.5% accounts for freshwater.
More than 75% of total water in land areas is
locked in glacial ice or is saline. Only a small
percentage (�1%) of the world’s total water
supply is actually available to humans as fresh-
water for drinking and other purposes like
industry, transportation, heating and cooling,
etc. (Fig. 2).

Although the mass of water on Earth remains
quite constant over time, its distribution among
various reservoirs is variable depending on a wide
range of climatic factors. This process of contin-
uous movement (cycling) of water masses
between Earth’s lithosphere, atmosphere, hydro-
sphere, and biosphere is called the hydrological
cycle (Fig. 3).

The processes that drive the movement of
water from one reservoir to another are evapora-
tion, condensation, precipitation, deposition, run-
off, infiltration, sublimation, transpiration,
melting, and groundwater flow.

Groundwater constitutes about 1.7% of the
world’s total water, which accounts for a volume
of around 23.4 � 106 km3 [1]. About 50% of this
volume constitutes groundwater which occurs in
strata below 1 km deep where water is usually
saline and hot. Water has a distinguishing feature
of dissolving a wider range of substances than any
other liquid. That is why the variable chemistry of
groundwater is an index of its interaction with
geological environment, residence time, move-
ment, and storage.

Groundwater is the source of mineral and ther-
mal water.

Mineral and Thermal Waters:
Terminology and Mutual Relations

The term “mineral and thermal waters” is used
widely in the literature and traditionally combines
two kinds of waters, namely, mineral water and

thermal water. Why is such combination justified?
And how are these kinds of waters defined?

The term “mineral water” has not been pre-
cisely defined or understood for a long period of
time. Today it is usually colloquially used to mean
bottled water in contrast to tap water. The confu-
sion with unambiguous definition of mineral
water stems from different understanding of this
term in different fields of its application and use.
There are three main areas which refer to mineral
water and describe this term in slightly different
ways, namely, (i) balneological industry, (ii) water
bottling industry, and (iii) the area of groundwater
research – hydrogeology and hydrogeochemistry.

Traditionally the term “mineral water” is
referred to specific groundwaters used for curative
purposes which are characterized by higher than
average concentrations of dissolved solids or
gases or higher temperature. The formal definition
of mineral water has been proposed for the first
time by L. Grünhut in 1911 during the Interna-
tional Balneological Congress in Nauheim, Ger-
many. It was established that this term referred
only to groundwater which contains at least 1 g/kg
of dissolved solids [4]. In fact, the great majority
of spas and baths based on curative waters at that
time utilized waters with mineralization higher
than 1 g/kg [4, 5]. During the same Congress,
the lower limits of concentrations of pharmaco-
logically active compounds (e.g., F�, Br�, I�,
HBO2, CO2, Fe, H2SiO3, etc.) in water were
agreed upon. Groundwater which contains less
than 1 g/kg of dissolved solids but has concentra-
tions of pharmacologically active compounds
above the lower limit can be counted among cura-
tive mineral waters as the so-called specific
waters. These criteria adapted in Nauheim are
widely used today in many countries, especially
those with well-developed spa treatment and
balneological industries. Nevertheless, there are
many reservations and critical remarks with
regard to such definition of mineral waters stem-
ming from medical, hydrogeological, or food
premises.

In hydrogeology, in the area of groundwater
research, exploration, and exploitation, ground-
water is considered as a part of the geological
environment remaining in constant interaction
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with rocks. This water–rock interaction forms
groundwater chemical composition and is respon-
sible for concentration of specific ions and gas
phases, as well as the content of total dissolved
solids. From a hydrogeological point of view,

groundwater is mineralized because it always con-
tains some amount of dissolved solids. However,
the term “mineral water” is exclusively used for
groundwater in which total dissolved solids are
higher than that of waters commonly used for
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water
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Freshwater
2.5%

Total global
water
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Surface water
and other
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Mineral and Thermal Waters, Fig. 2 Distribution of Earth’s water (Data after [1]; graph adapted from [2])

Mineral and Thermal Waters, Fig. 3 Hydrological cycle – continuous movement of water masses (adapted from [3])
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drinking or household purposes. There are many
classifications of groundwater which take into
account the concentration of total dissolved solids
(TDS) to distinguish between freshwaters and
mineralized (i.e., mineral) waters; some of them
are more logical and more convenient than others
and have been used in hydrogeology for a long
period of time (Table 1).

As can be seen from Table 1, the TDS of 1 g/kg
is the most widely accepted boundary between
fresh and mineral water.

Groundwater with elevated concentrations of
dissolved solids also may reveal elevated temper-
atures in the place of their occurrence – and in
such case, they also become thermal water if the
temperature is above 20 �C at the outflow.

The beginnings of bottling mineral waters for
the consumer market date back to the seventeenth
century with rapid growth in the nineteenth cen-
tury. The development of bottling water industry
and bottling water market and possibilities of sell-
ing packaged water on the global market led to the
necessity of implementing specific legal regula-
tions for marketed mineral waters together with
their own definitions. According to such regula-
tions, bottled mineral waters have to comply with
internationally recognized standards and recom-
mendations relating to food (i.e., bottled water is
treated as a food), food production, processing,
health safety, chemical composition, packaging,
labeling, transportation, etc. Marketed bottled
waters are defined as natural mineral waters,
springwaters, drinking waters, sparkling waters,
etc. and may contain less than 1 g/L of total
dissolved solids. Mineral water is treated sepa-
rately from any other type of water, and it is not

regulated by standards for drinking water from
municipal sources or other bottled waters. Mineral
water is not considered to be processed, distilled,
or demineralized water; it is rather groundwater
from a spring or a well that contains minerals
naturally present in the water as it flows from the
underground geological source. About 97% of all
bottled water sold in Europe is either natural min-
eral water or springwater. Both types of water
comply with the standards of the European
Union Directive 2009/54/EC. Each brand of nat-
ural mineral and springwater has its own distinc-
tive taste, a unique set of properties, and specific
mineral composition which is derived from the
geological conditions present in the area where
the water is abstracted [9].

Various aspects of mineral water in the bottling
industry are discussed in more detail in
section “Mineral Water in Bottling Industry: Leg-
islation and Consumption.”

Thermal waters, also called geothermal
waters, are defined as groundwaters with a tem-
perature of at least 20 �C at the outflow. The
isotherm of 20 �C lies at depths of about
1,500–2,000 m in the Earth’s crust in regions of
permafrost, rising to about 100 m or higher in
subtropical regions; at the boundary with the tro-
pics, it emerges onto the Earth’s surface
[10]. Thermal waters are extracted primarily for
their heat content and only secondarily for their
mineral content [17] High crustal temperatures
and good aquifer permeability are the most impor-
tant factors giving rise to thermal water systems
from which heat can be obtained. The heat is
extracted from liquid water or steam, which may
be brought to the surface at natural emergences,

Mineral and ThermalWaters, Table 1 Exemplary clas-
sification of groundwater based on the total dissolved
solids (TDS). Classification proposed by Davis [6] is

more widely used and corresponds with majority of
hydrogeological applications

Classification of Davis [6]
TDS (ppm)

Classification of Krieger [7]
TDS (ppm)

Classification of Pazdro and Kozerski
[8]
TDS (g/L)

Freshwaters 0–1,000 Freshwaters 0–1,000 Ultra-freshwaters <0.1

Brackish waters 1,000–10,000 Slightly saline 1,000–3,000 Freshwaters 0.1–0.5

Saline waters 10,000–100,000 Moderately saline 3,000–10,000 Acratopegae 0.5–1.0

Brines >100,000 Very saline 10,000–35,000 Mineral waters 1.0–35.0

Brines >35,000 Brines >35.0
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such as fumaroles, solfataras, mofettes, geysers,
and springs, or via wells and boreholes, which
may be several thousand meters deep in sedimen-
tary basins [17].

Most of high-enthalpy and many low-enthalpy
geothermal systems are artesian, at least in the
initial state. In artesian basins, waters with tem-
peratures of 70–100 �C or more emerge from
fissures that extend to depths of around
2,000–3,000 m. In mountainous regions, such as
the Alps, the Caucasus, the Tien-Shan, and the
Pamirs, thermal waters reach the surface in
numerous hot springs, with temperatures of up to
50–90 �C [10].

In the regions of present-day volcanism, they
are manifested in the form of geysers and steam
vents, which emit steam-water mixtures and
vapors upon emergence onto the surface; in this
case, waters with temperatures of 150–250 �C
emerge from fissures that extend to depths of
around 500–1,000 m. Examples of these types of
thermal waters are Pauzhetka on the Kamchatka
Peninsula, Big Geysers in the USA, Wairakei in
New Zealand, the soffione at Larderello in Italy,
and geysers in Iceland.

Modern utilization of thermal waters began
with people’s awareness that the heat produced
with thermal waters can be treated as geothermal
energy resources which can be captured and
harnessed for space heating or cooling, gardening,
greenhouses, fish farming, etc. The fourteenth
century was the beginning of utilization of ther-
mal waters for space heating; a district heating
network was applied for the first time in the
French village of Chaudes-Aigues Cantal. Nowa-
days, space heating with geothermal energy is one
of the most common and widespread direct uses of
geothermal resources. The production of electric-
ity requires high-temperature thermal water
resources or dry steam with temperatures above
150 �C. Italian Prince Piero Ginori Conti was the
first to test geothermal steam energy conversion to
electric power between 1904 and 1905 at a geo-
thermal field in Larderello, Italy (thermal water
and steam temperatures in the range 180–260 �C);
the first commercial power plant of 250 kWe was
commissioned in Larderello in 1913. Nowadays,
the use of thermal waters as geothermal heat

carriers saves the equivalent of more than two
million tonnes of oil per year [11].

Mineral and Thermal Water as a Curative
Agent: From Past to Present

From the beginning of time, water has been an
essential resource for the survival of man. It is not
surprising that evidence of the earliest civilizations
has been found along the banks of the rivers: the
Tigris and Euphrates in Mesopotamia, the Nile in
Egypt, the Indus in India, and the Huang-He
(Yellow River) in China [9]. Besides freshwater
for drinking and household purposes, thermal and
mineral waters have been used by people for bath-
ing, healing, therapy, or religious rites for thousands
of years. Balneology – the practice of using natural
mineral and thermal springwater for the treatment
and cure of disease – also has a long history.

Archeological findings show that mineral and
thermal waters have been used for bathing since
the Bronze Age (about 12,000–3,000 years BC).
There are many findings and examples showing
that people preferred to settle in the vicinity of hot
springs, e.g., in Japan – as early as 11,000 years
BC. Location of human settlements in the vicinity
of hot springs took place in many areas in the
world and in many periods of human history; the
beginnings of such cities like Budapest, Sofia, and
Reykjavik are directly connected with the occur-
rence of thermal springs [12–14]. Hot springs have
been used in connection with religious rites in
ancient Egypt and by the Jews of the Middle East
[15]. From the earliest times, humanity has asso-
ciated certain mineral and thermal water springs
with divine powers of healing [16]. In the first
millennium BC, the Greeks believed in divinities
associated with thermal and mineral waters and
their curative properties. On the island of Kos,
the healing powers of the local spring were attrib-
uted to Asclepios, the god of medicine and son of
Apollo, and a magnificent sanctuary was built for
him at the end of the fourth century BC
[17]. Greek physician Hippocrates of Kos, called
“the father of medicine,” applied thermal water for
medical treatment. Ancient Greeks developed the
school of physiotherapy and balneology based

156 Mineral and Thermal Waters



upon geothermal waters and herbs. They are also
the authors of the popular maxim “health from
water.” Romans took over this motto, which is
currently known as “SPA” – salus per aquam in
Latin. The word “spa” also traces its origin to a
town “Spa” near Liege in southern Belgium near
the German border. The mineral springs of Spa,
mentioned already by Pliny the Elder, were
rediscovered in 1326 when an ironmaster used
the iron-bearing springwater to cure his ailments.
He founded a health resort at the spring called
Espa (meaning fountain in the Walloon language).
Espa became so popular that the word known in
English as “spa” became the common designation
for similar health resorts around the world [17].

The Romans were attracted by the curative
properties of thermal springs and often settled in
their vicinity. In the Roman Empire, hot baths
were a rite, an art of relaxation, and an important
element of social and political life. Baths played
an important role in the formation of urban soci-
eties as well as in the development of trade con-
nections and economic relationships. Ancient
Romans disseminated the idea of hot baths in
many parts of the empire. Many spas famous
today have a long history dating back to Roman
times, for example, Baden-Baden in Germany
was originally known as Aquae Aureliae, Wies-
baden in Germany known as Aquae Mattiacorum,
Bath in England known as Aquae Sulis, and in
France Aix-les-Bains known as Aquae Allo-
brogum and Aix-en-Provence known as Aquae
Sextiae [17–19]. Successors of Roman baths
were Turks who restored or implemented this
tradition in various parts of their Ottoman Empire.

In Europe, after the fall of the Roman Empire,
the majority of the baths they established were
neglected. However, many early churches were
built on sites of ancient healing. In the thirteenth
and fourteenth centuries, mineral and thermal
water baths started to be rediscovered, and newer
ones developed across Europe; in the eighteenth
century, many baths were rebuilt, and many new
“watering places” or “spas”were established. Spas
then became fashionable centers of resort for the
upper classes and nobility [17]. The thermal
springs at Buda were known in thirteenth-century
Hungary due to the Knights of the Order of

St John, who started to use them for balneal treat-
ment. Interest in the therapeutic use of thermal and
mineral waters in Bohemia increased markedly in
the fourteenth century, culminating in 1348 when
the spa of Karlovy Vary (Var meaning “boiling”)
was established by order of Charles IVof Luxem-
bourg. The town, formerly known by its German
name of Carlsbad, and its treatment facilities
developed rapidly on the basis of 12 naturally car-
bonated thermal springs [17, 20]. In present-day
Romania, the gradual development of spa towns in
the vicinity of thermal and mineral water sources
occurred from the thirteenth to nineteenth centu-
ries. In medieval Transylvania, the warm baths
southeast of Oradea were first described in 1221.

Geothermal waters were also used in Chinese
medicine, which developed principles of medical
treatment: so-called “cold” diseases (e.g., rheuma-
tism) should be healed with “warm” cures
(commonly geothermal waters), whereas the dis-
eases connected with high temperature require
“cold” cures and thus could not be treated with
warm water [21].

Specific traditions of usage of geothermal
waters have also been developed throughout the
centuries in Japan. They developed the so-called
onsen – special center – unknown from other
countries in which physical and mental regenera-
tion was practiced along with medical treatment at
the site of geothermal springs [22].

In the USA, the use of natural springs, especially
geothermal ones, has gone through three stages of
development: (i) use by Indians as sacred places,
(ii) development by the early European settlers to
emulate the spas of Europe, and (iii) as a place of
relaxation and fitness [20]. The Indians of the
Americas considered hot springs as sacred places
and believed in the healing powers of the heat and
mineral waters. Montezuma, the great Aztec leader,
spent time at a spa, Aqua Hedionda, to recuperate
from his strenuous duties; it was later developed into
a fashionable spa by the Spaniards. Every major hot
spring in the USA has some record of use by the
Indians, some for over 10,000 years. These springs
were also known as neutral ground, to which war-
riors could travel and rest unmolested by other tri-
bes. Here they would recuperate from battle [17, 20,
23]. European settlers in the USA and Canada in
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seventeenth and eighteenth century found and used
these natural hot springs and later, realizing their
commercial value, developed many into spas after
the tradition in Europe.

The popularity of spas as fashionable resorts
declined rapidly in Europe and the USA in the
early part of the twentieth century. However, their
use for therapeutic treatment, often as part of the
national health services, has continued through
today in many countries, especially in Central and
Eastern Europe, Russia, Germany, France, Austria,
Hungary, Romania, the Czech Republic, Slovakia,
and also in China [15, 24]. TheUSA, unlike Europe,
did not have the government, trade unions, social
security, and national health insurance program to
support developments as spas or healing centers.
Interest in spas languished, andmany of themajestic
resorts went into decline and closed at this time [20].

The use of medically supervised spas, espe-
cially in Europe and Japan, has long been
accepted. They are used for both treatment and
preventive therapy. At the end of the twentieth
century, a significant resurgence in the use of hot
spring and thermal bathing as a method of cure
and prevention was observed. Famous spa towns
came back to life as modernization led the hot
springs toward becoming commercial ventures.
Two such examples are the well-known thermal
bathing center of Karlovy Vary in the Czech
Republic and the Piestany spa in Slovakia. The
Karlovy Vary spa became one of the leading ther-
mal spring providers in the early part of the cen-
tury. In 1911 AD, it recorded a guest count of
70,935 guests, adding to its fame and attracting
many European elites of the day. Natural hot
springs and their benefits were also rediscovered
and developed in many countries famous today
for their hot springs, including European countries
like Hungary, France, Slovakia, Czech Republic,
Germany, Romania, Italy, Poland, Russia, Portu-
gal, Spain, Turkey, and many others like Iceland,
Japan, China, Taiwan, and Argentina.

In the former Czechoslovakia, there are 52min-
eral water health spas and more than 1,900 min-
eral springs, to which every year about 220,000
citizens are granted free spa treatment for 3 weeks,
paid by the national health insurance program [14,
15, 17].

Poland has more than 42 prosperous health
resorts based on mineral and thermal waters and
curative muds which are well established in the
system of public health care. Over 70% of health
resorts and towns with curative waters are located
in southern Poland in the Sudetes and Carpathian
regions, together with Carpathian Depression.

As the world’s largest country by area, Russia
possesses a diverse landscape and with it comes
copious natural resources, ranging from thermal
water in the highlands to abundant muds, salts,
herbs, and gases suitable for holistic treatments.
Russia has hundreds of mineral springs, many of
which have been developed into fully operational
recreation and treatment facilities. Banya, the
famous sauna culture in Russia dating back
1,000 years, is also ripe for development. According
to Spa and Wellness International Council (SWIC,
Russia), there are 2,000 traditional medical-focused
health resorts or sanatoriums in the country which
are often located on mineral springs. There are also
more than 1,500 spas; however, only about one-third
correspond to international standards [25]. Today,
there are approximately 210 spas in the USA with
4.5 million persons attending a spa in 1997 [15]. In
Japan there are over 1,500 spas that are used by over
100 million visitors every year.

Spa and health resorts which belong to the
system of public health care and public
balneotherapy in European countries usually are
based on the mineral and thermal waters which are
called curative waters or specific waters. Curative
water is usually mineral or thermal water, or
groundwater, with no chemical and microbiolog-
ical contamination and with natural diversity of
physical and chemical properties, containing spe-
cific concentrations of pharmacologically active
compounds above the lower limit agreed in the
special regulations and legislation in particular
countries. For example in Poland, curative water
must comply with the following requirement
according to Act of 9 June 2011 Geological and
Mining Law:

– Total solid dissolved mineral content at least
1,000 mg/dm3

– Ferrous ion content – at least 10 mg/dm3

(ferruginous waters)
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– Fluoride ion content – at least 2 mg/dm3

(fluoride waters)
– Iodine ion content – at least 1 mg/dm3 (iodide

waters)
– Bivalent sulfur ion content – at least 1 mg/dm3

(sulfide waters)
– Meta-silicic acid content – at least 70 mg/dm3

(silicic waters)
– Radon content – at least 74 Bq (radon waters)
– Carbon dioxide content – at least 250 mg/dm3

(250–1,000 mg/dm3 carbonic acid waters,
>1,000 mg/dm3 carbonated water)

The regulatory concentration of pharmacolog-
ically active compounds is derived from medi-
cally observed curative and healing effects; such
values may be different in other countries.

Nowadays however, some of the most com-
mon reasons for bathing in mineral thermal waters
are to revitalize the skin, calm the nerves, detoxify
the body, and refresh the oxygen levels. Many
also turn to thermal mineral waters for health
issues such as arthritis, fibromyalgia, skin condi-
tions, depression, respiratory illnesses including
asthma, and locomotor and circulatory diseases.
Improving health and appearance and escaping
stress to refresh and revitalize the body and the
mind are the main reasons why people go to spas
and why spas are becoming an increasingly
important part of life today.

Thermal Water as Renewable Energy
Source

Geothermal Energy, Geothermal Systems, and
Geothermal Resources
Geothermal energy is heat energy generated and
stored in the Earth. According to current concepts,
there are four main sources of geothermal energy
[26–28]: (i) initial heat of the Earth related to
impact of particles at the accretion of protoplane-
tary nebula and its enthalpy (i.e., primordial
energy of planetary accretion), (ii) change in
potential gravitational energy of the planet due
to density differentiation, (iii) change of kinetic
energy of the Earth’s gyration accompanied by the
transformation of mechanical energy into thermal

ones by means of tidal friction, and (iv) release of
nuclear energy at decay of radioactive elements.
The intensity of energy release by each of these
sources varies in time. Common energy release in
the Earth is estimated at 5.3–7.2 � 1013 W
[28]. The term “geothermal energy” should be
understood not only as the “heat generated and
stored within the Earth” but also as an indication
of that part of the Earth’s heat that can be extracted
and used by man as a resource [29].

A geothermal system consists of three ele-
ments [29] (Fig. 4):

– Heat source
– Reservoir (i.e., aquifer)
– Fluid – i.e., thermal water (or steam) as a heat

carrier

The geothermal system comprises the entire
hydrogeologically connected area with the
recharge zone, reservoir aquifer, and outflow zone
(Fig. 4). A heat source enables constant conductive
transfer of heat energy to the surrounding rocks and
pore (or fissure) groundwaters increasing their tem-
perature and the geothermal gradient of the area.
The geothermal aquifer, which plays a role of geo-
thermal reservoir, is the volume of heated and
permeable rocks which can be exploited by extrac-
tion of thermal water (or steam). The geothermal
reservoir is usually overlain by a cover of imper-
meable rocks and connected to the recharge zone,
where the meteoric waters can partly replace the
fluids that escape from the reservoir through
springs or are extracted by boreholes. Fluid
(water) convection heated from the heat source at
the base of the circulation system is a driving force
in the geothermal reservoir; heated fluid of lower
density tends to rise upward leaving place for the
colder fluid of higher density coming from the
margins of the system [29]. Depending on various
hydrogeological and geological settings and ther-
mal conditions, geothermal systems may vary con-
siderably. According to [17] the following
geothermal systems may be distinguished:

(a) According to the manner of heat transport:
– Conductive systems
– Convective systems
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(b) According to the mobility of the components:
– Systems with mobile components (water,

gases, and even magma)
– Systems without mobile components (i.e.,

hot dry rock)
(c) According to the nature of the components:

– Hot dry rock systems
– Magmatic systems
– Thermal water systems

(d) According to the state of the components:
– Systems of solid components
– Systems of magmatic melts with and with-

out gases and vapor
– High-enthalpy systems (generally domi-

nated by steam)
– Low-enthalpy systems (liquid water

dominated)
(e) According to the hydraulic closure of the

components:
– Closed systems –where the thermal fluid is

confined by strata of low permeability,
recharge of water is slow, and over long

distances, the discharge of water or steam
is intermittent

– Open systems – where the water flows
from an area of recharge to one of dis-
charge and is not confined by a low perme-
ability layer

Geothermal energy resources are defined as
the amount of thermal energy (heat) accumulated
in the Earth’s crust down to a given depth, referred
to as the particular area for which the calculations
are made and for the mean annual temperature at
that point on the Earth’s surface [30, 31].

Geothermal energy resources can be of two
types [28]:

(a) Hydrothermal resource – when the geother-
mal energy is accumulated in hot groundwa-
ter, i.e., the heat carrier is thermal water or
steam extracted with the wells.

(b) Petrothermal resource – when the geothermal
energy is accumulated in hot rocks (including

Mineral and Thermal Waters, Fig. 4 Schematic illustration of classical geothermal system (Adapted from [13])
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magmatic melts); the energy carrier is a media
(usually water) injected through wells into the
hot rock formations (the so-called hot dry
rocks – HDR) and/or salt diapirs.

The geothermal gradient, which is the differ-
ence in temperature between the core of the planet
and its surface, drives a continuous conduction of
thermal energy in the form of heat from the core to
the surface. The output of geothermal energy to
the atmosphere and hydrosphere occurs also with
advective mechanism as a result of volcanic and
hydrothermal activity. The conductive heat flow
(i.e., heat flow density – flow of energy per unit of
area per unit of time) is characterized by consid-
erable regional variations. Polyak and Smirnov
[32, 33] showed that abyssal heat flow is naturally
related to the age of continental tectonic units and
tectonomagnetic activity: the densities of the aver-
age heat flow in the Precambrian, Paleozoic, and
Mesozoic units are about 45, 55, and 70 mW/m2,
respectively, and reach 90 mW/m2 in areas of
Cenozoic volcanism; i.e., heat flow density
increases as the age of tectonomagnetic activity
decreases [28]. In active zones of the continent –
ocean transition – the heat flow density values
vary abruptly from 20 to 40 mW/m2 in trenches
up to 80–400 mW/m2 in volcanic arcs and back-
arc basins; the highest heat flow occurs in the
zones of mid-ocean ridges, where the total heat
flux reaches 400–800 mW/m2. The global mean
value of conductive heat flow density is estimated
at 85 mW/m2 (e.g., [34, 35]).

The heat flow density distribution predeter-
mines the variations of the depth temperatures,
which determines the geothermal gradient, geo-
thermal regions, and groundwater temperatures.
The geothermal gradient expresses the increase in
temperature with depth in the Earth’s crust. The
average geothermal gradient is about 2.5–3.0 �C/
100 m, but ranges vary widely in different parts of
the Earth’s crust; in geothermal areas the geother-
mal gradient is much higher than the average value.

Geothermal energy resources are extracted
from geothermal systems. They are usually (and
traditionally) classified among renewable
resources of heat energy. However, the ability
to renew the energy resources depends on the rate

of energy recharge. In the exploitation of natural
geothermal systems, energy recharge takes place
by advection of thermal waters on the same time
scale as production from the resource. In such
cases, the geothermal resources are renewable.
Reaching and maintaining this equilibrium in the
geothermal system indicates also the sustainable
use of the energy resources. On the other hand,
there are geothermal resources (e.g., hot, dry rocks,
and some of the hot water aquifers in sedimentary
basins) where energy recharge is only by thermal
conduction. Due to the slow rate of thermal con-
duction processes, the rate of the heat energy con-
sumption is greater than the rate of energy
recharge; such geothermal systems should be con-
sidered as finite energy resources (e.g., [29]).

Classification of Geothermal Resource
Currently, there is no standard, uniform classifi-
cation of geothermal energy resources in the
world literature (e.g., [29, 31, 36]). The main
factor determining the potential use of particular
geothermal resources is the reservoir temperature,
i.e., the enthalpy (temperature) of the heat carrier.

In relation to the reservoir temperature, the
geothermal resources are usually divided into
three groups (Table 2): (i) low-enthalpy resources,
(ii) intermediate-enthalpy resources, and (iii) high-
enthalpy resources. As can be seen in Table 2,
there is no full agreement in relation to tempera-
ture ranges for particular group of resources.

Such simple classification qualitatively shows
the energetic value of various thermal water
resources. It is useful only to qualify the subse-
quent potential application of thermal water to
direct use or to electricity production. Taking into
account the state of actual technological develop-
ment in the area of geothermal energy utilization,
the water at temperatures greater than around
100 �C can be used to produce electricity (e.g.,
binary systems), although the efficiency of elec-
tricity generation (and therefore, the economic
viability) will increase with higher temperatures.
It is widely accepted that the high-enthalpy
resources correspond to reservoir temperatures
higher than 150 �C and can be applied to conven-
tional electric power generation. Thermal water
with temperature below 150 �C is recommended
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to be utilized in a direct way, e.g., district heating,
greenhouses, aquaculture, etc. In relation to this
classification, distinction is often made between
water-dominated systems and vapor-dominated
(i.e., dry steam) systems. In water-dominated sys-
tems, liquid water is the pressure-controlling fluid
phase. These geothermal systems with tempera-
ture range <125–>225 �C are the most widely
distributed in the world and depending on temper-
ature may produce hot water, water and steam
mixture, wet steam, and sometimes dry steam
[29]. In vapor-dominated systems, liquid water
and vapor coexist in the system, with vapor as
the continuous pressure-controlling phase. Geo-
thermal systems of this type are high-temperature
systems, usually produce dry steam or superheated
steam, and are rather rare in the world, e.g., Gey-
sers in California and Larderello in Italy [29].

Another muchmore advanced andmore “quan-
titative” example of classification of geothermal
resources worth presenting here takes into account
the geological recognition of the geothermal
resources together with ecological, technological,
and economic aspects of their development,
exploitation, and utilization. The classification
shown here was developed by Wojciech Górecki
from the University of Science and Technology in
Kraków, Poland, in the 1990s and later improved
via its application in many geothermal projects
including successful evaluation and classification
of geothermal resources of Poland. Results and
details of this application can be found in Górecki
et al. [31, 36, 41–44] and Hajto [45].

The classification (Fig. 5) is based on the well-
known format of the McKelvey diagram. The

McKelvey diagram utilizes the resources and
reserves to assess the amount of any minerals on
the Earth in the light of two distinct parameters:
degree of certainty and the profitability
(technically: these parameters are used as axes of
the diagram [31, 46]).

The presented classification combines the con-
cepts of geothermal resources assessment and
classification used in European countries [37,
47–51, 66]. Moreover, the classification takes
into account the latest requirements of classifica-
tion of geothermal resources proposed by the
United Nations Framework Classification for Fos-
sil Energy and Mineral Reserves and Resources
2009 [52] and Hajto [45].

The horizontal axis of the diagram (Fig. 4)
represents the accuracy of geological recognition
(i.e., degree of certainty), whereas the vertical one
displays the depth of occurrence and the economic
efficiency of geothermal energy use (i.e., profitabil-
ity). The methodology takes also into account the
level of geological confidence (hydrogeological
and thermal parameters) of the study area, which
enables estimation of resources according to the
classification as accessible, static, static-recoverable,
disposable, and exploitable resources and reserves.
These particular types of the geothermal resources
are defined as follows [31, 36]:

(a) The accessible geothermal energy resources –
the amount of thermal energy accumulated in
the Earth’s crust down to 3,000 m depth or to
the top of the crystalline basement, referred to
the mean annual Earth’s surface temperature
expressed in [J].

Mineral and Thermal Waters, Table 2 Geothermal resources classification in relation to enthalpy of the heat carrier

Geothermal
resources Temperature (oC)

Muffler and
Cataldi [30]

Hochstein
[37]

Benderitter and
Cormy [38]

Nicholson
[39]

Axelsson and
Gunnlaugsson [40]

Low-enthalpy
resources

<90 <125 <100 �150 �190

Intermediate-
enthalpy resources

90–150 125–225 100–200 – –

High-enthalpy
resources

>150 >225 >200 >150 >190
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(b) The static resources of geothermal waters and
energy – the amounts of free (gravitational)
geothermal water hosted in pores, fractures, or
caverns of given hydrogeothermal horizon,
expressed in [m3] or [km3], and recalculated
into the energy units [J]. These resources are
calculated when the recognition of continuous
groundwater reservoirs or horizons is possible
in a given area. Based on the determined
properties of the aquifer (i.e., lithology, thick-
ness, porosity, and permeability), the identifi-
cation of producing reservoirs and horizons is
possible.

(c) The static, recoverable geothermal waters and
energy resources – constitute only a part of the

static resources diminished by the recovery
index Ro, expressed in [m3] or [km3], and
recalculated into the energy units [J].

(d) The disposable geothermal waters and energy
resources – the amount of free (gravitational)
geothermal water within the horizon or other
calculation unit, which can be developed
under given conditions but without detailed
localization as well as technical and economic
specification of an intake and expressed in
[m3/day], [m3/year], [J/year], or [TOE/year]
(TOE – tonnes of oil equivalent).

(e) The exploitable geothermal waters and energy
resources – the amount of free (gravitational)
geothermal water, which can be produced at

Mineral and Thermal Waters, Fig. 5 The McKelvey diagram presenting classification of geothermal resources (After
[31, 45])
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given geological and environmental settings
with intakes of optimum technical and eco-
nomic parameters, expressed in [m3/h] and
[m3/day] at relevant drawdown, and
recalculated into [J/year] or [TOE/year].

Details concerning the calculation of particular
resources can be found in Górecki et al. [31,
36, 41].

The classification according to the McKelvey
diagram was modified in order to better adjust the
terminology and definitions to the Polish assess-
ment concepts and prevailing low-enthalpy
resources. The volume method of determination
of the “heat in place” of the geothermal resources
was employed taking into account assumptions
suggested byMuffler and Cataldi [30], Gringarten
and Sauty [53], and Lindal [54] and with strong
concerns for both the economic and ecological
aspects of geothermal energy assessment. The
accessible and the static geothermal energy
resources have exclusively cognitive meanings,
whereas the disposable, and particularly the
exploitable, resources are of practical importance.

Utilization of Thermal Waters
The resources of heat energy accumulated in ther-
mal waters (including steam) can be used in many
different ways. To illustrate the possible utiliza-
tion of thermal waters with respect to their tem-
perature, the classical Lindal [54] diagram can be
used as shown in Fig. 6.

As can be seen from the diagram, thermal
waters at temperatures around 20 �C at the out-
flow are rarely used, and if so, only in specific
conditions or in heat pump applications. The use-
fulness of thermal waters to electricity production
begins at temperatures around 100 �C: application
of binary systems is required. At temperatures
around 140–150 �C and higher, thermal water
resources can be used to generate electric power
in conventional ways. Two facts can be deduced
from the Lindal diagram [55]: (i) the temperature
of thermal water resources may limit their possi-
ble use and (ii) the cascading utilization of thermal
resources may increase the feasibility and profit-
ability of geothermal projects.

The utilization of heat energy accumulated in
thermal waters and steam falls into two traditional
categories:

1. Electric power generation
2. Direct use – where the space (district) heating

is dominant

Direct Use of Thermal Waters: Heating and
Cooling
Direct or non-electric utilization of geothermal
energy refers to the immediate (i.e., direct) use of
heat energy rather than its conversion to some
other forms, for example, electrical energy [56].
Direct applications utilize low- to intermediate-
enthalpy geothermal resources which correspond
with temperature range between 50 and 150 �C.
Thermal waters are the principal heat carrier at the
low-enthalpy geothermal resources, and their res-
ervoirs can be exploited by conventional water
well drilling equipment.

The low-enthalpy systems are much more
widespread than the high-enthalpy ones, and
they are more likely to be located near potential
users. In the USA, for example, of the 1,350
known geothermal systems, only 5% have tem-
peratures above 150 �C, and 85% are below 90 �C
[56, 57]. In fact, almost every country in the world
has some low-enthalpy geothermal resources.

Direct utilization of thermal waters is one of
the oldest, the most versatile, and also the most
common forms of usage of geothermal energy
[15, 29]. Direct utilization consists of various
forms of heating and cooling. The major areas of
direct utilization of thermal waters [56] are:

(a) Swimming, bathing, and balneology
(therapeutic use)

(b) Space heating and cooling
(c) Agriculture applications (mainly greenhouse

heating and some animal husbandry)
(d) Aquaculture applications (mainly fish pond

and raceway heating)
(e) Industrial processes
(f) Heat pumps (for heating and cooling)

Typical component of a direct-use heating sys-
tem is presented in Fig. 7.
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The comprehensive summary of the current
world’s direct utilization of geothermal heat and
thermal waters may be found in Lund and Boyd
[59] and Lund et al. [60].

Worldwide total installed geothermal power
of direct use of geothermal energy is around
70,329 MWt, and energy use is about
587,786 TJ/year (163,287 GWh/year) distrib-
uted among 82 countries [59]. Direct use of
geothermal energy in particular countries in
2015 is summarized in Table 3.

The leading countries in terms of installed geo-
thermal power (i.e., installed capacity, MWt) are
the USA, China, Sweden, Turkey, and Germany,
accounting for 68.5% of the world geothermal
power; in terms of annual energy use (TJ/year),
the leading countries are China, the USA, Swe-
den, Turkey, and Iceland, accounting for 63.6% of
the world usage. The largest percent increase in
geothermal installed capacity (MWt) over the past
5 years was in Thailand, Egypt, India, South

Korea, and Mongolia. In terms of annual energy
use (TJ/year), the largest percent of increases over
the past 5 years was in Thailand, Egypt, the Phil-
ippines, Albania, and Belarus. Most of these
increases were due to geothermal heat pump
installations and/or better reporting on bathing
and swimming use [60].

The distribution of direct utilization of geother-
mal energy among the various forms of use world-
wide in 2015 is presented in Figs. 8 and 9.

District heating (including heat pumps) repre-
sents nearly 88% of the installed geothermal
power (MWt) and nearly 89% of the annual geo-
thermal energy use (TJ/year). The world’s largest
consumption of direct-use geothermal heat is
connected with application of geothermal heat
pumps; annual geothermal energy use accounts
for 55.3% and installed geothermal power for
70.95%. Although most of the installations occur
in North America, Europe, and China, the number
of countries with installations increased from 26 in

Mineral and Thermal Waters, Fig. 6 Lindal diagram depicting the possible use of thermal waters and steam in relation
to temperature (After [54])
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2000 to 33 in 2005 to 43 in 2010 and to 48 in
2015 [15].

The equivalent number of installed 12 kWunits
(typical of the USA andWestern Europe homes) is
approximately 4.16 million. In contrast to Europe,
in the USA most units are sized for peak cooling
load and are oversized for heating; in Europe, most
units are sized for the heating load [59].

Space heating has increased 44% in installed
geothermal power and in annual energy use over
2010. The installed geothermal power in 2015
reached 7,556 MWt and the annual energy use
88,222 TJ/year. The leaders in district heating in
terms of annual geothermal energy use are China,
Iceland, Turkey, France, and Germany, whereas
Turkey, the USA, Italy, Slovakia, and Russia are
the major users in the individual space heating
sector.

Bathing and swimming are the second largest
area of direct usage of geothermal heat. Almost
every country has spas and resorts that have swim-
ming pools heated with geothermal water, includ-
ing balneology – the treatment of diseases with
thermal water. However, it is a common practice
that the water is allowed to flow continuously,

regardless of use (such as at night when the pool
is closed). As a result, the actual usage and capac-
ity figures may be high.

Actual installed geothermal power in this sec-
tor is about 9,140MWt, and the annual energy use
is 119,381 TJ/year [59].

Average capacity factors (i.e., load factors)
determined for each country (Table 3) vary from
0.09 to 0.99. The lower values usually indicate
countries in which geothermal heat pump usage
predominates; capacity factor for the category
“geothermal heat pumps” is low and estimated to
be 0.21 [59]. The higher values of capacity factors
are for countries with high industrial use (e.g.,
New Zealand) or continuous operation of pools
for swimming (e.g., Algeria, Caribbean Islands,
Madagascar, and Mexico). The worldwide capac-
ity factor dropped from 0.40 in 2000 to the current
0.265 in 2015. It is assumed to be a result of the
increase in geothermal heat pump usage
[60]. Capacity factors for the various categories
of use remain approximately constant when com-
pared to 2010, except for industrial uses which
dropped from 0.70 to 0.54 [59]. The capacity
factor is calculated as follows:

PLATE HEAT
EXCHANGER

ENERGY

USER
SYSTEM

GEOTHERMAL

PEAKING/
BACKUP

UNIT

INJECTION
WELLHEAD
EQUIPMENT

PRODUCTION
WELLHEAD
EQUIPMENT

130° F
(55° C)

170° F
(75° C)

180° F
(80° C)

140° F
(60° C)

Mineral and Thermal Waters, Fig. 7 Typical components of a direct-use heating system (Adapted from [58])

166 Mineral and Thermal Waters



M
in
er
al

an
d
Th

er
m
al

W
at
er
s,
Ta

b
le

3
D
ir
ec
t
us
e
of

ge
ot
he
rm

al
en
er
gy

w
or
ld
w
id
e
in

20
15

af
te
r
L
un

d
an
d
B
oy

d
[5
9]
.
C
F
ca
pa
ci
ty

fa
ct
or

fo
r
ea
ch

co
un

tr
y;

fo
r
ad
di
tio

na
l

ex
pl
an
at
io
n,

se
e
th
e
te
xt

C
ou

nt
ry

In
st
al
le
d
ge
ot
he
rm

al
po

w
er

(M
W
t)

E
ne
rg
y
us
e

(T
J/
ye
ar
)

E
ne
rg
y
us
e

(G
W
h/
ye
ar
)

C
F

C
ou

nt
ry

In
st
al
le
d
ge
ot
he
rm

al
po

w
er

(M
W
t)

E
ne
rg
y
us
e

(T
J/
ye
ar
)

E
ne
rg
y
us
e

(G
W
h/
ye
ar
)

C
F

A
lb
an
ia

16
.2
3

10
7.
59

29
.8
9

0.
21

Jo
rd
an

15
3.
30

1,
54

0.
00

42
7.
81

0.
32

A
lg
er
ia

54
.6
4

1,
69

9.
65

47
2.
25

0.
99

K
en
ya

22
.4
0

18
2.
62

50
.7
3

0.
26

A
rg
en
tin

a
16

3.
60

1,
00

0.
03

27
7.
81

0.
19

K
or
ea

(S
ou

th
)

83
5.
80

2,
68

2.
65

74
5.
24

0.
10

A
rm

en
ia

1.
50

22
.5
0

6.
25

0.
48

L
at
vi
a

1.
63

31
.8
1

8.
84

0.
62

A
us
tr
al
ia

16
.0
9

19
4.
36

53
.9
9

0.
38

L
ith

ua
ni
a

94
.6
0

71
2.
90

19
8.
04

0.
24

A
us
tr
ia

90
3.
40

6,
53

8.
00

1,
81

6.
26

0.
23

M
ac
ed
on

ia
48

.6
8

60
1.
11

16
6.
99

0.
39

B
el
ar
us

4.
73

11
3.
53

31
.5
4

0.
76

M
ad
ag
as
ca
r

2.
81

75
.5
9

21
.0
0

0.
85

B
el
gi
um

20
6.
08

86
4.
40

24
.0
1

0.
13

M
ex
ic
o

15
5.
82

4,
17

1.
00

1,
15

8.
70

0.
85

B
os
ni
a
an
d

H
er
ze
go

vi
na

23
.9
2

25
2.
33

70
.1
0

0.
33

M
on

go
lia

20
.1
6

34
0.
46

94
.5
8

0.
54

B
ra
zi
l

36
0.
10

6,
62

2.
40

1,
83

9.
70

0.
58

M
or
oc
co

5.
00

50
.0
0

13
.8
9

0.
32

B
ul
ga
ri
a

93
.1
1

1,
22

4.
42

34
0.
14

0.
42

N
ep
al

3.
32

81
.1
1

22
.5
3

0.
78

C
an
ad
a

1,
46

6.
78

11
,6
15

.0
0

3,
22

6.
65

0.
25

T
he

N
et
he
rl
an
ds

79
0.
00

6,
42

6.
00

1,
78

5.
14

0.
26

C
ar
ib
be
an

Is
la
nd

s
0.
10

2.
78

0.
77

0.
85

N
ew

Z
ea
la
nd

48
7.
45

8,
62

1.
00

2,
39

4.
91

0.
56

C
hi
le

19
.9
1

18
6.
12

51
.7
0

0.
30

N
or
w
ay

1,
30

0.
00

8,
26

0.
00

2,
29

4.
63

0.
20

C
hi
na

17
,8
70

.0
0

17
4,
35

2.
00

48
,4
34

.9
9

0.
31

P
ak
is
ta
n

0.
54

2.
46

0.
68

0.
14

C
ol
um

bi
a

18
.0
0

28
9.
88

80
.5
0

0.
51

P
ap
ua

N
ew

G
ui
ne
a

0.
10

1.
00

0.
28

0.
32

C
os
ta
R
ic
a

1.
00

21
.0
0

5.
83

0.
67

P
er
u

3.
00

61
.0
0

16
.9
5

0.
64

C
ro
at
ia

79
.9
4

68
4.
49

19
0.
15

0.
27

P
hi
lip

pi
ne
s

3.
30

39
.5
8

11
.0
0

0.
38

C
ze
ch

R
ep
ub

lic
30

4.
50

1,
79

0.
00

49
7.
26

0.
19

P
ol
an
d

48
8.
84

2,
74

2.
60

76
1.
89

0.
18

D
en
m
ar
k

35
3.
00

3,
75

5.
00

1,
04

3.
14

0.
34

P
or
tu
ga
l

35
.2
0

47
8.
20

13
2.
84

0.
43

E
cu
ad
or

5.
16

10
2.
40

28
.4
5

0.
63

R
om

an
ia

24
5.
13

1,
90

5.
32

52
9.
30

0.
25

E
gy

pt
6.
80

88
.0
0

24
.4
5

0.
41

R
us
si
a

30
8.
20

6,
14

3.
50

1,
70

6.
66

0.
63

E
lS

al
va
do

r
3.
36

56
.0
0

15
.5
6

0.
53

S
au
di

A
ra
bi
a

44
.0
0

15
2.
89

42
.4
7

0.
11

(c
on

tin
ue
d
)

Mineral and Thermal Waters 167



M
in
er
al

an
d
Th

er
m
al

W
at
er
s,
Ta

b
le

3
(c
on

tin
ue

d)

C
ou

nt
ry

In
st
al
le
d
ge
ot
he
rm

al
po

w
er

(M
W
t)

E
ne
rg
y
us
e

(T
J/
ye
ar
)

E
ne
rg
y
us
e

(G
W
h/
ye
ar
)

C
F

C
ou

nt
ry

In
st
al
le
d
ge
ot
he
rm

al
po

w
er

(M
W
t)

E
ne
rg
y
us
e

(T
J/
ye
ar
)

E
ne
rg
y
us
e

(G
W
h/
ye
ar
)

C
F

E
st
on

ia
63

.0
0

35
6.
00

98
.9
0

0.
18

S
er
bi
a

11
5.
64

1,
80

2.
48

50
0.
73

0.
49

E
th
io
pi
a

2.
20

41
.6
0

11
.5
6

0.
60

S
lo
va
k

R
ep
ub

lic
14

9.
40

2,
46

9.
60

68
6.
05

0.
52

F
in
la
nd

1,
56

0.
00

18
,0
00

.0
0

5,
00

0.
40

0.
37

S
lo
ve
ni
a

15
2.
75

1,
13

7.
23

31
5.
93

0.
24

F
ra
nc
e

2,
34

6.
90

15
,8
67

.0
0

4,
40

7.
85

0.
21

S
ou

th
A
fr
ic
a

2.
30

37
.0
0

10
.2
8

0.
51

G
eo
rg
ia

73
.4
2

69
5.
16

19
3.
12

0.
30

S
pa
in

64
.1
3

34
4.
85

95
.8
0

0.
17

G
er
m
an
y

2,
84

8.
60

19
,5
31

.3
0

5,
42

5.
80

0.
22

S
w
ed
en

5,
60

0.
00

51
,9
20

.0
0

14
,4
23

.3
8

0.
29

G
re
ec
e

22
1.
88

1,
32

6.
45

36
8.
49

0.
19

S
w
itz
er
la
nd

1,
73

3.
08

11
,8
36

.8
0

3,
28

8.
26

0.
22

G
re
en
la
nd

1.
00

21
.0
0

5.
83

0.
67

T
aj
ik
is
ta
n

2.
93

55
.4
0

15
.3
9

0.
60

G
ua
te
m
al
a

2.
31

56
.4
6

15
.6
8

0.
78

T
ha
ila
nd

12
8.
51

1,
18

1.
20

32
8.
14

0.
29

H
on

du
ra
s

1.
93

45
.0
0

12
.5
0

0.
74

T
un

is
ia

43
.8
0

36
4.
00

10
1.
12

0.
26

H
un

ga
ry

90
5.
58

10
,2
68

.0
6

2,
85

2.
47

0.
36

T
ur
ke
y

2,
88

6.
30

45
,1
26

.0
0

12
,5
36

.0
0

0.
50

Ic
el
an
d

2,
04

0.
00

26
,7
17

.0
0

7,
42

2
0.
42

U
kr
ai
ne

10
.9
0

11
8.
80

33
.0
0

0.
35

In
di
a

98
6.
00

4,
30

2.
00

1,
19

5.
10

0.
14

U
ni
te
d

K
in
gd

om
28

3.
76

1,
90

6.
50

52
9.
63

0.
21

In
do

ne
si
a

2.
30

42
.6
0

11
.8
3

0.
59

U
ni
te
d
S
ta
te
s

17
,4
15

.9
1

75
,8
62

.2
0

21
,0
74

.5
2

0.
14

Ir
an

81
.5
0

1,
10

3.
12

30
6.
45

0.
43

V
en
ez
ue
la

0.
70

14
.0
0

3.
89

0.
63

Ir
el
an
d

26
5.
54

1,
24

0.
54

34
4.
62

0.
15

V
ie
tn
am

31
.2
0

92
.3
3

25
.6
5

0.
09

Is
ra
el

82
.4
0

2,
19

3.
00

60
9.
22

0.
84

Y
em

en
1.
00

15
.0
0

4.
17

0.
48

It
al
y

1,
01

4.
00

8,
68

2.
00

2,
41
1.
90

0.
27

W
or
ld
w
id
e

to
ta
l

70
,3
28

.9
8

58
7,
78

6.
43

16
3,
28

7.
07

0.
27

Ja
pa
n

2,
18

6.
17

26
,1
30

.0
8

7,
25

8.
94

0.
38

168 Mineral and Thermal Waters



annual energy use in TJ=yearð Þ=½
installed capacity in MWtð Þ� � 0:03171:

This number reflects the equivalent percentage
of equivalent full load operating hours per year
(i.e., CF = 0.70 is 70% equivalent to 6,132 full
load hours per year.

Electric Power Generation
Electric power generation is a crucial utilization of
geothermal resources in general. The first applica-
tion of geothermal energy to production of electric

power was in Italy, with experimental work by
Prince Ginori Conti between 1904 and 1905;
the first commercial power plant (250 kWe)
was established in 1913 at Larderello, Italy.
After that, similar experimental plants were
installed in the Geysers, California, in 1932; at
Wairakei, New Zealand, in 1958; and at Pathe,
Mexico, in 1959 [58].

Technological development allows efficient
use of high-enthalpy geothermal resources to pro-
duce electrical energy. Depending on the charac-
teristics of geothermal systems, electricity can be
generated with application of (i) conventional steam

Mineral and Thermal
Waters, Fig. 8 Worldwide
percentage distribution of
total geothermal power
installed (MWt, including
heat pumps) among various
forms of direct use in 2015
(Adapted from [60]). For
additional explanation, see
the text

Mineral and Thermal
Waters, Fig. 9 Worldwide
percentage distribution of
total annual geothermal
energy used (JT/year,
including heat pumps)
among various forms of
direct use in 2015 (Adapted
from [60]). For additional
explanation, see the text
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turbines (Fig. 10) or (ii) binary plants (Fig. 11). Con-
ventional steam turbines require fluids at tempera-
tures of at least 150 �C and are available with either
atmospheric (back pressure) or condensing exhausts
[29]. Atmospheric exhaust turbines are simpler and
cheaper. The steam, direct from dry steam wells or,
after separation, from wet wells, is passed through a
turbine and exhausted to the atmosphere.

In the case of low-enthalpy resources, generally
below 150 oC, the binary plants (i.e., organic Ran-
kine cycle – ORC plants) are used to generate elec-
tric power (Fig. 10). The binary plants utilize a
secondary working fluid, usually an organic fluid
(typically n-pentane), that has a low boiling point
and high vapor pressure at low temperatures when
compared to steam. The secondary fluid is operated
through a conventional organic Rankine cycle
(ORC): the geothermal fluid yields heat to the sec-
ondary fluid through heat exchangers, in which this
fluid is heated and vaporizes; the vapor produced
drives a normal axial flow turbine and is then cooled
and condensed, and the cycle begins again [58, 61].

Another binary system, the Kalina cycle, was
developed in the 1990s. Awater–ammonia mix-
ture as working fluid is used in the Kalina cycle
plants. The working fluid is expanded, in super-
heated conditions, through the high-pressure
turbine and then reheated before entering the
low-pressure turbine [29]. After the second

expansion, the saturated vapor moves through a
recuperative boiler before being condensed in a
water-cooled condenser. The Kalina cycle is more
efficient than existing geothermal ORC binary
power plants but is of more complex design.

According to the latest report by Lund et al.
[60], electric power is produced from geothermal
energy in 26 countries (Tables 4, 5 and 6).

As can be seen from Tables 4, 5 and 6, the top
five countries for capacity and produce energy are
the USA, the Philippines, Indonesia, Mexico, and
New Zealand. For absolute value increase in the last
5 years, Kenya, theUSA, and Turkey are the leaders;
especially in relation to Turkey, after a period of
stagnation, they have revealed significant growth in
geothermal electricity production. Taking into
account the percentage increase of installed electrical
capacity, the leaders are Turkey (336%), Germany
(280%), and Kenya (194%). Turkey’s growth is
mainly due to large installations, whereasGermany’s
is due to installations of many smaller units [60].

Mineral Water in Bottling Industry:
Legislation and Consumptions

Bottled water can be simply defined as the water
intended for drinking packed into glass or plastic
bottles.

Production
well

Re-Injection
well

Turbo-alternator

Atmospheric
exhouse

Steam

Separator

Steam

water

Water

Mineral and Thermal Waters, Fig. 10 Exemplary scheme of conventional steam turbine (Adapted from [61])
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Re-Injection well

Production well

Feed pump Cooling water pump

Condenser

Heat
exchanger

Turbo-alternator

Cooling tower

Mineral and Thermal Waters, Fig. 11 Exemplary scheme of the geothermal binary power plant (Adapted from [61])

Mineral and Thermal Waters, Table 4 Installed electrical capacity and electrical energy produced from geothermal
resources for 2010 and 2015 in particular countries (After Lund et al. [58])

Country
Installed in 2010
(MWe)

Energy in 2010
(GWh)

Installed in 2015
(MWe)

Energy in 2015
(GWh)

Australia 0.1 0.5 1.1 0.5

Austria 1.4 3.8 1.2 2.2

China 24 150 27 150

Costa Rica 166 1,131 207 1,511

El Salvador 204 1,422 204 1,422

Ethiopia 7.3 10 7.3 10

France 16 95 16 115

Germany 6.6 50 27 35

Guatemala 52 289 52 237

Iceland 575 4,597 665 5,245

Indonesia 1,197 9,600 1,340 9,600

Italy 843 5,520 916 5,660

Japan 536 3,064 519 2,687

Kenya 202 1,430 594 2,848

Mexico 958 7,047 1,017 6,071

New Zealand 762 4,055 1,005 7,000

Nicaragua 88 310 159 492

Papua New
Guinea

56 450 50 432

Philippines 1,904 10,311 1,870 9,646

Portugal 29 175 29 196

Romania 0.1 0.4

Russia 82 441 82 441

Taiwan 0.1

Thailand 0.3 2 0.3 1.2

Turkey 91 490 397 3,127

USA 3,098 16,603 3,450 16,600

Total 10,897 67,246 12,635 73,549
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The beginnings of large-scale water bottling
are connected exclusively with mineral and ther-
mal waters used for healing and medicinal pur-
poses from the sources of their occurrences. The
necessity for bottling the water was directly

connected with the successful development of
the thermal and mineral water resorts and the
conscious recognition of curative and therapeutic
benefits of such waters: people sought to take the
curative waters from their sources (e.g., mineral

Mineral and Thermal Waters, Table 5 Worldwide installed electrical capacity and electrical energy produced from
geothermal resources for 2010 and 2015 and forecast for 2020 (After Lund et al. [58])

Continent
Installed in 2010
(MWe)

Energy in 2010
(GWh)

Installed in 2015
(MWe)

Energy in 2015
(GWh)

Forecast for 2020
(MWe)

Europe 1,643 11,371 2,133 14,821 3,385

Africa 209 1,440 601 2,858 1,601

America 4,565 26,803 5,085 26,353 8,305

Asia 3,661 23,127 3,756 22,084 6,712

Oceania 818 4,506 1,056 7,433 1,440

Total 10,897 67,246 12,635 73,549 21,443

Note: Europe includes Guadeloupe (France), Kamchatka (Russia), and Turkey

Mineral and Thermal Waters, Table 6 Plant category per country: installed electrical capacity MWe (After Lund et al.
[58])

Country Back Pressure Binary Double flash Dry steam Hybrid Single flash Triple flash Total

Australia 1 1

Austria 1 1

China 3 24 1 28

Costa Rica 5 63 140 208

El Salvador 9 35 160 204

Ethiopia 7 7

France 2 5 10 16

Germany 27 27

Guatemala 52 52

Iceland 10 90 564 665

Indonesia 8 460 873 1,340

Italy 1 795 120 916

Japan 7 135 24 355 520

Kenya 48 4 543 594

Mexico 75 3 475 466 1,019

New Zealand 44 265 356 209 132 1,005

Nicaragua 10 8 142 160

Papua New
Guinea

50 50

Philippines 219 365 1,286 1,870

Portugal 29 29

Romania 0 0

Russia 82 82

Taiwan 0 0

Thailand 0 0

Turkey 198 178 20 397

USA 873 881 1,584 2 60 3,450

Total 181 1,790 2,544 2,863 2 5,079 12,640
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water spas, thermal baths, etc.). They visited the
sources and resorts and took back waters to their
homes, to continue benefiting from the waters’
healing properties. According to the European
Federation of Bottled Waters (EFBW), the bot-
tling and commercialization of mineral waters
first began in Europe in the middle of sixteenth
century, but large-scale water bottling and trans-
port began in the late nineteenth century (EFBW
2017). The first time water was bottled for the
consumer market water was in 1622 at the Holy
Well, Malvern, UK [62]. As early as 1767, the
waters of Jackson’s Spa in Boston, Massachusetts,
USA, were bottled and sold commercially. The
waters of a mineral spring near Albany,
New York, were bottled about 1800; the Saratoga
Springs water was bottled in 1820; in Europe the
Apollinaris water of Germany was bottled in
1892; and the San Pellegrino waters of Italy
were bottled in 1899 ([9], EFBW 2017). These
bottled waters were sold as medicinal remedies in
pharmacies until the twentieth century.

Today, bottled water is readily available as a
convenient and healthy beverage in a wide range
of formats and packaging materials.

Different types of water are marketed, each
strictly defined by regulations. The bottled waters
sold nowadays may come from natural sources
(e.g., mineral water, artesian, spring, groundwa-
ter, sparkling) or straight from a tap – drinking
water from municipal source or community water
systems.

All bottled waters in the market intended for
drinking are treated as a food and must comply
with special requirements and quality standards
established in bottled water legal regulations on
the national specifics for each country, as well as
an international level.

Codex Alimentarius: FAO and WHO Standards
On the international level, the Codex Alimentarius
is such a collection of internationally recognized
standards, codes of practice, guidelines, defini-
tions, and recommendations relating to food,
food production and processing, and food safety,
including standards for bottled drinking waters
and natural mineral waters. The CodexAlimentarius
is developed and maintained by the Codex

Alimentarius Commission established in November
1961 by the Food and Agriculture Organization of
the United Nations (FAO). The World Health
Organization (WHO) joined the Commission in
June 1962. The first session of the Commission
was held in Rome in October 1963. The high
importance of the Codex Alimentarius stems
from the fact that it is recognized by the World
Trade Organization (WTO) as an international
reference point for the resolution of disputes
concerning food safety and consumer protection.
Codex Standard 108-1981 (adapted 1981,
amendment 2001, 2011, revised 1997, 2008)
entitled Standard for natural mineral waters
applies to all packaged natural mineral waters
offered for sale as food.

Natural mineral water is defined as follows:

– It is characterized by its content of certain
mineral salts and their relative proportions
and the presence of trace elements or other
constituents.

– It is obtained directly from natural or drilled
sources from underground water-bearing strata
for which all possible precautions should be
taken within the protected perimeters to avoid
any pollution of, or external influence on, the
chemical and physical qualities of natural min-
eral water.

– It shows constancy of composition and stabil-
ity of discharge and temperature.

– It is collected under conditions which guarantee
the originalmicrobiological purity and chemical
composition of essential components.

– It is packaged close to the point of emergence of
the source with particular hygienic precautions.

– It is not subjected to any treatment other than
those permitted by this standard; permitted
treatments include separation from unstable
constituents, such as compounds containing iron,
manganese, sulfur, or arsenic (by decantation and
/or filtration).

Additionally the Codex Standard 108-1981
defines different types of natural mineral waters
in relation to CO2 content. The following types of
natural mineral water are distinguished:
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(a) Naturally carbonated natural mineral
water – which has the same content of CO2

spontaneously and visibly given off under
normal conditions of temperature and pres-
sure in the source

(b) Non-carbonated natural mineral water –
which, by nature, does not contain free CO2

in excess of the amount necessary to keep
the hydrogen carbonate salts present in the
water dissolved

(c) Decarbonated natural mineral water –
which has less CO2 content than that at emer-
gence and does not visibly and spontaneously
give off CO2 under normal conditions of tem-
perature and pressure

(d) Natural mineral water fortified with CO2

from the source – which has more CO2 con-
tent than that at emergence

(e) Carbonated natural mineral water – which
has been made effervescent by the addition of
CO2 from another origin

Codex Standard 227-2001 entitled General
standard for bottled/packaged drinking waters
applies to waters for drinking purposes other
than natural mineral waters. This standard addi-
tionally defines two very important types of bot-
tled waters, namely:

(a) Waters defined by origin – groundwaters or
surface waters that share the following
characteristics:
– They originate from specific environmen-

tal resources without passing through a
community water system.

– Precautions have been taken within the
vulnerability perimeters to avoid any pol-
lution of, or external influence on, the
chemical, microbiological, and physical
qualities of water at origin.

– Collecting conditions which guarantee the
original microbiological purity and essential
elements of their chemical makeup at origin.

– From the microbiological standpoint, are
constantly fit for human consumption at
their source and are kept in that state with
particular hygienic precautions until and
while packaging.

– Are not subject to any modification or
treatment other than those permitted (i.e.,
generally the quality of such water must
comply with the Guidelines for drinking
water quality published by the World
Health Organization).

(b) Prepared waters –waters that do not comply
with all the provisions set for waters defined
by origin, may originate from any type of
water supply (including municipal water),
and can be subjected to any treatment that
modifies the original water in order to comply
with chemical, microbiological, and radiolog-
ical safety requirements for prepackaged
water.

EU Regulations
In the European Union, specific legislation
applies to the three different categories of bottled
water: natural mineral water, springwater, and
bottled drinking water (Table 8).

Directive 2009/54/EC (2009) on the exploita-
tion and marketing of natural waters defines
directly natural mineral water and springwater.
The bottled water can be called natural mineral
water when:

– It is originating from an underground water
table or deposit (i.e., groundwater) and emerg-
ing from a spring tapped at one or more natural
or bore exits.

– It is exploited under certain conditions speci-
fied in Annex II of this Directive, and its
exploitation shall be subject to permission
from the responsible authority of the country
where the water is extracted.

– Its water bottled at the source.
– In its state at source, may not be the subject of

any treatment other than (i) the separation of its
unstable elements such as iron and sulfur com-
pounds, manganese, and arsenic through
decantation, filtration, or treatment with
ozone-enriched air, in so far as this treatment
does not alter the composition of the water as
regards the essential constituents which give it
its properties, and (ii) the total or partial elim-
ination of free carbon dioxide by exclusively
physical methods.
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– In its state at source, may not be the subject of
any addition other than the introduction or the
reintroduction of carbon dioxide under certain
conditions specified in Annex I of the directive.

– At the source and during its marketing, a nat-
ural mineral water shall be bacteriologically
pure and free from (a) parasites and pathogenic
microorganisms, (b) Escherichia coli and other
coliforms and fecal streptococci in any 250 mL
sample examined, (c) sporulated sulfite-
reducing anaerobes in any 50 mL sample
examined; and (d) Pseudomonas aeruginosa
in any 250 mL sample examined.

– Any disinfection treatment by whatever means
or the addition of bacteriostatic elements shall
be prohibited.

The term springwater is reserved for a water
which is intended for human consumption in its
natural state and bottled at the source, which:

– Satisfies the conditions of exploitation laid
down in Annex II

– Has not undergone any treatment other than
those referred to natural mineral waters

– Satisfies the microbiological requirements sim-
ilar as natural mineral waters

– Shall comply with the provisions of Directive
98/83/EC on the quality of water intended for
human consumption

According to Directive 98/83/EC, a “water
intended for human consumption” means:

– All water either in its original state or after
treatment, intended for drinking, cooking,
food preparation, or other domestic purposes,
regardless of its origin and whether it is sup-
plied from a distribution network, from a
tanker, or in bottles or containers

– All water used in any food production under-
taking for the manufacture, processing, pres-
ervation, or marketing of products or
substances intended for human consumption
unless the competent national authorities are
satisfied that the quality of the water cannot
affect the wholesomeness of the foodstuff in
its finished form

Bottled drinking waters, also known as table
waters, may originate from various sources,
including groundwater, surface water, and munic-
ipal supply. Bottled drinking water must comply
with national and EU drinking water regulations
(Directive 98/83/EC), which are different from the
rules governing natural mineral water and spring-
waters. Bottled drinking water is commonly
treated and disinfected for taste. Purification by
chemical and physical treatment, such as chlori-
nation and reverse osmosis, is common practice.
Carbon dioxide may be added to create a spar-
kling water. Minerals may be restored to this water
(EFBW 2017).

Taking into account the EU regulations in rela-
tion to bottled waters, natural mineral water can be
clearly distinguished from ordinary drinking
water (i) by its nature, which is characterized by
its naturally stable mineral content, trace ele-
ments, or other constituents, and, where appropri-
ate, by certain effects and (ii) by its original purity.
The main differences between springwater and
natural mineral water are the following (Table 7):

(a) Stability of chemical composition is not a
requirement for springwaters, and mineral
composition need not to be stated on the label.

(b) Springwater must only meet standards for
water intended for human consumption
(Directive 98/83/EC).

(c) There is no formal requirement for a recogni-
tion process for springwaters as there is for
natural mineral water, but quality monitoring
and protection of the sourcemust bemaintained.

Legal Aspects in the USA
In the USA, two primary federal laws protect the
public from contaminants in drinking water: the
Safe DrinkingWater Act (SDWA) and the Federal
Food, Drug, and Cosmetic Act (FFDCA). The
SDWA of 1974 gave the Environmental Protec-
tion Agency (EPA) federal jurisdiction to regulate
quality standards in drinking water delivered by
public water supplies. The Food and Drug Admin-
istration (FDA), an agency of the US Department,
Health and Human Services, is responsible for
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regulations of quality standards of food and
drinks. The major role of the FDA in the regula-
tion of bottled water stems from the classification
of bottled water as “food” under the FFDCA ([9],
IBWA 2017).

The FDA has issued comprehensive bottled
water standards of identity (Code of Federal
Regulation – 21 C.F.R. Part 165.110), which

provide uniform requirements and definitions for
the following types of bottled water: artesian water,
groundwater, mineral water, purified water, spar-
kling water, and springwater. FDA has also
established bottled water standards of quality for
more than 90 substances (21 C.F.R. Part 165.110b).

The FDA’s quality standards for bottled water
are compatible with EPA standards for tap water.

Mineral and Thermal Waters, Table 7 Differences of standards for the three main types of bottled waters in EU
legislation (After [65])

Natural mineral water Springwater Bottled drinking water

Water origin Protected underground
source and surrounding
environment

Protected
underground source

Various: groundwaters as well as surface
water

Minerals
origin

Naturally present in water
from the source

Naturally present in
water from the
source

Can be removed or modified for taste
purposes

Disinfection Prohibited; microbiologically
safe at source

Prohibited;
microbiologically
safe at source

Permitted; usually applied

Chemical
treatment

Prohibited Prohibited Allowed; usually applied to comply with
legislations

Uniqueness Unique source and mineral
balance

Unique source No

Stability Mineral balance always
naturally stabile

Mineral balance may
vary naturally

No restrictions

Bottling and
transport

Bottled at source Bottled at source May be transported to a separate facility

Safety Suitable for human
consumption at source

Suitable for human
consumption at
source

Water usually filtered and/or chemically
treated and disinfected before being safe to
drink

Mineral and Thermal Waters, Table 8 Compilation of selected European Union directives and regulations connected
with bottled water industry (Recommended by EFBW)

Subject of regulation Regulatory act

Natural mineral water Directive 2009/54/EC on the exploitation and marketing of natural mineral waters

Springwater Directive 2009/54/EC on the exploitation and marketing of natural mineral waters
Directive 98/83/EC on the quality of water intended for human consumption

Bottled drinking water
(table water)

Directive 98/83/EC relating to the quality of water intended for human consumption

Food safety and food
hygiene

Regulation 178/2002/EC laying down the general principles and requirements of food
law, establishing the European Food Safety Authority and laying down procedures in
matters of food safety
Regulation 852/2004/EC on the hygiene of foodstuffs
Regulation 882/2004/EC on official controls performed to ensure the verification of
compliance with feed and food law, animal health and animal welfare rules

Packaging and labeling Regulation No 282/2008/EC on recycled plastic materials and articles intended to come
into contact with foodstuffs
Directive 13/2000 of the European Parliament and the Council relating to the Labelling,
Presentation, and Advertising of Foodstuffs
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Each time EPA establishes a standard for a con-
taminant, FDA either adopts it for bottled water or
finds that the standard is not necessary for bottled
water [9].

FDA regulations pertaining to bottle water are
contained in Codes of Federal Regulations 21 C.
F.R. Part 103 and 21 C.F.R. Part 129. They pro-
vide for microbiological, physical, chemical, and
radiological quality standards of bottled water.

According to 21 C.F.R. Part 129.3, bottled
drinking water means all water which is sealed
in bottles, packages, or other containers and
offered for sale for human consumption, includ-
ing bottled mineral water.

According to 21 C.F.R. Pat 165.110, mineral
water is defined as water containing not less than
250 parts per million (ppm) total dissolved solids
(TDS), coming from a source tapped at one or
more bore holes or springs, and originating from
a geologically and physically protected under-
ground water source. Mineral water shall be dis-
tinguished from other types of water by its
constant level and relative proportions of minerals
and trace elements at the point of emergence from
the source, due account being taken of the cycles
of natural fluctuations. No minerals may be added
to this water.

Other types of bottled water defined by regu-
lations of 21 C.F.R. Pat 165.110 are as follows:

(a) Artesian water (artesian well water) is the
water from a well that taps a confined aquifer
(a water-bearing underground layer of rock or
sand) in which the water level stands at some
height above the top of the aquifer.

(b) Groundwater is the water from a subsurface
saturated zone that is under a pressure equal to
or greater than atmospheric pressure. Ground-
water must not be under the direct influence
of surface water as defined in 40 C.F.R. Part
141.2.

(c) Purified water or demineralized water is the
water that has been produced by distillation,
deionization, reverse osmosis, or other suit-
able processes and that meets the definition of
“purified water” in the United States Pharma-
copeia, 23d Revision, 1 January 1995 and
1 C.F.R. Part 51. Alternatively, the water

may be called “deionized water” if the water
has been processed by deionization, “distilled
water” if it is produced by distillation,
“reverse osmosis water” if the water has
been processed by reverse osmosis, and “X
drinking water”with the X being filled in with
one of the defined terms describing the water
in this paragraph (e.g., “purified drinking
water” or “deionized drinking water”).

(d) Sparkling bottled water is the water that,
after treatment and possible replacement
with carbon dioxide, contains the same
amount of carbon dioxide that it had as it
emerged from the source. Sparkling bottled
waters may be labeled as “sparkling drinking
water,” “sparkling mineral water,” “sparkling
springwater,” etc.

(e) Springwater is the water derived from an
underground formation from which water
flows naturally to the surface of the Earth.
Springwater shall be collected only at the
spring or through a bore hole tapping the
underground formation feeding the spring.
There shall be a natural force causing the
water to flow to the surface through a natural
orifice. The location of the spring shall be
identified. Springwater collected with the use
of an external force shall be from the same
underground stratum as the spring, as shown
by a measurable hydraulic connection using a
hydrogeologically valid method between the
bore hole and the natural spring, and shall
have all the physical properties, before treat-
ment, and shall be of the same composition
and quality, as the water that flows naturally to
the surface of the Earth. If springwater is
collected with the use of an external force,
water must continue to flow naturally to the
surface of the Earth through the spring’s nat-
ural orifice. Plants shall demonstrate, on
request, to appropriate regulatory officials,
using a hydrogeologically valid method that
an appropriate hydraulic connection exists
between the natural orifice of the spring and
the bore hole.

(f) Well water is the water from a hole bored,
drilled, or otherwise constructed in the
ground, which taps the water aquifer.
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The FDA regulation to 21 C.F.R. Pat 165.110
allows water from municipal system to be bottled.
When bottled water comes from a community
water system, as defined in 40 CFR Part 141.2,
except when it has been treated to meet the defi-
nitions of “purified water or sterile water,” and is
labeled as such, the label shall state “from a com-
munity water system” or, alternatively, “from a
municipal source.”

As can be seen from an overview of the water
bottled standards promoted by the UN FAO and
WHO, and regulations implemented by directives
of the EU in the member states, or by regulations
of the FDA in the USA, bottled water, including
mineral water, has unique characteristics that jus-
tify its regulation separate and apart from tap
drinking water.

Generally, standards and regulations con-
cerning mineral waters or other bottled waters do
not take into account the amount of dissolved
solids and minerals in the water; only the FDA
standards in the USA require the amount of TDS
to be not less than 250 ppm for mineral water.
According to the EU and FAO regulations, bottled
mineral water can be classified as the specific type
of water in relation to content of TDS, even for
waters with very low concentration of dissolved
minerals.

Market and Consumption Overview
Water is used in many different ways, not only for
drinking but also in farming, manufacturing, and
the production of energy. The consumption of
water, including bottled water, varies from one
country to another depending on many climatic,
societal, and cultural factors.

Global consumption of bottled water is grow-
ing in almost every major geographical region of
the world. The bottled water market initially
emerged as a large, mainstream commercial bev-
erage category in Western Europe, where con-
sumption of it has long been part of many
residents’ routines [63]. Nowadays, the bottled
water industry stands as a truly global beverage
market with consumption estimated at 92 billion
gallons in 2016. Several Asian markets achieved
strong growth to become major bottled water
markets during the 2000s. In fact, Asia itself

became the largest regional market in 2011
(Fig. 10, Table 9).

China became a leader in consumption of bot-
tled water in 2013. By 2016, China accounted for
close to one quarter of global bottled water vol-
ume (Table 9, Fig. 12).

More than a quarter of the global bottled water
production is located in Europe, where consumers
purchase and drink more than 13.7 billion gallons
of bottled water every year.

The sector contributes significantly to the
European economy by providing direct employ-
ment to 54,000 people and investing particularly
in less prosperous regions such as rural areas
[64]. Leading European countries represent firmly
established bottled water markets, and their
growth tends to be smaller than those where bot-
tled water has much less tradition of use.

Within the packaged water market, the
European consumer has a preference for naturally
sourced waters which have not been disinfected
nor chemically processed and which are associ-
ated with a specific place of origin. In Europe,
97% of all bottled water produced is either natural
mineral water (82%) or springwater (15%). This is

Mineral and Thermal Waters, Table 9 Bottled water
consumption in ten leading countries. Data from 2011
and 2016 for comparison.CAGR compound annual growth
rate [63]

Rank Country

2011 2016 2011/
2016
CAGR
(%)Millions of gallons

1 China 12,117.6 22,146.9 12.8

2 United
States

9,107.2 12,781.9 7.0

3 Mexico 7,227.2 8,514.3 3.3

4 Indonesia 4,728.7 7,156.4 8.6

5 Brazil 4,503.8 5,507.4 4.1

6 India 3,045.1 5,193.9 11.3

7 Thailand 3,120.8 3,841.4 4.2

8 Germany 2,956.1 3,134.1 1.2

9 Italy 2,831.1 2,909.3 0.5

10 France 2,249.8 2,389.7 1.2

All
others

15,927.2 18,538.0 3.1

World
total

67,814.6 92,113.3 6.3
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unique compared to other continents where the
bulk of bottled water sold is processed water
(e.g., the USA, Asia).

Consumption per capita by individual region
or country diverges significantly from total con-
sumption in particular countries (Table 10).

As can be seen from Table 10, several Western
European countries have per capita consumption
levels far above 25 gallons, and the Mexican mar-
ket had an average intake of about 67 gallons in
2016 [63]. On the other hand, it is well known that
a considerable part of the developing world, where
themajority of the world’s population resides, finds
its per capita consumption figures still in the single-
digit range. One optimistic fact is that bottled
water’s international growth signals demand for it
in diverse markets. Consumers have demonstrated
a thirst for it in highly developed markets, in less
developed ones, and in economies in transition.

Water is one of very few vital needs for human
beings. It is assumed that a healthy sedentary adult
living in a temperate climate should drink at least
1.5 L of water per day. This level of water intake
balances water loss and helps keep the body prop-
erly hydrated. According to the International Bot-
tled Water Association (IBWA), consumers

Mineral and Thermal
Waters, Fig. 12 Global
bottled water consumption
(Plot adapted from [64])

Mineral and Thermal Waters, Table 10 Per capita
consumption of bottled water in leading countries in 2011
and 2016 (After [63], IBWA 2017)

Rank Country
2011
(gal)

2016
(gal)

1 Mexico 60.5 67.2

2 Thailand 46.9 56.9

3 Italy 46.6 47.5

4 United States 29.2 39.3

5 Germany 35.9 38.0

6 France 35.4 36.6

7 Belgium-
Luxembourg

34.6 35.3

8 Saudi Arabia 26.7 31.3

9 Spain 31.5 31.0

10 United Arab
Emirates

24.6 30.7

11 Hungary 28.7 29.7

12 China, Hong Kong 24.5 28.8

13 Indonesia 19.4 27.7

14 Argentina 26.6 27.6

15 South Korea 18.7 27.1

16 Lebanon 31.2 27.1

17 Brazil 22.9 26.8

18 Austria 24.7 24.8

19 Switzerland 25.0 24.8

20 Poland 20.3 24.7

Global average 9.7 12.4
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choose bottled water for several reasons: taste,
quality, and convenience. They are not buying
bottled water because of elaborate marketing cam-
paigns; they are choosing bottled water instead of
less healthy packaged beverages (IBWA 2017).
Markets have positioned bottled waters as very
good alternative for carbonated soft drinks or fruit
juice drinks. In the developed world, consumers
have come to see bottled water not only as a way
of achieving hydration but also as functional bev-
erage. In developing countries, bottled water
serves as a partial solution to the problem of
access to water of good quality.
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Glossary

Available water capacity Available water capac-
ity is the soil water content within a range
between field capacity and wilting point. It is
the soil water content that can be retained in the
soil and is available for plants.

Confined groundwater Confined groundwater is
the counterpart of phreatic groundwater or
unconfined groundwater. It refers to the
groundwater stored in confined aquifers,
which are overlain by a confining layer made
up of low permeability materials such as clay.

Ecological civilization Ecological civilization is
a term that describes a new stage of the devel-
opment of human civilization. It represents a
new stage of civilization following industrial

civilization and is the final goal of an environ-
mental reform within a given society. Ecolog-
ical civilization can be described as the sum of
all material and ideological achievements
obtained by employing strategies for a harmo-
nious development of the human society and
the environment. It involves a synthesis of eco-
nomic, educational, political, agricultural, and
other societal reforms toward sustainability.

Field capacity Field capacity is the amount of soil
moisture or water content retained in the soil
after the drainage of excess water by gravity.

Loess Plateau The Loess Plateau is one of the
four highlands of China and one of the
birthplaces of the ancient Chinese civiliza-
tion. It was and still is an important center
of the Silk Road and is the most concen-
trated and largest area on earth in terms of
loess accumulation, covering 630,000 km2.
It spreads across the seven Chinese
provinces Qinghai, Gansu, Ningxia, Inner
Mongolia, Shaanxi, Shanxi, and Henan and
is mainly composed by the Shanxi Plateau,
the Shaanxi-Gansu-Shanxi Plateau, the
Longzhong (mid-Gansu) Plateau, the Ordos
Plateau, and the Hetao Plain.

Loess Loess refers to the predominantly silt-sized
sediment formed by the accumulation of wind-
blown dust under dry climatic conditions. It is
usually homogeneous, porous, slightly coher-
ent, and non-stratified. The loess grains are
angular and composed of crystals of quartz,
feldspar, mica, and other minerals.

Phreatic groundwater Phreatic groundwater refers
to the groundwater stored in phreatic aquifers.
Phreatic aquifers are also referred to as
unconfined aquifers whose upper boundaries are
provided by the phreatic surface where the pore
water pressure is under atmospheric conditions.

Water resources vulnerability Water resources
vulnerability is the sensitivity and capability of
a water resource system to adapt to the changes
of water system structures, the decrease of
water quantity, and the deterioration of water
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quality in the context of climate change and
human activities as well as the consequent
changes in water supply, water demand, and
water management and the occurrence of
water-related hazards. It involves the sensitiv-
ity of water resources to internal and external
changes and the adaptability to these changes.

Wilting point Wilting point is defined as the
minimal soil moisture that the plant requires
to avoid wilting. If moisture decreases to this
point or below, a plant will wilt and can no
longer recover its turgidity.

Definition of the Subject

Loess is a fine-grained windblown (aeolian) sed-
iment which is homogeneous, porous, friable,
pale yellow or buff, slightly coherent, typically
non-stratified, and often calcareous [1, 2]. It is
widely distributed in China, Argentina, Europe,
the United States, and Middle Asia and mainly
occurs in arid and semiarid regions with severe
water resource shortages and fragile ecological
environments. Mineral resources such as oil, gas,
and coal, however, are rich in these areas.

The Loess Plateau of China is the most typical
loess distribution area in the world. However, as a
result of increasing human activities such as urban-
ization, industrialization, and energy exploitation,
water demands are high, resulting in soil and water
pollution [3]. The Loess Plateau is currently facing
serious challenges in water resources development
and environmental protection. It is therefore crucial
to understand the characteristics of loess and the
status of water resources in the Loess Plateau area.

This entry reviews the concept/origin of loess
and its universal distribution, introduces its phys-
icochemical and geotechnical characteristics,
summarizes the problems associated with water
resources development in the Loess Plateau of
China, and discusses the importance of surface
water, groundwater, and soil water in this region.

Introduction

Loess is a fine-grained windblown (aeolian) sed-
iment which is widely distributed. Loss deposits

contain buried evidence of Paleolithic occupa-
tions [4]. Along the Rhine Valley in Germany,
where the deposit was first recognized, local res-
idents named the widely distributed soil “Löss,”
and this German word is the origin of the English
term loess [2].

As early as 3000 years ago, there were some
brief descriptions about loess in the ancient Chi-
nese book “Yu Gong.” However, modern scien-
tific research on loess began only after the
publication of the book Principles of Geology by
the English geologist Charles Lyell in the 1830s
[5, 6]. Charles Lyell proposed that “the present is
the key to the past,” suggesting the study of the
past based on present characteristics of geological
formations. Today, this proposal is still canonized
by many researchers. Sun [5], however, thought
that such an approach should be expressed as “the
past is the key to the future,” because predicting
the future from the past records is more meaning-
ful to modern citizens. Nowadays, with an
increasing awareness of ecological issues, people
are much more concerned about the development
of the geological and natural environment in the
context of economic development, population
growth, and environmental problems. However,
the research conducted by Charles Lyell on loess
marks the beginning of modern loess research,
and the history of modern loess research in
China can be divided into the following three
phases [6–8]:

Phase I: From the 1840s to the 1940s
During this period, loess research has moved
away from the fields of soil science and geography
toward geology. At the same time, research on
loess gradually changed from considering general
problems to loess genesis, stratigraphy, and other
specific studies. The research approach in this
period was simple and relied mainly on fossils.
International loess research was dominant in this
period, and many internationally recognized geol-
ogists conducted their studies in China. For exam-
ple, Pumpelly [9], Richthofen [10], and Willis
et al. [11] carried out investigations on loess and
published their results in books or journals. Rep-
resentative publications in this period include the
five-volume German book by Richthofen China:

184 Water in Loess



Ergebnisse eigener Reisen und darauf gegründeter
Studien and the book Research in China by Willis.
These publications show that research in this period
was focused on the genesis of loess.

Phase II: From the 1950s to the 1970s
A large number of studies on the chemical, min-
eral, and grain composition as well as on the
physical and mechanical properties of loess were
carried out in this period. Due to massive geotech-
nical engineering projects in the loess areas of
China, Chinese scholars became the leading
loess research community, especially in the field
of loess collapsibility and construction techniques
on loess basement. Some Chinese monographs on
loess were also published in this period, including
Composition and Structure of the Loess, Loess in
the Middle Reaches of the Yellow River, Chinese
Loess Accumulation, Research on the Basic
Nature of the Loess, and Chinese Loess and
Loess Rock. In particular, Zhu [12] proved that
the dark layer imbedded in the loess layers is
paleosol, which is beneficial for the stratigraphic
division of the loess strata and the recovery of the
paleoclimate.

Phase III: From the 1980s to the Present
In this period, the latest technical methods such as
paleomagnetism, isotopic chronology, and 14C
dating became available, providing the possibility
to determine loess age and for stratigraphic divi-
sion of the loess strata [13]. In addition, environ-
mental geochemistry, paleoclimatology, and
microstructure analysis were also applied in
loess research and enriched the scope of loess
studies. Numerous scientific contributions were
published in this period, such as Loess and the
Environment, Soil and Agriculture in the Loess
Plateau, and Loessology. Research efforts in this
period have significantly enhanced our under-
standing of the formation and development his-
tory of the Chinese loess strata and the
paleoclimate. Studies on the collapsibility of
loess, the mechanical constitutive of loess, the
dynamic characteristics of loess, and the engineer-
ing of geological and geo-environmental issues in
loess areas have also achieved great progress [6].

In the past two decades, many ecological and
environmental studies have been carried out on
the Loess Plateau. Loess water erosion constitutes
a great threat for environmental safety and local
residents in loess areas. Wang et al. [14] investi-
gated the impacts of water erosion on a gas pipe-
line in the loess area through aerial photo
interpretation. They suggested an approach of
controlling loess water erosion using soil solidi-
fied material that could improve the mechanical
properties and anti-erosion ability of loess.
Research also showed that land use has significant
effects on soil moisture and soil water storage
[15]. Climate change significantly affects the
water budget balance in loess areas [16, 17], and
the total annual imbalance of the land-surface
water budget could reach 20.6% across the
Loess Plateau of China [17]. Such studies provide
a significant contribution to the ecological preser-
vation and the environmental restoration of loess
areas.

However, due to the current rapid population
growth and fast urbanization in loess areas of
China, many land creation projects have been
implemented on the Loess Plateau [18]. These
projects may produce potentially negative effects
on the local ecology and water resources,
although they provide more land for urbanization
and agriculture. Such projects should therefore be
carried out with caution to sustain the results of
ecological civilization construction, which took
several decades to achieve.

Loess and Its Distribution

Loess is a wind-transported sediment formed
mainly during the Quaternary and sometimes
recorded in older geologic intervals [2, 5, 19]. It
is mainly composed of fine sand and clay, with
grain sizes ranging from 0.005 to 0.05 mm. The
loess is loose and porous with well-developed
vertical joints, which enables vertical water flow
rather than horizontal flow. In addition, loess con-
tains a variety of soluble substances, which facil-
itate the formation of eroded valleys and cause
subsidence and collapse. The porosity of loess
sediments generally ranges from 42% to 55% [5].
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The mineral compositions of loess include three
categories: clastic minerals, clay minerals, and
authigenic minerals. Clastic and clay minerals
are dominant, while authigenic minerals are min-
imal in loess. The clastic minerals mainly include
quartz, feldspar, and mica, which account for 80%
of the clastic minerals, followed by pyroxene,
amphibole, chlorite, and magnetite. In addition,
loess is rich in carbonates such as calcite. The clay
minerals in loess are mainly illite, montmorillon-
ite, kaolinite, goethite, and aqueous hematite. The
chemical composition of loess is dominated by
SiO2, Al2O3, and CaO, followed by Fe2O3,
MgO, K2O, Na2O, and FeO. The contents of
TiO2 and MnO in loess, however, are small. It
should be noted that the mineral contents and the
chemical composition of loess of different regions
may vary with depth, age, and forming environ-
ment of the loess (Fig. 1).

Loess is extremely unstable and may collapse
when wetted, seismically shaken, or disturbed by
human activities [18]. The most significant feature
of the loess is its great collapsibility. Worldwide,
about half of the loess sustains collapsibility, and
collapsible loess in China accounts for 60% of the
total loess [20]. Collapsibility refers to the effect
or ability of soil, under deadweight or additional
load, to produce a sharp sinking and cause ground
deformation in the case of constant pressure under
the influence of moisture content changes
[20]. The collapsibility of loess depends on mul-
tiple factors such as particle composition, poros-
ity, depth, changes in atmospheric precipitation
and temperature, and anthropogenic effects. The
regional variation of loess collapsibility in China
is controlled by climate and particle composition
[20]. In northwestern China, the climate is dry and
cool and becomes wet and hot in southeastern

Water in Loess, Fig. 1 Photos of loess geomorphology and profiles from the Loess Plateau of China
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China, which corresponds to the regional loess
collapsibility variation trend in China (high loess
collapsibility in northwestern China to no collaps-
ibility in southeastern China). Loess particle size
also shows a descending trend from northwestern
to southeastern China; the increase of clay min-
erals in loess decreases soil porosity, thereby
reducing loess collapsibility.

Loess is widely distributed over the world,
accounting for 10% of the world land area
[19]. It is mainly distributed in the mid-latitude
arid and semiarid areas of the northern hemi-
sphere. In the southern hemisphere, loess is
mainly distributed in some countries of South
America and in New Zealand (Fig. 2). Particularly
in Europe and North America, the northern
boundary of the area covered by loess is roughly
connected to the Pleistocene glaciers, and the
loess areas are mainly distributed in the United
States, Canada, Germany, France, Belgium, the
Netherlands, Central and Eastern Europe, and
the Ukraine. In Asia and South America, the
loess areas are adjacent to the desert and the
Gobi and are mainly found in China, Iran, the
Central Asian part of the Russia, and in Argentina
[5]. China has the largest and thickest loess cover
of the world (Fig. 3). Here, loess covers an

estimated area of 630,000 km2 and accounts for
approximately 7% of the total territorial area
[6]. The Loess Plateau, the main loess distribution
area in China, is well known for its highest loess
thickness and most complete loess stratigraphy
and has become the center of world loess research.

Water Resources Development on the
Loess Plateau

Water is the key element for economic develop-
ment and ecological conservation in the Loess
Plateau of China. Drought and water shortage
are the most serious eco-environmental problems
on the Loess Plateau and severely constrain eco-
logical civilization and economic development
[23]. On the Loess Plateau, river water and
groundwater are the most widely used water
resources and are applied in a variety of uses.
According to the literature [23], river water
accounts for 77.3% of the total water supply in
the Loess Plateau, while groundwater represents
22.7%. River water, which is mainly derived from
the Yellow River and its tributaries, is predomi-
nantly used for agricultural irrigation and indus-
trial production, while the domestic water supply

Water in Loess, Fig. 2 Global loess distribution (Modified after Pye [21] and Smalley et al. [22])
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relies mainly on groundwater. As shown in Fig. 4,
agriculture is the largest sector in terms of water
use, and each year, around 87% of the total water
supplies are used for irrigation, while industrial
and urban domestic uses account for 10% and
rural domestic use accounts for 3% of the total
water supply [23]. These numbers indicate that
agriculture has the largest water-saving potential.
For the development of sustainable water
resources on the Loess Plateau, it is crucial to
adopt water-saving irrigation techniques and to
implement vegetation structure adjustments.

According to the national allocation of the
Yellow River water [23], the total amount of
available surface water resources for the Loess
Plateau is only 224.2 � 108 m3, of which about
80% are used for irrigation, leaving only
44.84 � 108 m3 for other uses such as ecological
maintenance. In terms of groundwater, only water
resources stored underneath the alluvial plains on
the Loess Plateau are available for development.
There are several large irrigation districts on the

Loess Plateau, and extensive irrigation has
induced groundwater level rise, causing second-
ary soil salinization [24, 25]. There are also

Water in Loess, Fig. 3 Loess distribution in China (Modified after Wu [6])

Water in Loess, Fig. 4 The use of water resources on the
Loess Plateau
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several irrigation districts experiencing ground-
water level declines due to intense groundwater
abstraction for multiple uses, causing damages to
wells and pumps. Considering the severe situation
of water resources, some Chinese scholars have
proposed integrated water resources management
for maintaining the sustainability of water
resources [26]. It should be noted that groundwa-
ter is far more important on the Loess Plateau than
other water resources, and thus, the scientific and
sustainable development of groundwater is criti-
cal for the local economy and society. Soil water is
also important for the sustainable development of
the Loess Plateau. In the Loess Plateau area, the
loess deposit is thick and porous, favoring the
storage and occurrence of soil water. It has been
estimated that the total soil water amount stored in
a 2 m loess layer over the Loess Plateau can reach
up to 1785.5 � 108 m3 [23]. However, due to
intensive evaporation in this area, the loess layers
are usually in the state of water deficit.

In addition to drought and water shortage,
another serious water-related problem associated
with the development of economy and society on
the Loess Plateau is water pollution. The Yellow
River is the largest surface water source on the
Loess Plateau, and its water quality has been
significantly degraded because of human activi-
ties and natural environmental changes. The main
stream and the tributaries of the Yellow River
have been subject to contamination of different
degrees. In addition, the groundwater on the Loess
Plateau is undergoing severe quality deterioration.
Various researches have shown that nitrate, fluo-
ride, sulfate, and trace metals, due to agriculture/
industry and natural release from soil, are major
groundwater pollutants in the Loess Plateau area
[27–30]. Issues related to water pollution cause
dramatic economic losses each year and pose
potential risks to residents and the environment
[31, 32]. A study by Wu and Sun [32] has shown
that health risks of local residents are mainly a
result of ingestion of contaminants, with children
being more vulnerable than adults. Ma et al. [33]
reported a rapid decline in both surface water and
groundwater quality during the past 20 years in
the Malian River Basin of the Longdong Loess
Plateau; petroleum contamination caused by the

oil industry in the Longdong oil field is the largest
source of pollution and affects surface water and
groundwater quality. In addition, some studies
have shown that agriculture on the Loess Plateau
is the main contributor to nonpoint source pollu-
tion [34, 35]. Tourism in the Loess Plateau area,
which is the economic basis of a number of cities,
should also be adequately regulated. The fast
development of tourism in many parts of the
Loess Plateau has caused significant water pollu-
tion and environmental degradation [36].

For the sustainable development and protec-
tion of water resources in the Loess Plateau, it is
required to allocate all water resources conjunc-
tively, including surface water, groundwater, and
soil water. To achieve this goal, it is mandatory to
obtain a full understanding of the quality and
quantity state of these water resources.

Surface Water on the Loess Plateau

The uneven distribution of rainfall causes the
deficiency of annual surface water resources,
hampering vegetation restoration and ecological
conservation on the Loess Plateau [37]. The Yel-
low River and its tributaries are the main surface
water resources on the Loess Plateau. In this area,
surface water is characterized by three factors:
First, it is scarce, and such scarcity is not in
harmony with the local population and land
resources. The average annual runoff in this area
is only 71.1 mm per year, which is less than one
third of the average runoff in China. The per
capita water resource in this area is only 546 m3,
which is only 30% of the national per capita water
resource, and the average water resource per hect-
are is only 2625 m3, less than 10% of the national
water resource per hectare [23]. Second, surface
water in this area is spatiotemporally uneven.
Local surface water on the Loess Plateau is mainly
recharged by precipitation. Precipitation, how-
ever, decreases gradually from south to north
and from east to west, making the northwestern
part of the area more arid than the southeastern
part. Heavy rains are relatively more common in
north Shaanxi, west Shanxi, and Inner Mongolia
on the Loess Plateau and less common in Western
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Gansu and Ningxia. In addition, as the Loess
Plateau is characterized by a continental mon-
soon climate, the temporal rainfall distribution
in the area is highly uneven, and the amount of
precipitation in July to September (summer sea-
son) occupies 50–70% of the annual total rainfall
[38]. The Yellow River is the largest river
flowing through the Loess Plateau and provides
a large volume of surface water for irrigation and
industrial uses. However, the spatiotemporal dis-
tribution of the Yellow River is also uneven. The
Yellow River drainage can be divided into four
zones: water abundance zone, transition zone,
water shortage zone, and drought zone. The
Loess Plateau mostly belongs to the transition
and the water shortage zones, and the area of
the Loess Plateau accounts for approximately
62% of the Yellow River drainage, but the vol-
ume of river water accounts for only 30% of the
total Yellow River runoff [23], indicating an
unevenness of spatial surface water distribution.
Third, the surface water in the Loess Plateau con-
tains large volumes of sediment. It has been esti-
mated that the annual sediment load of the Yellow
River reached 16 � 108 tons each year in the
1990s. In recent years, a variety of engineering
and biological measures for water and soil conser-
vation have been implemented on the Loess Pla-
teau; as a result, the annual sediment load of the
Yellow River is declining and soil erosion is alle-
viated in some areas [39]. However, due to the
rapid economic development and urbanization,
some local governments now neglect soil and
water conservation, and many cities on the Loess
Plateau focus on urban expansion, resulting in
severe damage to vegetation planted 20 years ago
[18, 40, 41]. Such an approach is likely to impede
water and soil conservation achievements obtained
by local governments. Shi and Shao [39] and Sun
et al. [40] state that soil and water loss in the Loess
Plateau region are caused by natural erosion and
accelerated erosion. Cultivation, uncontrolled
development, overgrazing, mining, road construc-
tion, and urbanization are important anthropogenic
factors accelerating erosion. To maintain the soil
and water conservation achievements on the Loess
Plateau, it is important and compulsory to strictly
control human activities in this region.

The annual surface water resource in the Loess
Plateau was 321.5 � 108 m3 from 1950 to 1989
[23]. However, the amount of surface water varies
from year to year and is influenced by recharge
source, land cover/land use, and drainage size.
The river runoffs measured at the main stations
of the Loess Plateau from 1919 to 1979 are shown
in Table 1 [23]. Annual runoff varies from year
to year and from station to station. For the
Sanmenxia station located in the downstream of
the Loess Plateau, the average annual runoff is
504 � 108 m3, with a maximum annual runoff of
823 � 108 m3 and a minimum annual runoff of
242� 108 m3. The minimum annual runoff is less
than half of the average annual runoff, while the
maximum annual runoff is 3.5 times that of the
minimum annual runoff. For the Lanzhou station
in the upstream, the average annual runoff is
326 � 108 m3, which is 64.7% of that at the
Sanmenxia station. The maximum and minimum
annual runoffs are also lower than those at the
downstream stations, except for Hekou station,
which indicates that local surface water joins the
main Yellow River. The ratios between the max-
imum and minimum annual runoff at all four
stations are larger than 3.0, suggesting significant
interannual variation of the Yellow River runoff.

The overall water quality of the surface water
on the Loess Plateau is not a reason for optimism,
although water quality protection measures have
been launched and some local improvements have
been witnessed. Water quality is classified into
five grades according to the Chinese water quality
standards. Grades 1 and 2 represent excellent and
good quality water which can be used for various
purposes. Water falling into grade 3 is of fair
quality and acceptable for domestic uses, while
grade 4 water is of poor quality but can be used for
irrigation. Grade 5 represents very-poor-quality
water that cannot be used for any purpose [42, 43].

The river water quality assessment results for
the Yellow River drainage from 1998 to 2007 are
shown in Table 2 [44, 45]. The assessment was
performed according to the surface water quality
standard released by the Bureau of Quality and
Technical Supervision of China [43]. As shown in
Table 2, more than half of the rivers were charac-
terized by very poor water quality (grade 5), and
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almost 80% of the river water was of poor and
very poor water quality (grades 4 and 5) and
therefore unsuitable for domestic uses in the first
several years of the twenty-first century, indicating
serious water pollution because of rapid economic
development without adequate consideration of
ecological issues. Particularly, in 2002, only less
than 20% of the river water was acceptable for
domestic purposes, and excellent and good quality
water accounted for only about 5% of the total river
length. This is, in fact, a poor condition for resi-
dents living in this area. In 2004, the river length
with excellent and good quality exceeded 10% for
the first time, and since then, the river water quality
has gradually improved. In addition, since 2005,
the total river length monitored and assessed has
been accounting for over 10,000 km and since

2012, for more than 20,000 km, indicating a devel-
opment in monitoring techniques and increasing
investment in water quality protection. Most
importantly, the river length with acceptable water
quality for domestic uses (grades 1 to 3) has been
over 50% of the total river length monitored and
assessed since 2012, which is regarded as a great
success in river water pollution remediation.

The river water quality trend from 2002 to
2015 on the Loess Plateau is shown in Fig. 5.
The percentage of very-poor-quality river water
has been generally decreasing since 2002, while
that of grades 1–2 water has been increasing,
clearly demonstrating an improvement of river
water quality. The percentages of fair-quality
water and poor-quality water are also slightly
decreasing. In particular, the water quality
improvement since 2012 is significant probably
because of the national strategy on ecological
civilization construction.

The significant water quality improvement
achieved in the past 10 years is encouraging.
However, ecological civilization construction
still needs to be further developed. As shown in
Table 4, in 2015, over 30% of the rivers were still
contaminated, and recovering these rivers
requires long-term efforts and large amounts of
investments as well as endeavor from all parts
including governments, scientists, and the public.

Water in Loess, Table 1 Annual surface water runoff
measured in main stations of the Loess Plateau from 1919
to 1979 (�108 m3)

Station

Average
annual
runoff

Maximum
annual
runoff

Minimum
annual
runoff

Ratio
(maximum/
minimum)

Lanzhou 326 517 163 3.2

Hekou
town

319 532 156 3.4

Longmen 390 632 197 3.2

Sanmenxia 504 823 242 3.4

Water in Loess, Table 2 River water quality assessment results for the Yellow River drainage from 2002 to 2015

Year of
assessment

Total length of the
rivers assessed (km)

Percentage of different water quality grades (%)

Grades 1 and 2 Grade 3 Grade 4 Grade 5

2002 7497.0 5.1 14.3 17.6 63.0

2003 7497.0 7.9 13.5 22.3 56.3

2004 7497.0 15.9 10.6 28.2 45.3

2005 13228.4 20.3 19.7 23.9 36.1

2006 12510.8 11.9 29.7 15.4 43.0

2007 13492.7 16.1 27.5 15.8 40.6

2008 13847.7 17.8 21.4 13.5 47.3

2009 14039.3 27.1 17.0 13.9 42.0

2010 14295.4 23.7 20.5 13.1 42.7

2011 19734.2 36.0 13.8 13.5 36.7

2012 20545.3 36.9 18.6 12.4 32.1

2013 21538.7 40.3 20.3 8.6 30.8

2014 20209.7 44.6 19.6 8.7 27.1

2015 21655.0 49.5 14.0 8.2 28.3
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Groundwater on the Loess Plateau

As surface water on the Loess Plateau is scarce
and mostly of poor quality, groundwater has long
been the most important source of water in many
parts of the arid and semiarid Loess Plateau [26,
42]. The occurrence, flow, and spatial distribution
of groundwater on the Loess Plateau are controlled
by geological and hydrogeological settings. Cli-
mate and geomorphological and hydrological con-
ditions are also vital factors influencing its
occurrence, distribution, and transformation.
Groundwater on the Loess Plateau can be
divided into four main types according to aqui-
fer properties: pore water in loose rocks, karst
water in carbonate rocks, pore-fissure water in
clastic rocks, and fissure water in crystalline
rocks [23], with pore water in loose rocks

being the most abundant type. The estimated
amount of total natural groundwater resources
on the Loess Plateau is 333.45 � 108 m3

(Table 3) [46]. Precipitation is the main source
of groundwater recharge for groundwater in the
region, and in some areas, it is the only recharge
source. However, soil conservation measures
on the Loess Plateau can alter the hydrologic
cycle and change the water fluxes through the
land surface to groundwater [47]. Influenced by
climate zoning, groundwater is abundant in the
south and scarce in the north of the Loess Pla-
teau. The loess pores and fissures are the main
sites for the storage and transportation of loess
groundwater. Among these pores and fissures,
small but uniform pores and microfractures rep-
resent the main water storage spaces in the loess
layers, while large, nonuniform, but well-connected

Water in Loess,
Fig. 5 River water quality
trend from 2002 to 2015 on
the Loess Plateau

Water in Loess, Table 3 Natural groundwater resources of different types on the Loess Plateau [46]

Aquifer
Area
(104 km3)

Groundwater
amount
(108 m3 per year)

Percentage
(%)

Groundwater
modulus
(104 m3/km2 per year)

Pore water in loose rocks 16.59 195.64 58.67 11.79

Fissure water in crystalline rocks 10.43 48.63 14.58 4.66

Karst water in carbonate rocks 4.51 44.98 13.49 9.97

Pore-fissure water in clastic rocks 9.94 25.59 7.67 2.57

Pore-fissure water in loess and underlying rocks 20.00 18.61 5.58 0.93

Total 61.47 333.45 100.00 5.42
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fissures and voids are the dominant migration chan-
nels for groundwater in loess layers [48].

There are several large basins (alluvial plains)
on the Loess Plateau, such as the Yinchuan Basin
in Ningxia, the Guanzhong Basin in Shaanxi, the
Hetao Plain in Inner Mongolia, and the Fenhe
Plain in Shanxi. These basins are densely popu-
lated, and groundwater is the most important
water source for domestic water supply. The
groundwater in these basins is mainly pore
water, and the aquifers are usually thick and char-
acterized by multilayer structures. The groundwa-
ter modulus in these basins is high, indicating
abundant groundwater resources. For example,
the groundwater modulus in the Yinchuan Basin
ranges from 43.3 � 104 m3/km2 per year to
55.7 � 104 m3/km2 per year, being higher than
the average groundwater modulus of pore water in
loose rocks (Table 3). Typically, precipitation is an
important recharge source for groundwater under-
neath the basins. However, irrigation infiltration
and percolation from irrigation channels are major
recharge sources for groundwater in some basins.
Irrigation infiltration and percolation from irriga-
tion channels account for over 70% of the total
recharge for groundwater in both the Yinchuan
Basin and the Weining Plain [49, 50], and in the
Guanzhong Basin, irrigation is also one of the
major recharge sources for groundwater [29,
31]. According to Li et al. [23], the total natural
groundwater resources of the Loess Plateau
amount up to 177 � 108 m3 per year.

Groundwater in the loess tablelands and hilly-
gully regions shows different characteristics from
that in the basins. In these areas, the rocks under-
lying loess develop large numbers of fissures,
facilitating water seepage. As such, the loess and
underlying rocks usually form a unified aquifer
characterized by a dual structure with pore water
in the upper loess and fissure water in the under-
lying rocks. Phreatic groundwater underneath the
tablelands usually flows from the center of the
tablelands to the edges and outcrops as springs
in the foot of the loess slope. Much of the phreatic
groundwater with great abundance in the table-
lands has been exploited for multiple uses. In the
hilly-gully regions of the Loess Plateau, the terrain is
strongly cut by gullies, enabling groundwater

discharge. Most of the fissure water outcrops and
is discharged as springs in the slopes, forming sea-
sonal surface water in the valleys. The groundwater
modulus in the arid hilly-gully regions of the Loess
Plateau is usually smaller than 1.0� 104m3/km2 per
year, while that in the semiarid and semi-humid
hilly-gully regions of the Loess Plateau ranges
from 1.0 � 104 to 5.0 � 104 m3/km2 per year,
indicating that groundwater recharge in the loess
tablelands and the hilly-gully regions is limited.
According to the literature [23], the amount of total
natural groundwater resources in the loess tablelands
and the hilly-gully regions of the Loess Plateau is
only 63 � 108 m3 per year.

Groundwater in the mountainous parts of the
Loess Plateau is mainly fissure water and karst
water. Fissure water is widely distributed on the
Ordos Plateau, in the Guide and Qinshui Basins,
and in the water division zones of the Taihang,
Lvliang, and Liupan mountains. Karst water is
mainly found in the Taihang, Lvliang, and Beishan
mountains [48]. Vertical infiltration of precipitation
is the most important recharge source for ground-
water in themountainous regions [49]. Groundwater
in the mountainous regions is more abundant than in
the loess tablelands and the hilly-gully regions, and
the groundwater modulus in the mountainous
regions ranges from 5.0 � 104 to 15.0 � 104 m3/
km2 per year [23]. The amount of total natural
groundwater resources in the mountainous regions
of the Loess Plateau is approximately 94 � 108 m3

per year.
Compared to surface water, groundwater can be

protected by the upper unsaturated zone and there-
fore is usually less contaminated and of better
quality than surface water. In general, groundwater
in the Loess Plateau is mainly freshwater with a
salinity below 1000 mg/L. Brackish water with a
salinity higher than 1000 mg/L is mainly distrib-
uted in northern Yinchuan,Western Gansu, and the
Xihaigu region of Ningxia (including Xiji,
Haiyuan, and Guyuan). The freshwater resource
accounts for about 86% of the total natural ground-
water resources, while brackish water accounts for
10% and saline water with a salinity higher than
3000 mg/L for about 4% [46, 48]. Natural ground-
water quality anomalies and anthropogenic
groundwater pollution are two main issues
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occupying local decision-makers and scientists. In
many parts of the Loess Plateau, the natural back-
ground contents of harmful elements such as fluo-
ride, arsenic, Mn, and Cr6+ are abnormally high. For
example, abnormally high concentrations offluoride
have been reported in the Yinchuan Plain [30, 50,
51], southern Ningxia [52, 53], the Guanzhong
Basin [29], and the Datong Basin [54, 55]. High
arsenic levels in groundwater are also common in
the northern Yinchuan Plain [51], the Datong Basin
[56], and the Hetao Plain [57]. These groundwater
quality anomalies are most likely the results of spe-
cific geological and hydrogeological conditions and
water-rock interactions [58].

Anthropogenic groundwater contamination
has also been widely reported in many parts of
the Loess Plateau and has gradually become the
most serious risk for human health. Common
anthropogenic factors affecting groundwater
quality include agricultural activities, industrial
effluents, coal and oil mining activities, tourism,
and wastes from livestock. Agriculture is an
important factor influencing shallow groundwater
quality and is mainly responsible for groundwater
nitrate pollution in many agricultural production
regions of the Loess Plateau. Guo et al. [59] stud-
ied the impacts of fertilization practices on envi-
ronmental risks of nitrate in semiarid farmlands of
the Chinese Loess Plateau by analyzing soil pro-
files. Wu and Sun [31] reported shallow ground-
water pollution in an agricultural and industrial
region of the Guanzhong Basin and concluded
that agricultural and industrial activities are
important factors affecting nitrate pollution of
shallow groundwater. As the Loess Plateau is
rich in coal and oil resources, the exploitation of
these resources has entailed serious groundwater
pollution. Pan et al. [60] and Ma et al. [33] have
reported petroleum pollution in both loess and
groundwater underneath the loess. They con-
cluded that petroleum contamination caused by
the oil industry is the largest source of pollution,
leading to the deterioration of the water quality.

Considering the significance of groundwater
pollution in the loess areas, groundwater quality
research to alleviate water pollution in northwest
China is crucial. Li [61] and Li et al. [62] raised
concerns about groundwater quality research in

Western China and proposed to enhance ground-
water monitoring networks, increase research
investments from central and local governments,
improve basic environmental education, and
strengthen the collaboration among different
organizations and parties.

Soil Water on the Loess Plateau

In addition to surface water and groundwater, soil
water is another important and valuable water
resource for agriculture on the Loess Plateau, espe-
cially in semiarid and semi-humid areas. It is a bond
between surface water and groundwater conversion
[63]. Because the unsaturated zone on the Loess
Plateau is thick, only a small portion of precipitation
can flow into rivers or infiltrate into aquifers,
recharging groundwater. Most of the precipitation
on the Loess Plateau is stored in the unsaturated
zone as soil water. Soil water is an important com-
ponent of water resources and a direct source and
key element for vegetation growth and, therefore,
highly important for ecological civilization con-
struction. As such, research on soil water resources
has become a hot topic in hydrogeological and
ecological communities [64, 65].

The thick loess cover on the Loess Plateau has
created a unique condition for the conversion of
rainwater resources into soil water. Loess soil is
thick and porous, and its effective porosity can
reach 25–30% [23]. The soil water capacity for a
200 cm soil layer can reach 551.1–847.4 mm, that
is, the theoretical soil water amount can reach
55.1 � 108 m3–84.7 � 108 m3 for each
10,000 km2 of loess land. However, the time of
soil water retention is relatively short due to grav-
ity and strong evaporation, and therefore, not all
soil water can be used by vegetation. When the
water content is larger than a threshold, soil water
will infiltrate into groundwater. This threshold is
called field capacity or field moisture capacity and
represents the highest amount of water content
that can be retained in the soil under field condi-
tions. The water content under which plants can-
not liberate the remaining moisture from the soil
particles is called wilting point. Water available
for vegetation growth is defined as available water
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capacity, the soil water within the range between
field capacity and wilting point [66]. On the Loess
Plateau, the total amount of the available soil
water resources is 1785.54 � 108 m3 [23]. It
should be noted that the soil water storage capac-
ity considerably varies under different land cover/
land use types [67], and soil water content also
changes with soil depth [68].

Overall, the total amount of regional water
resources in the loess areas is controlled by precip-
itation. Surface water and groundwater are both
derived from precipitation and readily available for
multiple uses. Soil water is also derived from pre-
cipitation but cannot be used directly by humans.
Due to the thick loess layer on the Loess Plateau,
where surface water and groundwater are either
limited or contaminated, soil water resources pro-
vide a supply for the majority of rain-fed agriculture
and forestry. Such resources must therefore be pro-
tected as surface water and groundwater and should
be considered in regional water resources allocation.

Future Directions

The Loess Plateau is a significant part of the Belt
and Road Initiative, which acts as a bridge
between Asia and Europe [3]. The water resources
problems along the road have always been the
concern of international scholars [69, 70], as the
Belt and Road Initiative will increase the demand
for water resources and the intensified human
activities negatively impact the environment.
However, based on the Belt and Road Initiative,
many national and international organizations and
institutes are involved in various scientific
research projects to minimize the negative effects.
Today, the Loess Plateau, as the most important
Chinese part of the Belt and Road Initiative, draws
much more attention from scholars than ever.

Water is the key to the success of the initiative
and of the ecological civilization construction.
A number of significant results have been
achieved regarding water resources allocation,
water conservation, and water quality protection
on the Loess Plateau. However, the water-related
issues in the loess areas of China still need to be
evaluated in detail. The following issues or

research fields are important and should be seri-
ously considered:

• Spatiotemporal evolution and drought history
of the Loess Plateau. This topic is of great
value to track the water environment when
loess was deposited and the cause of drought.
Such research will require a long record of
historical climate data and geochemical data.

• Impacts of climate change on water resources
and water resources vulnerability on the Loess
Plateau. Based on the analysis on the impacts
of climate change on the water demand and
water supply, this research topic should help
to establish a new balance between water
demand and water supply and assess water
resources vulnerability.

• Relationship between human activities and
drought on the Loess Plateau. This research
field focuses on the impacts of land use/land
cover changes on hydrological processes at
different scales. It links human activities and
climate change, which is quite complex and
therefore requires international collaboration.

• Impacts of human activities on the permeabil-
ity of loess. Large-scale human activities will
completely change the physical properties of
loess, affecting loess permeability and soil
water dynamic. Research on this topic, via
experiments and numerical modeling, seeks
answers to reduce these negative impacts.

• Groundwater research on the Loess Plateau.
The thick soil layer and the diverse and com-
plex geological structures and geomorphology
on the Loess Plateau impede groundwater
research. It is therefore necessary to find ways
to accelerate groundwater research on the
Loess Plateau by proposing key groundwater
research topics and introducing international
collaborations and advanced technologies.
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Glossary

Adaptation Changes made by organisms, includ-
ing humans, to enable them to be more suitable
for different conditions or situations.

Desertification The gradual degradation of habit-
able land which affects soils, flora, and fauna
and reduces productivity and an ecosystem’s
ability to adapt. It is caused by various factors,
including natural dynamics, climatic condition,
and human activities. Direct causes of desertifi-
cation include wind and water erosion, defores-
tation, overgrazing, land conversion to crop
land, irrigation leading to salinization, and
other physical stressors leading to soil loss,
soil compaction, loss of vegetative cover, loss
of biodiversity, and degradation in ecosystem
productivity. Indirect causes include climate
variation, poverty, political instability, lack of
education, or a combination of factors.

Drought A period of reduced precipitation
resulting in prolonged shortages in the water
supply. It can have a substantial impact on the

ecosystem, agriculture, and economy of the
affected region.

Drylands Include arid, semiarid, and dry subhumid
areas and have a ratio of mean annual precipita-
tion to mean annual potential evapotranspiration
ranging between 0.05 and 0.65.

Ecosystem services The benefits people obtain
from ecosystems. These may be divided into
provisioning (food and water), regulating
(controlling floods and diseases), cultural
(recreational, spiritual), and supporting ser-
vices such as nutrient cycling.

Land-based natural capital Includes the proper-
ties of the soil and geomorphological, biotic, and
hydrological features that interact with each
other and with climate to determine the quantity
and nature of ecosystem services provided by
the land.

Land degradation A temporary or permanent
lowering of the land-based natural capital
and/or economic productive capacity of land,
including changes to soil and vegetation.

Land degradation neutrality A state whereby
the amount and quality of land resources nec-
essary to support ecosystem functions and ser-
vices and enhance food security remain stable
or increase within specified temporal and spa-
tial scales and ecosystems.

Resilience The ability of a system to absorb dis-
turbance and retain essentially the same func-
tion, structure, and feedbacks.

Sustainability (as it relates to desertification) Is
the conservation of land-based natural capital
and ecosystem services so that people are able
to meet the needs of the present without
compromising the ability of future generations
to meet their own needs.

Vulnerability A condition of being at risk. Being
susceptible to harm or damage.

Definition of the Subject

Desertification is not a new phenomenon, but it
appears to be increasing in severity and extent.Judith Lancaster has retired.
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The Millennium Ecosystem Assessment esti-
mated that 10–20% of drylands were degraded
in 2005 [1]. More recent estimates are that up to
25% of all land worldwide is currently highly
degraded, 36% is slightly or moderately degraded,
and 10% is improving [2].

The term “desertification” originates from the
1940s [3], although it was not widely recognized
until the West African sub-Sahelian droughts of
the 1960s and 1970s. As Dietz and coauthors [4]
discuss, the West African area has recovered from
those droughts, not only because natural fluctua-
tions in climate resulted in more rainfall but, and
most importantly, because of human adaptation to
the desertification “situation.” In fact, desertifica-
tion is not caused by a lack of rain – but by
numerous interrelated contributing factors from
both natural and social systems, which are
acknowledged in this definition:

Land degradation in arid, semi-arid and dry sub-
humid areas resulting mainly from negative human
impacts combined with difficult climatic and envi-
ronmental conditions. [5]

Introduction

Desertification occurs on every continent and
affects more than two billion people who live in
these areas [1]. It is caused by various factors,
including natural dynamics, climatic condition,
and human activities. Direct causes of desertifica-
tion vary widely and include wind and water
erosion, deforestation, overgrazing, land conver-
sion to crop land, irrigation leading to salinization,
and other physical stressors leading to soil loss,
soil compaction, loss of vegetative cover, loss of
biodiversity, and a degradation in ecosystem pro-
ductivity. Indirect causes include climate varia-
tion, poverty, political instability, lack of
education, or a combination of factors [1–7].

Desertification is estimated to affect about 1.9
billion hectares worldwide [6, 7]. These are inher-
ently fragile ecosystems often close to the tipping
point between continued production of ecosystem
services [1] and a spiral of change leading to barren
landscapes where people can no longer survive.
Dryland regions tend to receive minimal attention

from local or national agencies, and they are typi-
cally poorly provided for in terms of education,
health, and infrastructure services. Dryland peoples
are thus marginalized [8], going unnoticed unless
war, natural disasters, or famine draw attention to
them. Desertification and poverty are strongly
linked [1], and this situation is exacerbated by the
political instability of many dryland regions.

Faced with intensifying land degradation at the
global scale, the United Nations Convention to
Combat Desertification (UNCCD) was adopted
in 1994, emphasizing sustainable development at
the community level [9]. Regional and national
assessments have been carried out (e.g., [10, 11])
and research addresses many issues. The UNCCD
is committed to “bottom-up” action, recognition
of traditional knowledge, and the importance of
the roles of women in finding solutions, yet dis-
agreement among scientists, policy makers, and
communities still exist in many dryland areas
hampering efforts to address this environmental,
economic, and social problem.

Desertification and Human Systems

Changes in Production Systems
Desertification leads to diminished sustainability
in a most basic manner: degraded lands suffer
diminished capacity to meet the needs of present
or future generations. Effects vary widely; the
extent, severity, and impacts of desertification
vary in both space and time, driven by pressures
people put on dryland ecosystems combined with
the intensity of aridity [1]. Therefore, dryland
natural capital and the provision of goods and
services – such as water, wood for fuel and build-
ing, and fodder for grazing – also vary.

People have developed a range of coping
mechanisms in response to the natural fluctuations
of ecosystems, which include nomadism, shifting
cultivation, and surplus accumulation. As pointed
out by Reynolds and Stafford Smith [12], dryland
peoples are not the “problem” in desertification,
nor are they “victims;” they are one part of an
integrated system, and their responses to environ-
mental change vary depending upon the severity,
duration, and scale of the change. However,
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growth in both population and poverty may render
previously effective coping mechanisms inade-
quate and result in increased vulnerability to hun-
ger, disease, and political pressures. With two
billion people involved, these issues are serious
and are likely to become more so as the implica-
tions of climate change are factored in.

Long-term trends to more intense and longer
droughts and overall drying have been observed
in the Sahel, the Mediterranean, Southern Africa,
North and South America, Australia, and areas
throughout Asia over the period 1900–2005 [13]
and 2001–2010 [14]. Climate change models for
Africa indicate that temperatures are likely to
increase from 0.2 to 0.5� C per decade [15],
which will contribute to increasing rainfall variabil-
ity by more than one standard deviation from nor-
mal in many areas [14] and will, in turn,
significantly decrease perennial surface runoff. In
the Western Cape of South Africa, for example, up
to half the present perennial water supply is likely
to be lost – even based on a relatively optimistic
climate model used by de Wit and Stankiewicz
[15]. The Intergovernmental Panel on Climate
Change (IPCC) [14] found that decreases in
runoff totaled about 17% during the 1990s,
which indicates that the trend has already
started. Furthermore, the IPCC states that
model projections of changes in average surface
temperatures show marked warming between
1986–2005 and 2081–2100 and changes in pre-
cipitation show increased precipitation between
the two periods [14].

The IPCC [in [13, 14]] reports that reduced
rainfall when coupled with temperature increases
may not only lead to diminished surface water
availability and less recharge but may also affect
plants – to the point where current crop varieties
may suffer reduced yields or not produce at all.
IPCC Working Group 1 suggests that reduced
rainfall in some areas juxtaposed with increased
flooding in others may make rainfed agriculture,
which is practiced in many dryland areas, a pre-
carious undertaking [13, 14]. Rangeland, or natu-
ral pastures, upon which pastoralists depend for
stock grazing are also likely to be affected with
reductions in forage quantity and extent, and water
points will become less reliable and productive.

These changes to natural resource viability will
have, or are having, impacts beyond food shortages
for dryland peoples. Competition for resources
may weaken reciprocal arrangements which are
inherent components of coping mechanisms –
increasing vulnerability, the possibility of conflict
and migration, and the failure of social institutions
such as tenure and inheritance systems, markets,
and subsidies [12].

Response Strategies
Vital for developing response strategies is the
recognition of the complex interconnectedness
of humans and their environment – called a
social-ecological system [16, 17]. Response strat-
egies and social resilience to environmental
change have been shown to be partially dependent
upon the range of response options available
(“response diversity”) – often at the individual
household level [18]. In their analysis of building
social resilience in arid ecosystems, Vogel and
Smith [18] suggest that households in the most
marginal of environments tend to possess less
resilience – they lack options, wherewithal for
making changes, backup resources, and compe-
tencies to adapt.

In Namibia, unpredictable precipitation and
concomitant productivity can result in cycles of
abundance and paucity of natural resources and
dryland agriculture crops. In the good years every-
one “banks” for the future, whether it is literally in
monetary terms (as is the case for the wealthier
individuals) or in terms of famine food stored for
lean times (by poorer families and communities).
The stored food option is adequate until the natu-
ral cycles are changed by a prolonged drought or
climate variation, in which case options run out
and hunger prevails.

Croppers and herders in Senegal have different
levels of social resilience and decision-making
options yet coexist and have developed some
intergroup adaptive strategies [19]. In describing
their Social Resilience Model, Bradley and
Grainger [19] discuss both social and environ-
mental resilience, concluding that desertification
in their study region was less severe than might be
expected due to human behavior [cf. 4]. By impli-
cation, adaptive strategies in the region are
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successful and maintain livelihoods despite cli-
matic fluctuations, negative impacts due to mis-
guided polices, and the inherent variability of
ecosystem resilience in time and space.

The role of women in generating solutions is
increasingly being recognized. In Senegal, the
National Action Plan initiated as part of the
country’s ratification of the UNCCD established a
national forum on the involvement of women. In
Kenya, 30–50% of the participants in the formula-
tion of the national action plan were women.
Northeast Brazil is particularly active in promot-
ing women’s role in sustainable development
[20]. Addressing gender inequalities in land tenure,
inheritance, and decision making and recognizing
the importance of women for dryland communities
and ecosystems is a positive trend, which is gath-
ering momentum in many countries [21].

Adaptation Systems and Improving
Livelihoods
Most adaptation systems are of grass roots origin
and local implementation, but this does not pre-
clude their inclusion or performance within more
formal organizational structures. National, Regional,
and Subregional Action Programmes are key to
implementing the UNCCD, and although such pro-
gramsmight appear to be “imposed” or “top-down,”
the UNCCD has recognized the importance of
community level involvement, local knowledge,
the role of women, and the value of synergistic
activities between other UN programs [22]. The
programs implemented by the UNCCD and many
in-country NGOs operate at the local level and
aim to improve livelihoods within the context of
desertification, rather than (or sometimes as well
as) instigating remediation.

In several areas of northwestern China, desert-
ification has been reduced in recent years due to
the application of new policies designed to change
human activity and protect the environment. The
“Grain for Green” and “Grazing Prohibition” pol-
icies are improving the environment, but other
challenges remain – such as how to improve
farmer’s income and develop the economy. These
questions were driving forces behind Zhou and
Mouat’s hypothetical study [23], which identified
five uncertainties facing the Minqin region:

• Will there be sufficient water for agricultural
and domestic use?

• What effect will climate change have?
• Is soil salinization likely to increase?
• What changes to the economy will occur, pos-

sibly as a result of government policy?
• Are land use patterns going to change?

Based upon the present land use status, one of
the potential alternative futures for the region
developed by Zhou and Mouat [23] focuses upon
the development of high-tech industry in the city of
Wuwei. As a result of this, the city expands some-
what into the agricultural area, but the rural popu-
lation remains on the land while taking advantage
of new opportunities in the city. A policy to import
high water use commodities initiated by the admin-
istration inWuwei, combined with mandated water
conservation, results in lowered water use for that
area – and agriculture downstream, aroundMinqin,
improves. Although based upon a hypothetical
study, such diversification is an example of suc-
cessful social resilience, which, in conjunctionwith
policy decisions, enhances environmental resil-
ience and minimizes desertification [cf. 19].

While China and other countries have developed
both policies and programs to “green” their deserts,
these efforts have had mixed results and question-
able sustainable outcomes. Planting trees in arid
regions having less than 100 mm of annual precip-
itation will almost certainly be unsustainable, while
other efforts that rely on appropriate agricultural/
grazing strategies can have more sustainable
outcomes [24].

Management strategies – for land, water, and
human resources – are critical for human existence
in all ecosystems, but particularly those such as
drylands where system resilience is fragile. Tradi-
tional policies and organizations can be effective,
for example, longstanding policies for managing
wells in southern Ethiopia [25]. However, Emiru
[25] reports that newly constructed water points are
often administered poorly due to ineffective, newly
initiated management committees.

An example of a relatively new management
strategy that appears effective is the development
of community-based conservation efforts called
conservancies (e.g., [26]). Many countries in
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Africa are adopting the conservancy approach,
which is usually focused on promoting conserva-
tion of natural resources and wildlife, plus sus-
tainable utilization and sharing of resources.
These organizations are a diversification from
the single-family approach to management, and
recalling the arguments put forward by Bradley
and Grainger [19], it is those who are able to
maintain options and diversify who are most suc-
cessful in living with desertification. Research in
the field of resilience theory [16, 17, 27] suggests
that resilience can be enhanced through pursuit of
connectivity, collaborative capacity, response
diversity, avoidance of false subsidies, enhance-
ment of situational awareness, development of
leadership capacity, increasing of reserves, and
other strategies, all of which are available in vary-
ing degrees to those living in drylands.

In western Senegal there are several strategies
which are adopted by the pastoralist and agricul-
tural groups in times of reduced productivity
[19]. What is particularly interesting is how the
groups vary in their perceptions and adaptations.
The pastoralists move between their grazing,
watering, and trade sites on a seasonal and long
distance basis, both as an anticipatory and a
response strategy. During these migrations, social
networks and use rights are maintained on a reg-
ular basis. Both agriculturalists and pastoralists
accumulate surpluses. Agriculturalists expand
the area under cultivation; pastoralists build up
herds with the idea that at least some of the ani-
mals would survive a future drought.

Both groups have some diversity in livelihoods
including collection of forest products, trade, and
spiritualist activities in addition to cropping
and/or raising livestock. However, Bradley and
Grainger [19] report that the pastoralists diversi-
fied more easily and had a confident approach to
this adaptive strategy. In response to changing
environmental conditions, both groups maintained
their customary production mode as long as pos-
sible, but, under pressure, pastoralists would
increase their mobility, diversify stock type, or
enter the gum arabic trade. However, the
response by agriculturalists is typically for
some of the group to migrate to urban areas to
look for work. It would appear that the

pastoralists adapt readily, are innovative in their
solutions, and possess more autonomy, possibly
as a result of the mobility and therefore flexibility
inherent in their “normal” lifestyle.

Recognizing the multiple benefits of halting
and reversing land degradation, the concept of
“Zero Net Land Degradation” has been proposed
[22]. The UNCCD defines land degradation neu-
trality (LDN) as “a state whereby the amount and
quality of land resources necessary to support
ecosystem functions and services and enhance
food security remain stable or increase within
specified temporal and spatial scales and ecosys-
tems.” The goal is to maintain or enhance the
stocks of natural capital associated with land
resources and the ecosystem services that flow
from them. The objectives of LDN are to:

• Maintain or improve the sustainable delivery
of ecosystem services

• Maintain or improve productivity, in order to
enhance food security

• Increase resilience of the land and populations
dependent on the land

• Seek synergies with other social, economic,
and environmental objectives

• Reinforce responsible and inclusive gover-
nance of land

LDN was conceived to encourage a dual-
pronged approach of measures to avoid or reduce
land degradation combined with measures to
rehabilitate already degraded land so as to achieve
no net loss of healthy and productive land.

Discussion

Human adaptations which improve resilience –
such as diversification and development of recip-
rocal networks (i.e., response diversity, connec-
tivity, and collaborative capacity) – are likely to be
more successful, for human and ecosystems, than
abandoning the land and migrating to cities. The
latter strategy increases the potential for desertifi-
cation, adds to the problem of urban poor, and
presents a security risk for many regions.
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Populations living in drylands face challenges
from climate change, decreased productivity and
biological diversity, poverty, and changing social
institutions, but Reynolds et al. [8] suggest a
framework which can be used by managers and
policy makers to address the complexity of
interlinked systems and recognize what is impor-
tant to change and where research can help. Based
on the major characteristics of dryland social-
ecological systems, they discuss how mainte-
nance of local environmental knowledge is key
to functional coadaptation in drylands – the impli-
cation is that accelerating integration of science
and local environmental knowledge at local and
regional levels could yield better outcomes.

Global climate change models operate at scales
that do not permit a local level of analysis
(although downscaling is improving), and given
the great spatial variability of dryland ecosystems,
there will be some areas which are less affected
than others – even within the same ecosystem and
climate regime [14]. This internal variability will
impose additional social pressures upon dryland
peoples, adding a further element of uncertainty to
society, sustainability, and human and environ-
mental security. It is imperative that desertifica-
tion is thought of as a process, a problem, and a
phenomenon that affects people, not just in those
places directly involved but globally as well.

Future Directions

In this entry, the process of desertification, espe-
cially as a social-ecological system phenomenon
integrating biophysical and human uses, has been
described. As Reynolds and Stafford Smith have
stated, people are neither the problem nor the vic-
tims; they are a part of an integrated system. Causes
and effects have been discussed as have interna-
tional efforts to “combat,” mitigate, and prevent
desertification (UNCCD). Finally, response strate-
gies and adaptation systems are discussed.

What will be the complexion of efforts to deal
with desertification as the twenty-first century
progresses? Increasing populations and concomi-
tant competition for resources including water and
arable land will require strategies to ameliorate a

likely worsening situation. These include under-
standing how to use water and other resources
more efficiently; developing salt-, drought-, and
pest-resistant crops, developing better systems for
providing market information, lessons learned
regarding best practices for drylands agriculture,
developing local and green energy resources, and
focusing on methods for enhancing resilience. As
pointed out, at the local level people faced with
increasing land degradation and decreasing liveli-
hoods adapt, revolt, migrate, or die. International,
national, and non-governmental organizations are
increasingly striving to communicate success
stories across communities. These same organiza-
tions, at the very least, are drawing awareness to
the problems that people living in drylands face.
They are also raising awareness of the importance
of developing bottom-up approaches, involving
women, and of incorporating traditional knowl-
edge into solutions. Developing infrastructure will
assist. While early warning systems for forecasting
drought have been around for decades, similar
methods for forecasting degradation are still only
in a nascent state, although the UNCCD is striving
to develop effective initiatives.

Increasing our understanding of the causes and
processes of desertification is important, but so is the
importance offiguring out how to usewhat is already
known. It is important to ask questions about how
drylands might change in the future including plau-
sible alternatives. Assessing and analyzing the alter-
natives will allow one to pick pathways of
development that will allow for positive futures.

In our view, it is important to remain focused
on the sustainability of desert ecosystems, and it is
essential to focus on the impacts of climate vari-
ation on human use systems in the context of
sustainability. While much attention is focused
on ameliorating and mitigating the effects of
desertification, it is important to prevent drylands
from becoming desertified in the first place.
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Glossary

Activation energy The energy that must be over-
come in order for a chemical reaction to occur.

Mass transport The net movement of mass from
one location to another due to hydrological pro-
cesses such as advection, dynamic dispersion,
chemical reactions, and microbial activities.

Rate law A rate law is a statement about how the
rate of a reaction depends on the concentra-
tions of the participating species.

Solubility product Equilibrium constants for var-
ious kinds of reactions with a solid phase on
one side and its constituent ions on the other.

Species A chemical entity distinguishable from
other entities by molecular formula and struc-
ture, e.g., CO2 and O2 in a gas, and HCO3

�,
H2CO3

o
(aq), CO3

2�, NaHCO3
o
(aq).

Definition of the Subject and Its
Importance

Geochemical modeling uses a set of mathematical
expressions thought to represent chemical and

transport processes in a particular geological sys-
tem. The predictions of the model are partially
observable or experimentally verifiable. Geo-
chemical modeling has found applications in stud-
ies of chemical reactions in geological and
environmental systems because of its utilities for
synthesis of data, testing scenarios, and predicting
long-term consequences of chemical reactions.

Introduction

Geochemical modeling is a powerful and indis-
pensable tool for research and investigations of
environmental sustainability science and technol-
ogy. It allows quantitative evaluation of complex
processes that often have feedback loops and it
can predict the extent and consequences of geo-
chemical reactions in the order of thousands to
tens of thousands of years, beyond the range of
laboratory experiments.

An excellent example of the utility of geo-
chemical modeling in environmental sustainabil-
ity science and engineering and its unique
characteristics is illustrated by geological carbon
sequestration – the injection of carbon dioxide
(CO2) into deep geological formations as a cli-
mate mitigation tool. Upon injection of CO2 into a
geological formation, CO2 is dissolved into the
native brine. The carbonated brine becomes acidic
and corrosive, aggressively reacting with host
rocks (e.g., a sandstone or carbonate rocks). Some
primary (native) minerals are dissolved and sec-
ondary minerals precipitated. These dissolution-
precipitation reactions can drastically change the
porosity and permeability of the host rocks, and
thereby impact the injectivity and storage safety in
the long-term.

In the above example, there are many pro-
cesses that are coupled. The flow of the separate
supercritical CO2 phase transports the CO2 in the
aquifer, determined by the viscosity, density, and
the relative permeability of CO2 in contrast to the
brine. CO2 dissolves into the brine when CO2

makes contact with it. A brine with dissolved
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CO2, probably in the form of HCO3
�, has higher

density than the rest. Density-driven vertical con-
vection can occur, and convection brings about
chemical gradients that result in more reactions.

The above example demonstrates that the sys-
tem is complex and that the chemical reactions are
coupled with each other and also coupled to trans-
port processes, such as advection and dispersion.
It is difficult to quantitatively evaluate these reac-
tions without a computer model. There may be
some ideas about what reactions will occur and
how fast they will occur, but by developing a
model, ideas can be formulated explicitly and
thoughts can be tested quantitatively. Often,
ideas are restricted to a particular aspect of chem-
ical reactions, gleaned from specific laboratory
experiments or field observations. Whether such
ideas are valid when they are examined with mea-
surable or observable consequences of the overall
chemical systems is not known. In other words,
whether the ideas of a subsystem hold up in the
overall scheme of things must be tested. The sys-
tem of concern often not only involves the cou-
pling of hundreds of reactions, but also to
processes like diffusion, advection, and disper-
sion, biological activities, thermal conduction,
mechanical stress, and deformation.

The geological carbon sequestration example
also illustrates the necessity of the prediction of
chemical reactions for all practical purposes.
Although federal or national regulations for safe
underground CO2 storage still need to emerge, it is
reasonable to assume that national and local reg-
ulations will demand risk assessments of wellbore
integrity, well injectivity, and long-term perfor-
mance in the order of thousands of years. The
geology of each injection site differs, and geolog-
ical heterogeneities at a given site are a fact of life.
It is not possible to conduct laboratory experi-
ments either for each possible geochemical sys-
tem or for durations of more than a few months.
Performance assessments necessary at all stages
of CO2 storage operations (site assessment/selec-
tion, design, installation, operations and monitor-
ing, and closure/post-closure) have to be partly
based on geochemical modeling predictions.

Thus, it is clear that geochemical modeling is
an indispensable tool in geochemical research and

engineering. This entry introduces the basic concepts
of geochemical modeling, provides information for
accessing modeling codes and further readings, and
shows applications in the field of environmental
sustainability sciences and technology.

What Is Geochemical Modeling?

To modify Zhu and Anderson’s [1] definition a
little bit, a geochemical model is “an abstract
object, described by a set of mathematical expres-
sions thought to represent chemical and transport
processes in a particular system. The predictions
of the model are partially observable or experi-
mentally verifiable.” A geochemical model typi-
cally includes a geochemical reaction network,
which means the finite array of reactions in a
geochemical system and transport processes for
a reactive transport system.

Mathematically, for a geochemical system that
has n species, the following ordinary differential
equations completely define the geochemical
reaction network [2],

dmi

dt
¼

X
j

ui, jri, j,i� n, (1)

wheremi denotes the concentrations of ith species,
t the time, uj the stoichiometric coefficient for ith
species in the jth reaction, and ri,j the production
or consumption rate of the ith species in the jth
reaction. For a reactive transport system, the geo-
chemical reaction network is defined by the trans-
port equations,

@mi

@t
þ L Cið Þ ¼

X
j

vjri (2)

where L is the advection, dispersion, diffusion
operator [3].

For historic development of geochemical
modeling, the readers are referred to Zhu and
Anderson [1] and Nordstrom [4]. To develop or
apply a geochemical model, the modeler needs
three parts: (1) a computer code that solves
Eqs. 1 and/or 2; (2) a thermodynamic and kinetics
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database; (3) an input file that supplies the chem-
ical analysis and the design or conceptual model
of the geochemical model. Zhu and Anderson [1]
called it “the part of three.”

The Part of Three

Numerous computer programs for geochemical
modeling have been developed. Without excep-
tion, the Newton-Raphson iteration method is
used to solve the highly nonlinear Eq. 1. These
computer codes include EQ3/6 [5], SOLMINEQ.88
[6], PHREEQC [7], andMINTEQA2 [8]. The codes
that are sponsored by government agencies are
essentially free of charge and are widely used.
With ever more increasing computing power, tre-
mendous advancements have been seen in code
developments in the last decade. Zhu [9] pointed
out that computer code developments are ahead of
underlying science.

Most widely distributed computer codes come
with a database of equilibrium constants for
chemical reactions. For example, a database
called DATA 0.DAT was initially developed
for EQ3/6 by Tom Wolery [5] and Jim Johnson
[10, 11]. This database was later adopted for the
program PHREEQC as LLNL.DAT, GWB as
THERMO.DAT, and the database in ToughReact.
Similarly, thermodynamic databases have been
developed for MINTEQA2 as MINTEQA2.DAT
for PHREEQC as PHREEQC.DAT.

The compilations of equilibrium constants for
chemical reactions draw from the available data-
bases of standard state properties for minerals,
such as those from Helgeson et al. [12], Wagman
et al. [13], Berman [14, 15], Holland and Powell
[16], Nordstrom et al. [17], and Robie and Heming-
way [18]. More specialized databases are available
for uranium [19]. Because these internally consistent
databases only contain a limited number ofminerals,
while applications of geochemical modeling to a
variety of geological and environmental topics
require a wider range of minerals and solids, addi-
tional minerals are added to these equilibrium con-
stant databases MINTEQA2 and PHREEQC.

For aqueous species, an internally consistent
database developed by Harold Helgeson and

collaborators, which includes a large number of
aqueous species, has been widely used in the field
of geochemistry [20–23]. In this database, the
temperature and pressure dependences of thermo-
dynamic properties for aqueous species were pre-
dicted using the parameters of the revised
Helgeson–Kirkham–Flowers (HKF) equations of
state for aqueous species [20, 24, 25]. Activity
coefficients for the charged aqueous species
were calculated from the extended Debye–Hückel
equation or B-dot equation fitted to mean salt
NaCl activity coefficients [26]. The computer pro-
gram SUPCRT92 can be used to generate equilib-
rium constants at elevated temperatures and
pressures [11]. Equilibrium constants have been
calculated using the standard state properties from
this database and compiled into databases that
accompany the program EQ3/6 which was then
adopted to other programs, e.g., LLNL.DAT in
PHREEQC and THERMO.DAT in GWB©.

It has been known for quite some time that the
internal consistency of thermodynamic data for
modeling calculations is important. Nordstrom and
Munoz [27] elaborated on the topic of internal
consistency and readers are urged to consult their
writing on the topic. Note that the standard state
thermodynamic properties in the mineral databases
[12, 14–17] are internally consistent, but some added
minerals may not necessarily be so. The aqueous
speciescollected in theHelgeson–Sverjensky–Shock
compilations are internally consistent, but others
collected may not be.

In the deep parts of the subsurface and in
the shallow parts where evaporate sediment beds
are located, groundwater becomes briny and can
have concentrations of dissolved solids up to
300,000 mg/L. In dealing with concentrated solu-
tions, Pitzer’s ion interaction approach using
virial specific interaction equations is generally
preferred over the ion association theory when
calculating ionic activities. The Pitzer’s model,
commonly the Harvie–Moller–Weare (HMW)
formulation of it [28], has been incorporated into
geochemical modeling codes EQ3/6, PHRQPITZ
[29], and TOUGHREACT [30]. Although pro-
gress has been made in compiling the Pitzer inter-
action parameters [31], the lack of Pitzer’s activity
coefficient parameters at elevated temperatures
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and for minor or trace elements remains a barrier
to accurate calculation of solubility and saturation
indices for highly saline fluids.

The input file is where the modeler defines the
composition of the chemical system, includes or
excludes certain types of chemical reactions, and
assigns the boundary and initial conditions. In
other words, this is where the modeler translates
the conceptual model into recognizable formats
by computer programs. The modeler also
develops the conceptual model in this way [1].

From the discussion of each of the “part of
three,” it should be clear that a computer program
should always be distinguished from a geochem-
ical model. For example, PHREEQC is a geochemi-
cal modeling computer program or code; it is not a
geochemical model. It is always true that the
modeler, not the computer code, produces a geo-
chemical model. A geochemical modeling code is
a utility, e.g., an oven. The oven does not bake the
cake. The chef bakes the cake.

Speciation–Solubility Modeling
Speciation modeling calculates the distribution of
aqueous species and mineral saturation indices
according to the solutions of the mass and charge
balance and mass action equations. From the
activities of the aqueous species, one can calculate
Saturation Indices (SI),

SI ¼ log
IAP

K

� �
(3)

where K stands for the equilibrium constant of the
dissolution reaction and IAP stands for the Ion
Activity Product. When SI = 0, the mineral is at
equilibrium with the aqueous solution. When
SI < 0, the aqueous solution is undersaturated
with respect to the mineral of concern and the
mineral will dissolve. When SI > 0, the aqueous
solution is supersaturated with respect to the min-
eral and the mineral will precipitate.

Speciation-solubility modeling has become a
routine exercise since Garrels and Thompson [32]
first calculated the aqueous speciation in seawater
and saturation states with respect to mineral
solubility. The principles are well known, and

the numerical modeling techniques and their
tweaking are mature. There are hundreds of com-
puter codes available for this kind of calculation.

The results of speciation and solubility calcu-
lations are used for a number of issues in environ-
mental sustainability science and technology. The
toxicity of many chemicals is not only related to
the total concentrations, but also to the species.
Liu et al. [33] measured the total concentrations of
antimony (Sb) with valence of V. They then used
speciation calculations and found the dominant
aqueous Sb species was Sb(OH)6

�. In general, it
is assumed that aqueous species in the solution are
in mutual equilibrium (homogeneous equilibria).
The exception to this rule is redox species, which
are well known for not being at equilibrium in
surficial water bodies [34, 35].

The calculated saturation indices give direc-
tions of chemical reactions. As elaborated in Zhu
and Anderson [1] and in numerous books on
thermodynamics, saturation indices show the
direction of the chemical reactions, as dictated
by the second law of thermodynamics, but tell
nothing about the rate of reactions. For example,
it is well known in geochemistry that natural
waters are often supersaturated with respect to
crystalline quartz, but the rate of quartz precipita-
tion is too slow for these waters to reach equilib-
rium with quartz even after thousands of years at
low temperatures. However, reaction direction is
the first thing that one must know before one can
extract reaction rates (one needs to know which
direction the reactions will go before one can
estimate how fast or slow they will do it).

One could extend the scope of traditional spe-
ciation– solubility modeling to include the equi-
librium partitioning of a chemical between the
aqueous solution and mineral surfaces (Fig. 1).
Many computer codes (e.g., MINTEQA2 and
PHREEQC) now allow the calculations of surface
adsorption according to the surface complexation
theory [35–37]. One can find the details of the
surface complexation theories in the textbooks
cited above. In terms of modeling, when the total
concentration of an ion (e.g., Pb2+) in an aqueous
solution is given, the codes can calculate how
much Pb2+ is partitioned onto the mineral surface(s),
how much Pb2+ remains in the aqueous solution,
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what the relative percentage of surface bound
Pb2+ among different surface species is, and
what the dominant aqueous Pb2+ species are.

Similarly, one can calculate the equilibrium
partitioning of chemicals between an aqueous
solution and ion-exchangers. Unlike the surface
adsorption and the surface complexation theory
that describes it, modeling of ion-exchange reac-
tions lacks both theoretical footing and internally
consistent databases [1]. Readers are encouraged
to read more in Appelo and Postma [38]. Equally,
one can also calculate the equilibrium distribution
between an aqueous solution and solid solution
phases [39, 40], and gas phases (Fig. 1).

Speciation–solubility modeling provides a
“snapshot” of a dynamic system, and the basic
building block for more advanced process model-
ing. The calculated activities of the various
ionic and molecular species give the IAP for the
saturation state evaluation. This type of calculation
represents the majority of applications of geochem-
ical modeling to the field of environmental sustain-
ability science and technology. However, despite
the maturity of the modeling techniques, a number

of challenges exist which make the evaluation of
the reaction directions a nontrivial task (cf. [9]).

Reaction Path Modeling
Once the results of aqueous speciation and solu-
bility calculations are obtained (i.e., calculated
species distribution and saturation indices) for a
given temperature, pressure, and instance of time,
processes can be modeled. The simplest next step
is reaction path modeling, tracing the evolution of
aqueous solution composition and speciation and
mineral paragenesis through time or the reaction
progress as a result of irreversible reactions (e.g.,
feldspar dissolution) or processes (e.g., titration,
mixing, or increase or decrease of temperature or
pressure). The modeling is accomplished by
applying the principle of mass balance, thermo-
dynamics that govern the equilibrium between
species, and kinetics that govern the rate of mass
transfer among phases. The concept and mathe-
matical foundation of reaction path modeling was
introduced to geochemistry by Harold Helgeson
[41]. Numerous articles and books have described
this approach [2, 5, 42, 43]. Computer codes
EQ3/6, PHREEQC, MINTEQA2, SOLMINEQ.88 and GWB

©

can all perform these kinds of calculations.
In the past a few years, advancement has been

seen in computing powers and development of
computer programs, which make it possible to
perform reaction path modeling involving com-
plicated reaction networks. This includes incorpo-
ration of various forms of rate laws and inclusion
of an almost unlimited number of reactions into a
single model. Conceptual developments in geo-
chemical reaction networks now allow one to
explore the intricacies of feedback mechanisms
for complex inorganic geochemical systems [44].

One area that has been rapidly advanced in
recent years is the linking of microbial activities
with a network of redox and non-redox reactions
and the exploration of the complex feedback loops
in biogeo-chemistry. For example, Istok et al. [45]
carried out a biogeochemical reaction path model-
ing for simulating an in situ field experiment
which investigated the bioreduction of uranium
near Oak Ridge National Laboratory in Tennes-
see, USA. In the field experiment, ethanol was
injected into the aquifer to stimulate microbial

gases solids surfaces
Solid
solution

Ion-exchangers

Water chemistry/water phase

Saturation
Indices

Species
distribution

Equilibrium compositions of lon-exchangers,
surfaces, and solid solutions

Code and
Database

Geochemical Modeling in Environmental and Geo-
logical Studies, Fig. 1 Schematic configuration of
speciation–solubility models
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activities at the field site and the reduction of
nitrate, U(VI), Fe(III), Mn(IV), and sulfate were
observed to proceed concomitantly.

Historically, microbial mediated reactions were
modeled as semiempirical kinetics, decoupled into a
whole suit of inorganic geochemical reactions as a
consequence of biostimulation or bioremediation
[45, 46]. The Monod-type kinetic expressions
are used to describe rates of substrate utilization
and biomass production. Istok et al. [45] developed
a new approach, dubbed as “thermodynamically
based.” In their approach, the actual microbial
community is represented by a synthetic micro-
bial community consisting of a collection of
microbial groups, each with a unique growth
equation that couples a specific pair of energy
yielding redox reactions. Simulations moni-
tored temporal changes of microbial biomass,
community composition, aqueous speciation, and
oxidation states of multivalent chemicals, as well as
the dissolution and precipitation of minerals.

Istok et al.’s [45] modeling results are shown in
Fig. 2. Simulations predicted that acetate addition
will result in the growth of only 8 of the 25 micro-
bial groups during the experiment. The increasing
biomass and changing community composition
occurred as increasing amounts of acetate were
reacted. Early on in the reaction path, predicted
biomass increase was dominated by predicted
growth of manganese reducers, iron reducers,
and denitrifiers, with much smaller predicted
growth of other groups, reflecting the relatively
larger initial amounts of Mn(IV)- and Fe(III)-
bearing minerals and nitrate compared to oxygen
and sulfate. As additional acetate was reacted,
growth of other groups was predicted to become
energetically favorable, especially sulfate reducers.
Predicted patterns of the growth of the various
groups resulted in predicted changes in community
composition. The results are generally consistent
with clone libraries developed from groundwater
samples.

While some computer software is fully capable
of performing such complex computations, the
requirements of modeling parameters for the bio-
geochemical reactions are daunting [48].Numerous
nonunique interpretations of field data may be pos-
sible. However, geochemical modeling can help

to integrate processes and reactions in a quantita-
tive manner and provide a more comprehensive
understanding of biogeochem-ical processes than
simply providing apparent zeroth-order and first-
order rates.

Coupled Reactive Mass Transport Modeling
Geochemical models included in this category all
solve the advection-dispersion-reaction (ADR)
mass transport equations, typically using the
sequential iteration approach. The reaction term
is fully coupled to chemical equilibrium and
kinetics (and microbial activities). In other
words, at each time step and at each node or in
each grid cell, reaction path calculations described
above are performed. Many transport codes on the
market are termed “reactive transport model,” but
only the partitioning coefficient or KD approach is
used. In the KD approach, all chemical reactions
pertinent to a chemical are described by a single
parameter [49]. In this entry, only multiple com-
ponent mass transport models with the nonlinear
mass balance equations for speciation and mass
transfer coupled to the ADR equation are called
coupled reactive mass transport (CRMT) models.
For the fundamentals of the subject, readers are
referred to Yeh and Tripathi [50].

Some codes in this category are coupled to
fluid flow and also have the capabilities of simu-
lating multiphase flow (air, water, and CO2),
density-dependent flow, the feedback of
dissolution – precipitation reactions and changes
of permeability and flow patterns – and thermal
and mechanical stress. Applications of CRMT
include fate and transport of metal and radionu-
clides in groundwater systems, geologic carbon
sequestration, sediment diagenesis, geothermal
energy exploration and production, sea water
intrusion, and formation of ore deposits.

As an example, Liu et al. [51] used multiphase
reactive flow and transport modeling to simulate
large-scale CO2 injection (a million tons per year
for 100 years) into Mt. Simon sandstone, a major
candidate saline reservoir in the Midwest of USA.
The long-term fate of CO2 was simulated by
extending the modeling period to 10,000 years (the
predictive utility of geochemical modeling). The
results indicate thatmost of the injectedCO2 remains
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within a radius of 3,300 m lateral distribution. Four
major trapping mechanisms and their spatial and
temporal variations are evaluated in the simulations:
hydrodynamic, solubility, residual, and mineral trap-
ping. A strongly acidified zone (pH 3–5) forms in
the areas affected by the injected CO2(0–3,300 m),
and consequently causes extensive mineral precipi-
tation and dissolution (Fig. 3).

Coupled reactive mass transport models are
great tools to further understand geochemical
reaction networks. Typically, CRMT modeling
generates a great amount of numerical experimen-
tal data. Significant amounts of time and energy
are necessary to dissect and distill the information
on what reactions have happened and how reac-
tions are coupled.
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Future Directions

There is no doubt that geochemical modeling
plays an increasingly important role in environ-
mental sustain-ability sciences and technology, as
environmental decisions (carbon dioxide storage,
remediation) are made partly based on model pre-
dictions. Computer code development has given
flexibility to most applications. However, mod-
elers need to have a grasp of the fundamental

understanding of the underlying sciences and the
limitations of geochemical models.

Zhu [9] gave a list of research needs to model
geochemical reactions:

1. Internally consistent standard state thermody-
namic properties for minerals, particularly min-
erals with complex and variable chemical
compositions and structures like smectite. More
accurate thermodynamic properties for common
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minerals like feldspars would help to resolve the
controversy on the Al-bearing minerals.

2. More experimental data and resolution of
ambiguities surrounding the speciation of
aqueous elements like that for Al species.

3. Improvements in sampling and filtration of
natural and laboratory samples for better satu-
ration state assessments.

4. Solid solution models for feldspar and clay
minerals.

5. More measurements of rate – free energy of
reaction relations at a variety of temperature
and pH conditions, leading to accurate theoret-
ical or empirical correlations.

6. Rates and rate laws for precipitation reactions,
and improved understanding of nucleation
process.

7. Pitzer activity coefficient parameters for trace
elements and for all elements at elevated
temperatures.

8. More rigorous treatment of experimental data
with statistical analysis.

9. Assessment of error propagations.
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Glossary

Carbon dioxide capture and storage (CCS) The
capture and compression of CO2 from fossil fuel
power plants and other industrial point sources
followedby its transport towells for injection into
deep geologic formations for permanent storage.

Carbon dioxide capture, utilization, and stor-
age (CCUS) The capture and compression of
CO2 from fossil fuel power plants and other
industrial point sources followed by its benefi-
cial utilization, most commonly for injection
into mature oil fields for enhanced oil recovery,
during which process the CO2 is eventually
permanently stored.

Consequence An impact arising from the occur-
rence of an event or process. For example, the
consequence of high CO2 concentrations in the
atmosphere is global warming.

Geologic carbon sequestration (GCS) = Geo-
logic CO2 storage (GCS) The last step of CCS
in which CO2 is injected through wells into
deep subsurface formations for permanent
storage.

Hazard A potential impact or consequence of an
event or process. For example, CO2 emissions
were first recognized as a hazard to the
climate by John Tyndall in the mid-nineteenth
century.

Likelihood The probability or degree of potential
for an event or process to occur. For example,
the likelihood of large CO2 emissions continu-
ing is very high given population growth and
worldwide increases in standard of living.

Risk The product of likelihood and consequence
of an event or process. For example, the risk of
climate change is very high because both the
likelihood of continued CO2 emissions and the
consequences of elevated atmospheric CO2

concentrations are high.
Storage reserve (capacity) Effective pore-space

volume available for CO2 storage given
existing or projected economic, technological,
legal, environmental, and regulatory factors.

Storage resource (capacity) Physical pore-space
volume available for CO2 storage indepen-
dent of economics, extraction technology, or
regulations.

Definition of Subject and Its Importance

Carbon dioxide (CO2) capture and storage (CCS)
is a combination of technologies that reduces the
risk of climate change by directly reducing the net
CO2 emissions arising from the use of fossil fuels
as the main global primary energy source
[1]. In CCS, as commonly envisioned, CO2 will
be captured and compressed from flue gases at
point sources such as coal-fired power plants,
transported by pipeline, and injected into
deep geologic formations on- or offshore for per-
manent storage (i.e., geologic sequestration)
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(Fig. 1). Note that in this context, permanent is
loosely defined as several millennia, the idea
being that if the majority of the injected CO2 is
prevented from entering the atmosphere over this
time frame or longer, the global warming impacts
of the CO2 are avoided. Carbon dioxide (CO2)
capture, utilization, and storage (CCUS) adds a
beneficial utilization of captured CO2 that assures
non-emission to the atmosphere. Because the sub-
ject presented here is geologic carbon sequestra-
tion (GCS), we consider only the large-scale
subsurface uses of CO2 as relevant utilization
options, and we consider only the most common
of these, CO2 for enhanced oil recovery [2], which
carries with it most of the same containment con-
cerns as CCS, making separate discussion of
CCUS here unnecessary.

Processes for capturing of CO2 vary depending
upon whether hydrocarbons are burned with air or
pure oxygen. Capture from the former involves
either the use of liquid sorbents, solid membranes,
or other engineered materials that can extract CO2

from a mixture of gases resulting from power
generation or other industrial processes in which
CO2 is often a minor component at relatively low

pressure. Capture after combustion with pure oxy-
gen more simply involves separating the CO2

from water vapor by condensation. However this
comes at the cost of building and operating a
facility to separate pure oxygen from air.

As of 2017, there are only two large
(>800,000 tonnes/year) capture operations
related to power generation in existence, but
there are another dozen large capture facilities
operating on other industrial plants. Half of these
are related to natural gas processing (see next
paragraph). Another two are related to hydrogen
and one to biofuel production facilities.

CO2 occurs in many natural gas (methane,
CH4) fields at concentrations above those required
for delivery to customers. Natural gas processing
to remove CO2 has been carried out for decades,
and at several gas fields, captured CO2 is
reinjected for geologic sequestration [3, 4].

In power plant capture, extraction of CO2 can
be done after combustion, so-called post-
combustion capture, or during pre-combustion
steps, which has the advantage of higher pressures
and higher CO2 concentrations than capture after
combustion with air [1]. Higher pressures and

CO2 capture
& separation plant

CO2 source
(eg. power plant) CO2 storage

CO2
compression unit

CO2
transport

CO2
injection

Geologic Carbon Sequestration: Sustainability and Environmental Risk, Fig. 1 Schematic of an onshore carbon
dioxide capture and storage (CCS) process (CO2CRC, http://www.co2crc.com.au/aboutccs/)
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higher concentrations lower the energy needed to
effect capture, e.g., using membranes or adsorp-
tion approaches. Capture after combustion with
pure oxygen has the benefit of relatively pure CO2

exhaust with water vapor, which is readily sepa-
rated by condensation.

There are also direct-air capture approaches for
CCS that make use of solid sorbents to capture
CO2 from ambient air rather than specifically at
point sources [e.g., 5, 6]. Direct-air capture has the
advantage that it addresses emissions from all
sources, including mobile CO2 sources such as
automobiles and trucks, but also the disadvan-
tages of much lower CO2 concentration and pres-
sure, which results in a much higher cost per tonne
captured.

Biofuels can be produced by fermentation of
the biomass from crops that have taken carbon out
of the atmosphere during their growth. Carbon
dioxide capture during fermentation is attractive
because fermentation produces nearly pure CO2

making capture straightforward, and subsidies
for using biofuels are often correlated with CO2

emission reduction via use of plant matter as a
feedstock for biofuel production. Additional
reductions in carbon intensity beyond uptake of
carbon during growth can be realized by capturing
CO2 from fermentation and injecting it for geo-
logic sequestration. This type of process is called
BECCS (BioEnergy with CCS), and the only
large plant of this kind recently began operations
in the USA [7, 8].

Regardless of how CO2 capture is accom-
plished, the process must be capable of providing
a stream of CO2 for compression and subsequent
transport to sequestration sites. Although direct
injection of CO2 into the deep oceans has received
a large amount of attention [e.g., 9], and numerous
processes to accelerate uptake of atmospheric
CO2 by the oceans have been discussed [e.g., 10,
11, 12], concerns about permanence and impact to
marine ecosystems are larger for ocean sequestra-
tion than for geologic sequestration [e.g., 13].
This leaves geologic carbon sequestration (GCS)
as the main approach under consideration for iso-
lating the vast quantities of CO2 from the atmo-
sphere needed to avert catastrophic climate
change. It is important to note that GCS can be

carried out both onshore and offshore. The most
famous and long-lived GCS project (~20 years) is
the Sleipner project located off the coast of Nor-
way [2]. There is a growing interest in the USA to
investigate offshore options [14].

The extra expense involved in capturing, trans-
porting, and injecting CO2 in the CCS or CCUS
process can be expressed in terms of an energy
penalty, i.e., the amount of energy that must be
expended above business-as-usual fossil fuel
energy use. Estimates of the energy penalty for
CCS vary over a wide range depending on com-
bustion process, age of facility, distance to geo-
logic storage site, etc., but are likely around 40%
[1, 15]. Whether stated in terms of dollars or
energy penalty, the largest expense in CCS and
CCUS is capture (which also includes compres-
sion) currently projected to account for more than
60% of the cost of CCS [16].

Introduction

Fossil fuels are abundant, inexpensive to produce,
and easily converted to usable energy by combus-
tion as demonstrated by humanity’s dependence
on fossil fuels for over 80% of its primary energy
supply [17]. This reliance on fossil fuels comes
with the cost of carbon dioxide (CO2) emissions
that exceed the rate at which CO2 can be absorbed
by terrestrial and oceanic systems worldwide
resulting in increases in atmospheric CO2 concen-
tration as recorded by direct measurements over
more than five decades [18]. Carbon dioxide is the
main greenhouse gas linked to global warming
and associated climate change, the impacts of
which are currently being observed around the
world, and projections of which include alarming
consequences such as water and food shortages,
sea level rise, and social disruptions associated
with resource scarcity [19]. The current situation
of a world that derives the bulk of its energy from
fossil fuel in a manner that directly causes climate
change equates to an energy-climate crisis.

Although governments around the world have
only recently begun to consider policies to avoid
the direst projections of climate change and its
impacts, sustainable approaches to addressing
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the crisis are available. The common thread of
feasible strategies to the energy-climate crisis is
the simultaneous use of multiple approaches
based on available technologies [e.g., 20]. Effi-
ciency improvements (e.g., in building energy
use), increased use of natural gas relative to coal,
and increased development of renewables such as
solar, wind, and geothermal, along with nuclear
energy, are all available options that will reduce
net CO2 emissions. While improvements in effi-
ciency can be made rapidly and will pay for them-
selves, the slower pace of change and greater
monetary costs associated with increased use
of renewables and nuclear energy suggests an
additional approach is needed to help bridge the
time period between the present and the future
when low-carbon energy is considered cheap
enough to replace fossil fuels. Carbon dioxide
capture and storage (CCS) is one such bridging
technology [1].

CCS has been the focus of an increasing
amount of research over the last 20–25 years and
is the subject of several books [e.g., 21] and a
comprehensive IPCC report that thoroughly cov-
ered the subject [1]. This IPCC report was effec-
tively updated in key areas in 2015 by a special
issue in the International Journal of Greenhouse
Gas Control [22]. The Global CCS Institute
(GCCSI) reports that CCS is currently being car-
ried out in several countries around the world in
conjunction with natural gas extraction, enhanced
oil recovery, fertilizer production, hydrogen pro-
duction, iron and steel production, and biofuel
production [23]. We note that although a large
amount of CO2 has been used for enhanced oil
recovery since the mid-1970s in the USA, most of
it has been natural CO2 produced from CO2

domes (e.g., Bravo Dome (NewMexico), Jackson
Dome (Mississippi), and Sheep Mountain and
McElmo Domes (Colorado)) rather than anthro-
pogenic CO2. One prominent exception is the
Weyburn CO2-enhanced oil production project
in Saskatchewan, Canada, which uses anthropo-
genic CO2 [24]. Despite progress, widespread
deployment of CCS or CCUS remains the subject
of research and planning rather than action on the
gigatonne-CO2-injected-per-year scale needed to
mitigate emissions from the perspective of climate

change. The reasons for delay in deploying CCS
more widely are concerns about cost [25], reg-
ulatory and legal uncertainty [26], and potential
environmental impacts [27], including induced
seismicity (earthquakes caused by fluid
injection) [28].

This entry discusses the long-term (decadal)
sustainability and environmental hazards asso-
ciated with the geologic CO2 storage (GCS)
component of large-scale CCS/CCUS [e.g.,
29]. Discussion here does not focus on capture
and transport of CO2 because these will occur
above ground and are similar to existing engi-
neering, chemical processing, and pipeline
transport activities and are therefore easier to eval-
uate with respect to risk assessment and feasibil-
ity. The focus of this entry is on the more uncertain
part of CCS/CCUS, namely, geologic storage.
The primary concern for sustainability and viabil-
ity of GCS is whether there is sufficient capacity
in sedimentary basins worldwide to contain the
large of amounts of CO2 needed to address cli-
mate change. But there is also a link between
sustainability and environmental impacts. Specif-
ically, if GCS is found to cause unacceptable
impacts that are considered worse than its climate
change mitigation benefits, the approach will not
be widely adopted. Hence, GCS has elements of
sustainability insofar as capacity of the subsurface
for CO2 is concerned and also in terms of whether
the associated environmental risks are acceptable
or not to the public.

Geologic CO2 Storage (GCS): How Does It
Work?

In order to understand the main environmental
hazards and sustainability issues associated with
GCS, the basic principles of CCS must be under-
stood. First, CO2 gas compresses into a relatively
high-density form at the pressures and tempera-
tures encountered below a depth of approximately
1 km in the Earth. In this dense form, called its
supercritical form because it is neither strictly
liquid nor strictly gas, a larger amount of CO2

can be stored per unit volume than if CO2 is stored
as a gas at shallower depths. The density of CO2 at
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depths greater than 1 km below the ground surface
onshore ranges from around 200 to 800 kg/m3

depending on the increases in pressure and tem-
perature with depth (termed the pressure and geo-
thermal gradients, respectively).

The depths targeted for GCS are typically in
the range of 1–4 km, with the maximum depth
dictated by the economics of deep wells and
typically decreasing permeability of deep GCS
target formations. The density of CO2 at a par-
ticular location is nearly constant across these
depths as the effects on CO2 density of increas-
ing temperature approximately compensate for
increasing pressure in typical sedimentary
basins [27]. Although CO2 is very dense at
depth relative to its gaseous form at the ground
surface and can therefore be volumetrically
sequestered efficiently in the deep subsurface,
it will always be buoyant relative to the native
fluids (saline groundwater or brine) in the
onshore subsurface and tend to rise up through
them if a flow path is available. In offshore
environments, there are areas in ocean basins
where low seawater temperatures cause CO2

density in the sediments below the seafloor to
be higher than surrounding formation water
thereby removing the upward buoyancy force
that is present in onshore GCS systems [30].

Second, global tectonics have created sedi-
mentary basins on all of the continents in which
sediment deposition over geologic time scales has
produced thick sequences of sedimentary rock
capable of storing CO2 [31]. There is a vast
amount of pore space in these sedimentary rocks
arising from the imperfect packing of individual
rock grains and incomplete cement filling of the
space (pores) between the grains. Significant
space can also sometimes arise from pervasive
fracturing of the rock. In addition, sedimentary
rocks commonly exist in alternating sequences
of sandstones (relatively coarse-grained, with
high permeability) and shales and mudstones
(fine-grained, with low permeability) making a
configuration in which some sedimentary layers
are permeable and others are relatively imperme-
able. The fine-grained and low-permeability for-
mations are the cap rocks that provide the upper
seal for the high-porosity and permeability

reservoirs into which CO2 can be injected in the
process of GCS.

Four different primary trapping mechanisms
are recognized to occur in the deep subsurface to
permanently sequester CO2 [29]. These include:

1. Structural and stratigraphic trapping: This
occurs when buoyant CO2 flows up and
becomes trapped against fine-grained and
very low-permeability overlying cap rock,
often in dome-shaped structures in the case of
structural trapping. This is the same mecha-
nism that traps oil and natural gas.

2. Residual gas trapping: The process in which
CO2 bubbles are left trapped in the pores of the
rock as CO2 and water flows through the res-
ervoir (e.g., by buoyancy forces) and water
in-fills the pores previously occupied by CO2.
This is the same process that occurs in oil
reservoirs as water replaces oil and prevents
full recovery motivating various enhanced oil
recovery approaches. It is akin to why a sponge
is not dry after it is wrung out.

3. Solubility trapping: The process in which CO2

dissolves into the saline water or brine in the
reservoir rock. This same process of CO2 dis-
solution occurs to create both natural and
manufactured carbonated beverages.

4. Mineral trapping, which occurs as CO2

dissolved in the native water, reacts with min-
erals and other dissolved constituents to form
new carbonate minerals. This is analogous to
the precipitation of travertine that forms in
some hot (and cold) spring waters.

CO2 injected into the deep subsurface will tend
to be trapped by all four of these mechanisms in
proportions that vary over time. For example, min-
eral trapping depends on dissolution [e.g., 32] and
precipitation of mineral phases that can take on the
order of 100–1000 s of years [33, 34]. Considered
together, the fractions of trapping by residual gas
and solubility and mineral precipitation processes
tend to increase over time, while the fraction of
CO2 trapped by structural and stratigraphic trap-
ping decreases [29]. As sequestered CO2 pro-
gresses over time through the sequence of
structural and stratigraphic, residual gas, solubility,
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and mineral trapping mechanisms, CO2 storage is
considered to become more permanent [29].

One process that has similarities to GCS is
underground (natural) gas storage (UGS), carried
out at over 450 sites in the USA [35]. In this
process, methane (CH4) produced from natural
gas reservoirs in one location is reinjected into
depleted natural gas and oil reservoirs, aquifer
storage reservoirs, or solution-mined salt caverns
for temporary storage until market demand (e.g.,
a cold or hot spell) exceeds supply at which time
extra gas is withdrawn from the storage reservoir.
In the USA, the amount of natural gas stored at
any one time is much smaller than the amount of
CO2 that is produced from fossil fuel power plants
per year (approximately six times less CH4 by
volume (7.5 Tcf= 1.4� 108 tonnes [36]) is stored
overall than there is CO2 produced at fossil fuel
power plants (47 Tcf = 2.4 � 109 tonnes) per
year). Furthermore, the natural gas storage indus-
try uses the same reservoir for decades of injec-
tion and withdrawal cycles, whereas the GCS
industry would need to continuously develop
new reservoirs. So while the processes are very
similar and much can be learned from the natu-
ral gas storage industry, the scale of the GCS
industry will need to be much larger [e.g., 37,
38] in order for it to contribute substantially to
averting climate change.

Opportunity and Capacity

As mentioned above, sedimentary basins in the
USA and around the world are the primary targets
for large-scale GCS [31, 1]. Shown in Fig. 2 are
sedimentary basins (blue) in the USA and Canada
with hydrocarbon-producing regions shown in red.
As shown, there are large areas of the USA and
Canada that are potential sinks for CO2.Most of the
opportunity is in sedimentary basins on the conti-
nent, but offshore opportunities are also being
pursued [e.g., 39, 14]. Economics and regulatory
and environmental considerations will govern the
extent to which offshore options are viable. Cur-
rent efforts in North America are mostly aimed at
onshore GCS opportunities, while in Europe pri-
marily offshore opportunities are pursued.

Sustainability and feasibility of GCS are
largely dependent on capacity. Evaluations have
shown there is more than enough capacity to store
point-source CO2 emissions for hundreds of years
or more [e.g., 1]. However, large capacity is a
necessary but not sufficient condition for GCS
feasibility. First, large capacity does not equate
to adequate injectivity, i.e., there may be large
porosity in some formations that have low perme-
ability or are highly compartmentalized. This
would require more wells to inject CO2 than the
economics of a project could support. Second,
capacity may not be available in close proximity
to large CO2 sources necessitating long pipeline
transport distances and associated extra costs
[41]. Some of this transport cost can be accom-
modated under reasonable projections of CO2

storage economics, but at the extreme, it could
make CCS unviable due to economics or societal
acceptance of greater pipeline length.

This discussion points out that there are two
different types of capacity, namely, resource and
reserve capacity [e.g., 42]. Most evaluations to
date have focused on resource capacity, i.e., the
total amount of pore space available regardless of
where it is located or what it takes to access
it. Although different methods to estimate capac-
ity have led to wide variations in capacity esti-
mates over various regions [e.g., 43], there is no
doubt that there is an enormous amount of
resource capacity available. In short, resource
capacity does not at present appear to limit the
long-term (decadal) sustainability of GCS. On
the other hand, resource capacity is not the only
measure of feasibility.

As described in the glossary, reserve capacity
is the more practical measure of capacity, because
it includes economic, technological, and regula-
tory restrictions and limitations on capacity. By
this definition, reserve capacity is a fraction of
resource capacity, and reserve capacity can
change over time as economics, technology, or
regulations change.

The remainder of this entry discusses potential
environmental impacts associated with GCS, such
as the possibility of groundwater contamination
and induced seismicity. Environmental risks and
costs may be unacceptable to the public, leading
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to regulation that along with economics (which
depends in part on policy drivers such as a tax on
greenhouse gas pollution or tax credits for GCS)
determines the reserve capacity.

Potential Impacts

The injection of large quantities of CO2 into the
deep subsurface through wells imposes a large
perturbation to the local natural system in terms
of changing the composition and pressure of the
native fluids [44]. Specifically, CO2 will partially
dissolve into the native saline groundwater or
brine while also pushing these native fluids out-
ward away from the well. It will also produce a
pressure wave that moves rapidly outward
through the native fluids beyond where injected
CO2 is in contact with those fluids.

The deep fluid injection process is well known
and practiced widely for injection of various fluids
today [45, 35, 26], and the reverse, production of
fluids through wells, such as oil, gas, and ground-
water, are similarly practiced widely under regu-
latory frameworks aimed at protecting against
adverse consequences. Nevertheless, the novelty
of GCS associated with the large volume of CO2

that needs to be injected motivates discussion of
what can go wrong and what environmental
impacts are possible. This discussion will serve
to evaluate which impacts are the most likely and
which have the greatest consequences.

Broadly, environmental impacts of CCS can be
broken down into those occurring at depth with no
discharge of CO2 into the atmosphere (i.e., the
CO2 storage objective is achieved even as other
consequences occur) and those that involve CO2

discharging into the atmosphere. Presented in
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Table 1 are potential impacts of GCS broken down
into these two broad categories.

While the impacts arising from CO2 leaking
upward into the vadose zone, root zone, surface
water, and out of the ground may be very serious,
such occurrences all require a conduit or flow
pathway from the deep injection zone to the
near-surface environment, such as an improperly
abandoned well or transmissive fault. Any GCS
project that had moderate to high potential for the
leakage scenarios in the upper part of Table 1, as
defined by society through the development of
regulations, would presumably not be undertaken
assuming effective risk management, insurance,
and regulatory processes are in place. Further-
more, theoretical studies aimed at finding ways
that CO2 could be catastrophically released from
CO2 storage sites leading to the most serious
impacts at the ground surface have found self-
limiting fluid interference behaviors rather than
runaway behaviors [60]. Finally, the impacts
described in the upper part of Table 1 are associ-
ated with failures of GCS in that CO2 will enter the
atmosphere negating the sequestration objective.

For projects receiving value through greenhouse
gas pollution abatement markets, this provides
an additional incentive for project operators to
avoid leakage as it would cause a direct reduction
in revenue. Assuming an adequate monitoring
program is in place, these leakage events would
be relatively obvious, and appropriate changes in
operations and remedial actions could be
carried out.

In the exceptional case of the occurrence of
an uncontrolled CO2 leak from a well into the
atmosphere, the main consequence of concern is
asphyxiation of workers or bystanders. Documented
CO2 well blowouts associated with oil production
indicate the asphyxiation hazard is low for blow-
outs occurring in open environments [e.g., 61,
62]. Modeling studies of open-air scenarios have
also found that the area of asphyxiation hazard
around a blowout is small because turbulent
mixing and dispersion acts to rapidly decrease
concentrations [63].

In contrast to a well blowout or the scenarios in
the upper part of Table 1, it may be much more
difficult unless frequent seismic monitoring is

Geologic Carbon Sequestration: Sustainability and Environmental Risk, Table 1 Shallow (top part of the table)
and deep (bottom part of the table, shaded) processes and potential impacts of GCS [27]

Category Scenario Significance References

CO2 enters the
atmosphere

Root zone impacts Profound, visible impact on
plants, trees, crops

[46, 47]

Migration into vadose zone May include root zone and entry
into buildings

[48]

Bubbling through surface water Alters water quality (e.g.,
lowering pH)

[49]

Accumulation in topographic lows Very hazardous due to
possibility of asphyxiation

[50, 48]

Seepage into basements and homes Very hazardous due to
possibility of asphyxiation

[51]

Ground plumes Very hazardous due to
possibility of asphyxiation

[50, 52, 53]

CO2 may or may
not enter
atmosphere

Intrusion of CO2 into potable water Lowers pH, dissolves minerals
potentially releasing heavy
metals

[54, 55]

Intrusion of CO2 into hydrocarbon, mineral,
or geothermal resources

Lowers value of natural gas or
mineral resources such as potash

Displacement of saline groundwater or brine
into potable water by regional pressurization

Saline water intrusion into
potable water degrades water
quality

[55, 56, 57]

Induced seismicity CO2 injection pressure may
cause felt earthquakes

[58, 59]
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carried out to detect the onset and development of
the scenarios listed in the lower part of the table
in order to take early action to limit impacts.
Although the scenarios listed in the lower part of
Table 1 do not involve CO2 entering the atmo-
sphere and thus do not involve outright failure of
GCS, the intrusion of CO2 or saline groundwater
or brine into groundwater resources and injection-
induced seismicity are considered the hazards
associated with GCS that are sufficiently likely
enough to warrant risk assessment and related
regulatory measures in order to minimize the like-
lihood of their occurrence and their consequences.
These two categories of risk, described in more
detail below, must be assessed [e.g., 64, 65] and
managed as part of widespread, long-term, and
sustainable GCS deployment.

Potential Impacts to Potable
Groundwater

CO2 that leaks upward out of the storage region
through wells [e.g., 66, 67], or faults and fractures
[68], can potentially enter potable groundwater
resources as shown schematically in Fig. 3a.

Degradation of groundwater quality is possible
through indirect contamination. As CO2 dissolves
into groundwater, it partitions into species com-
prising dissolved inorganic carbon (DIC) as CO2

(aq), HCO3
�, and CO3

2�, resulting in a decrease
in the solution pH. At the same time, alkalinity is
controlled by HCO3

� and CO3
2�, which can

increase upon CO2 dissolution. Control over the
geochemical changes in the water is provided by
the composition and mineralogy of the mineral
grains, coatings, and cements present in the rock.
For example, a carbonate mineral such as calcite
(CaCO3) in the rock will dissolve by the reaction
CO2 + H2O + CaCO3 = Ca2+ + 2HCO3

�,
resulting in the doubling of dissolved inorganic
carbon (DIC) (i.e., one mole of CO2 reacts to
produce two moles of HCO3

�) and a release of
Ca2+ to solution. Similar reactions are possible
involving alteration of biotite, plagioclase and
alkali feldspar, and other common minerals in
sedimentary rocks [e.g., 34].

CO2 leakage into groundwater aquifers will
also give rise to impacts on microbiological com-
munities [69]. Although cell density declines by
three to six orders of magnitude from the ground
surface to 4 km depth, microbes at the depths of
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Geologic Carbon Sequestration: Sustainability and Environmental Risk, Fig. 3 Potential groundwater impact
scenarios. Left-hand figure from [55] and right-hand figure from [57]
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potable groundwater can be affected if CO2

intrudes into this region. The alteration of min-
erals such as feldspars by acidic groundwater can
release iron which can stimulate Fe3+-reducing
communities and result in methanogenesis.
Microbial processes can affect geochemistry
and vice versa.

Assuming the reaction kinetics allow it,
geochemical reactions can further alter pH, DIC,
isotopic composition, and trace element concen-
trations in solution. For example, trace elements
in the minerals, in coatings, or in ion exchange
sites in clays (including heavy metals such as
lead) may be released into groundwater as biogeo-
chemical conditions change with associated
degradation of groundwater quality [70, 54].
Observations of such effects have been made
during CO2 injection experiments at field sites
[e.g., 71, 72] and in the laboratory [73]. Recent
work has further assessed the potential for such
reactions by examining actual groundwater
compositions and aquifer mineralogy from
across the USA and found that increases in the
concentration of As and Pb could be a concern if
widespread CO2 leakage into groundwater
resources were to occur [55]. Buffering reac-
tions may serve to moderate pH decline and
may serve to diminish groundwater degradation
as observed in a natural analog study in New
Mexico [74]. In summary, it is recognized that
impacts of CO2 leakage on potable groundwater
may be significant and costly if they occur, and
therefore careful GCS site selection, operation,
and monitoring [e.g., 75] are essential to reduce
groundwater contamination risk.

Another hazard to groundwater resources is the
potential intrusion of displaced saline groundwa-
ter or brine or CO2-charged water into potable
groundwater as shown in Fig. 3b. In addition to
the above biogeochemical impacts arising from
the CO2 itself, there is the first-order degradation
arising from the presence of dissolved solids (e.g.,
NaCl, CaCl2, KCl) in the saline groundwater or
brine along with whatever trace elements it may
contain. Protected groundwater in the USA is
defined on the basis of total dissolved solid
(TDS) content equal to 10,000 mg/L or less. Injec-
tion into deep aquifers is regulated in the USA by

the Environmental Protection Agency (EPA)
under the Underground Injection Control (UIC)
program to protect this groundwater from degra-
dation [e.g., 76, 45]. The hazard arising from GCS
is that deep saline water or brine pressurized by
CO2 injection may migrate upward into protected
groundwater aquifers, thereby increasing TDS
and degrading the resource.

The main reason that saline groundwater or
brine intrusion arising from GCS is such a concern
is that pressure increases associated with CO2 injec-
tion can occur at great distances (~10–100 km) from
the injection site [77, 56, 57, 78]. So while charac-
terization of a given site may have demonstrated
that CO2 will be contained within a well-defined
CO2 storage region, there will generally be a large
region of pressure increase in the formation that
may not have been characterized to the same degree
because of the large distance from the injection site.
Because of this, it is possible that the cap rock may
not be continuous over these large distances or may
not have the same integrity as the region targeted for
CO2 storage. Nevertheless, in order for upward
saline groundwater or brine intrusion to occur,
theremust be a driving force in addition to a conduit
or pathway (e.g., improperly abandoned well or
fault or fracture zone). Although the pressure
increase is high near the CO2 injection wells, it
falls off rapidly away from the wells. In addition,
brines with high TDS require larger overpressures
to be driven upward into potable groundwater
through wells or other conduit (e.g., conductive
fault) due to their high density and resistance to
flow [79]. Furthermore, once in the potable aquifer,
the higher density of the brine will tend to limit the
extent of its mixing with potable groundwater [80].

Induced Seismicity

The phenomenon of induced seismicity due to
fluid injection has been recognized for approxi-
mately 50 years starting with the well-known
example of fluid waste disposal by injection at
the Rocky Mountain Arsenal in Colorado
[81, 82, 83]. Induced seismicity due to injection
is understood from experience in the fields of
injection for deep disposal of liquid waste, and
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injection for geothermal energy extraction [84, 58,
59], and for GCS [28]. One cause of induced
seismicity is the reduction in effective stress that
accompanies an increase in pore pressure. The
potential for this seismicity is determined by the
Mohr-Coulomb criterion which quantifies the
amount of normal stress reduction provided by
fluid pressure that is needed before shear failure
occurs (i.e., reactivation of existing faults or slip-
page along fractures). The Mohr-Coulomb crite-
rion is given by the relation t = C + m (sn � p)
where t is the shear strength of the rock, C is the
Coulomb criterion (undrained, unconfined com-
pressive strength), m is the coefficient of internal
friction, sn is the normal stress, and p is the fluid
pressure [e.g., 85]. When the right-hand side
(normal stress) is smaller than the left-hand side
(shear stress), the rock is likely to slip along frac-
ture planes of optimal orientation, which can
release seismic energy (i.e., causes an earth-
quake). The Mohr-Coulomb equation shows that
injection pressure reduces the effective normal
stress in the rock, hence the tendency for injection
to cause slippage along existing faults and frac-
tures as shown in Fig. 4a.

A simple graphical representation of pressures
as a function of depth helps elucidate the processes
active near an injection well. Shown in Fig. 4b are
the variations with depth of hydrostatic pressure,
so-called fracture pressure (or commonly frac pres-
sure) and lithostatic pressure. As shown, fluid pres-
sure at an injection well must be larger than
hydrostatic pressure in order for injection to
occur. However, if the pressure exceeds the frac
pressure at a given depth, the injection process will
tend to fracture the formation. By the Mohr-
Coulomb criterion, seismicity can be induced at
injection pressures below the frac pressure as effec-
tive stress decreases and existing faults are
reactivated. Either the generation of new fractures
or slippage along existing faults and fractures can
be manifested as induced seismicity.

It is important to note that while the word
earthquake evokes fear and a certain image of
destruction in most people’s minds, the term
encompasses a wide range of magnitudes, from
microseismic earthquakes that cannot be felt by
humans to great earthquakes that damage struc-
tures and imperil life. Earthquakes tend to follow a
logarithmic frequency distribution such that very
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small earthquakes are orders of magnitude more
frequent than very large earthquakes [86]. Experi-
ence fromwater injection into geothermal systems
shows that the majority of induced seismicity is
microseismicity, with felt earthquakes much rarer
and moderate to large earthquakes rarer still
[58]. Despite the fact that large earthquakes are
not expected to be induced by CO2 injection in
carefully chosen sites [87], the hazard of induced
seismicity is currently the most difficult to assess
with regard to GCS. For instance, in addition to
induced seismicity caused by increasing fluid
pressure at a fault, there is currently an ongoing
discussion in the research literature about the abil-
ity of stress changes transmitted through rock
resulting from fluid pressure changes at the well
to cause induced seismicity (“poroelastic trigger-
ing”). This mechanism appears capable of induc-
ing events at greater distances than those induced
by fluid pressurization at a fault, but consensus
regarding the existence or absence of this phe-
nomenon among researchers has not yet occurred.

Aside from the hazard of ground acceleration
at the surface, induced seismicity also creates the
possibility that a cap rock seal could fracture or a
fault could become permeable giving rise to a
leakage pathway for CO2 [e.g., 88, 85] and such
a fault could be too small to have been recognized
during site characterization [89]. Fracturing
affecting cap rock is a well-recognized failure
mode, and injection regulations are aimed at pre-
venting them from happening. However, induced
seismicity of critically stressed rocks on pre-
existing faults is possible even when the frac
pressure is not exceeded [90]. The extent to
which the risk of induced seismicity, objectively
considered to be a small risk, outweighs the ben-
efits of reducing climate change that CCS affords
is one of the questions that must be addressed by
the public and decision-makers to determine the
extent to which CCS is employed as a mitigation.

Future Directions

As the discussion above suggests, one approach
that can aid in addressing the energy-climate crisis
is CCS/CCUS. There are significant costs to

CCS/CCUS, primarily associated with capture,
and the process also brings with it recognized
environmental risks, the most uncertain of which
are associated with the geologic storage compo-
nent of the process. The main risks in GCS are
threat to potable groundwater and induced seis-
micity, two areas of active research. Despite the
need for greater understanding of these hazards,
mitigation measures are available today. For
example, if contamination of groundwater were
to occur, the water could be treated, or alternate
sources could be found if treatment is found
impractical [75]. As for induced seismicity, the
hazard can be reduced by reducing injection pres-
sure (e.g., through use of more wells over a larger
area for a given CO2 source), by carrying out
pressure management through saline groundwater
or brine extraction, by careful site selection that
avoids heavily faulted areas, and by establishing
and enforcing building codes.

The path forward for demonstrating and
deploying CCS/CCUS at the gigatonne scale as
a sustainable part of the portfolio of energy pro-
duction and use changes that are needed to miti-
gate the energy-climate crisis consists of six broad
steps. First, testing and demonstration capture
projects [e.g., 91, 92] from anthropogenic sources
could expand rapidly and by many factors so that
the cost of capture can be reduced. Second, large
GCS projects could be undertaken in different
regions and geologic settings to determine if the
demonstration GCS projects that preceded them
scale up as anticipated. These multiple projects
would show if capture can be economic and if
GCS performs as envisioned, in which case addi-
tional CCS deployments can be added over time.
Third, research on alternative capture and com-
bustion approaches that enable more efficient cap-
ture could be accelerated [e.g., 93]. Fourth, a large
program of site characterization and capacity
studies [e.g., 94] could be undertaken so that the
large basin-scale sites are understood and opera-
tional plans can be put in place quickly at the time
when large-scale capture facilities come on line
and anthropogenic CO2 streams become available
for sequestration. Fifth, research on injection,
trapping, migration, long-term fate, leakage
impacts, mitigation, monitoring, and modeling
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could be continued so that GCS can be optimized
and related technologies can be commercialized
and deployed in a cost-effective manner. Sixth,
governments at all levels could promulgate regu-
latory and economic policies that answer the cur-
rent questions and uncertainty faced by businesses
who foresee the broad outlines of a carbon-
constrained future but do not yet have the clear
ground rules provided by government that are
necessary for making the large capital investments
required for CCS/CCUS.

The decision to take on the costs and risks of
CCS, with the accompanying promise of contrib-
uting to reductions in the extent of climate change,
should be made based on an objective comparison
against the climate and environmental risks of
carrying on business as usual with fossil fuel use
and unabated CO2 emissions. The public and
decision-makers should keep in mind that the
environmental risks of CCS are local to the basin
where GCS is carried out, whereas the projected
impacts of climate change are global-to-regional in
scale and are expected to have profound conse-
quences for the social, physical, and natural sys-
tems on Earth. Support for CCS technology will
come in the form of policy decisions about carbon
pricing, injection regulations, and legal frame-
works that encourage commercial applications of
CCS/CCUS. The decision about whether to adopt
these policies will ultimately fall on the public or its
representatives in democratic societies and ruling
parties and people in authoritarian societies. The
risks to the Earth’s environment and social systems
of doing nothing about the energy-climate crisis
must be communicated effectively to the public
and the decision-makers so that they can make
informed decisions about acceptable risks and
costs of climate change and of the various options
available for reducing those risks and costs.
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Glossary

Cold seep A location on the seafloor where natural
fluids (gas and liquids) seep upward from the
substratum, into the overlying water column.

Cold-water coral reef A mounded natural struc-
ture on the seafloor consisting of live animals
and dead remains and sediments. The mound is
partly constructed by colonizing corals that are
not dependent on sunlight (i.e., ahermatypic
corals) such as the most common species:
Lophelia pertusa.

Fish sighting The underwater visual detection
(recording) of fish (here, larger than 0.5 m in
length) using submersible vehicles with lights
and cameras, such as ROVs.

Iceberg ploughmark Up to 100 m wide and
many kilometer long furrows in the seafloor,
produced by the action of drifting grounded
icebergs. Off Mid-and Northern-Norway and

several other places such (relict) furrows
remain from the last glaciation.

OHI The Offshore Hydrocarbon Industry (OHI)
searches for natural accumulations (reservoirs) of
oil and gas (hydrocarbons) and develops the
means to extract and distribute (transport) them.

Platform An artificial structure designed to drill
for hydrocarbons and/or produce (extract) and
distribute hydrocarbons offshore in water depths
up to 3 km. A platform can either be floating,
semi-submersible, or fixed to the seafloor.

ROV Remotely Operated Vehicle (ROV) is a
remotely controlled underwater vehicle of var-
iable size (from <1 m long, up to about 3 m in
length). The vehicle is normally fitted with
propellers (thrusters), lights, cameras, manipu-
lator arms, and other sensors and devices
depending on its operational task.

Subsea template A structure normally constructed
of steel tubing, designed for a variety of purposes
within the OHI. A normal subsea production
template has up to four wellheads and has typical
dimensions of 20 m � 20 m � 10 m.

Trunk pipeline A pipeline designed to transport
large quantities of natural gas or oil over long
distances (up to 1000 km). Normally, they have
diameters between 20" and 44" (inner diameter
of the steel pipe). Before laid on the seafloor,
they are coated with varying thicknesses of
concrete coating for added weight, to prevent
them from becoming buoyant.

Umbilical A specially designed flexible, multi-
purpose cable used for powering underwater
equipment (including ROVs and subsea tem-
plates) and also used for sending and receiving
control and sensor signals. Umbilicals can con-
tain combinations of electrical cables and opti-
cal fibers.

Definition of the Subject

The offshore hydrocarbon, “oil,” industry (OHI)
searches for oil and natural gas by drilling explo-
ration wells as deep as 10 km below the seafloor.
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When a commercial oil or gas field has been
documented by such drilling, the exploitation of
the resource will start by developing the field and
the construction of production units and transporta-
tion infrastructure. Until only 15 years ago, this
meant the construction of large, concrete-based or
steel “jacket” production platforms. Because of
intense research and technological development,
many of the new offshore hydrocarbon fields are
developed with smaller remotely controlled subsea
steel structures placed directly on the seafloor, often
without any infrastructure visible above the water.
These new fields are produced remotely over dis-
tances of up to 150 km, with fiber optical cables,
satellite communication, umbilicals, and pipelines.

In contrast to the other main (traditional) offshore
industry, for example, the fishery industry, the OHI
has employed strict environmental rules and regula-
tions, which are efficiently practiced in most coun-
tries. These ensure little harm to sensitive marine
organisms during normal field development and pro-
duction. In addition to obeying the imposed rules and
regulations, the OHI is, by tradition, constantly
developing new and more cost-effective and envi-
ronmentally friendly technology and infrastructure.

With knowledge and experience from 30 years
of underwater detailed mapping and visual obser-
vations, mainly from the North Sea, spanning
from predrilling seafloor surveys to annual sur-
veys of pipelines and platforms, it is found that the
marine life (the visual mega-fauna, at least) appar-
ently benefits from the OHI-related installations
on the seafloor. The reason being improved shelter
conditions for large fish and also for spawning
fish, and also an increased amount of energy
(nutrients and seston) available in the water mass
near these human-made structures, some of which
act as artificial reefs [1]. The future needs for
improved management of the marine biological
resources, including the valuable deepwater
corals and natural fish stocks, can be done by
increased awareness of underwater life in general,
via live video footage released to the public by, for
example, the OHI. Furthermore, it also calls for
academic scientific research into how best visual
documentation of the seafloor can be used for an
improved understanding of the complex underwa-
ter ecology and biodiversity change.

Introduction

In an increasingly energy hungry society, the
quest for finding and exploiting underground oil
and gas (hydrocarbon) resources is being contin-
uously improved. Whereas the world’s total
onshore hydrocarbon production is gradually
decreasing, the OHI is currently increasing its
production volume. According toMaurer [2], eco-
logical systems are complex and combine both
idiosyncratic and unpredictable outcomes with
strong constraints on system structure that makes
them paradoxically both deterministic and
unpredictable at the same time. Because of this,
there has been no universal theory to guide
research on ecological phenomena.

Over the last 50 years, the OHI has, unfortu-
nately, inflicted several enormous oil-spills on the
marine and coastal environments. There have at
least been five such episodes that should never
have occurred: The blowout and spill in the Santa
Barbara basin, off Los Angeles (January, 1969),
the Ekofisk Bravo blowout in the Norwegian-
sector of the North Sea (April, 1977), the Ixtoc
blowout, Mexican-sector of the Gulf of Mexico
(GoM) (June, 1979), the Piper Alpha disaster,
UK-sector of the North Sea (July, 1988), and
lastly, but not least, the Deepwater Horizon blow-
out and disaster, US-sector of the GoM (May,
2010). Apart from these unfortunate, generally
short-lived (less than 2 years), environmental
inflictions, the OHI at large appears to be environ-
mentally friendly, as will be discussed herein.
This notion has been documented by extensive
seafloor mapping and annual visual inspections
of platforms, pipelines, and other infrastructure.
Thus, rather than representing a threat to marine
life in general, the OHI is, at least in the North Sea,
a benefit to marine life in general. This is not only
because, by its design, it protects numerous fish
against industry fishing and trawling, but also
because the large artificial underwater steel and
concrete constructions represent geometrically
complex structures in an otherwise mostly struc-
tureless seafloor environment. Furthermore, the
industry is continuously improving its methods
for underwater mapping, inspection, and monitor-
ing of the environment.
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This assessment of marine life associated with
normal offshore drilling, pipelines, and platforms
stems from over 30 years of unique visual observa-
tion bymanned submarines (1977–1981) andROVs
(remotely operated vehicles), (1979–2010). It is
based on the active participation and responsibility
for conducting detailed mapping surveys of the
seafloor, visual documentation, coupled with
remotely sensed (geophysical data). The current
experience covers large expanses of virgin seafloor,
stretching from the Shtokman field at 73.6 �N, in the
eastern Barents Sea, south to 51 �N, off Dunkerque,
France. A total of 522 fixed production-related
structures (platforms and subsea templates) have
been installed on the Norwegian Continental Shelf,
and over 7,000 km of trunk pipelines have been
constructed in these regions during this time-span.
Thus, there is a unique variety of first-hand specific
knowledge that can be shared from the numerous
site surveys of platform locations, pre-lay visual
surveys (conducted before the laying of the long,
trunk pipelines) of the seafloor, to annual inspections
of the constructed pipelines.

However, the main difficulty is how to describe
and disseminate this unique visual OHI-related
underwater experience and information in a way
that can be used bymarine scientists in a quantitative
manner. This task is envisioned to resemble that
faced by the pioneering land-explorers after their
long treks across previously unknown parts of the
globe, during the “age of discovery,” a couple of
centuries ago. The narration, therefore, will be frag-
mentary, as most of what is observed on the seafloor
is new, and as most of the water and seafloor bor-
dering onto the visually observed space is virtually
unknown, despite it occurring in some of theworld’s
most fished and scientifically studied oceanic
regions (the North Atlantic Ocean).

The Offshore Hydrocarbon Industry
(OHI) and the “Second Surface”

A Brief History of the OHI
The onshore hydrocarbon industry started moving
out into shallow waters sometime in the early
1930s, offshore Venezuela (Lake Maracaibo), off-
shore the states of California and Louisiana, USA,

and in the Caspian Sea, offshore Baku,
Azerbaijan. The first installations were simple
steel and wood constructions built in knee-deep
waters. However, their size and complexity was
gradually increased with increasing water depth,
up to several tens of meters. Simple steel jacket
drilling towers were constructed and there were
bridges and roads built on piled steel and wood
foundations, often in a hap-hazard manner. After
sometime, there were many accidents and mis-
haps, before improvements were made and special
standards were invoked. The one single event that
hit the OHI and aroused the world’s environmen-
tal conscience was the big blowout oil spill in
Santa Barbara, offshore Los Angeles, California
on January 29, 1969. This also had immense
consequences for the stricter regulations imposed
on offshore drilling and the exploitation of off-
shore oil and gas. Even though no people were
killed, this event made such a graphic impression
on the population of southern California that in the
following spring, “Earth Day” was born. Many
consider the publicity surrounding the oil spill a
major impetus to the environmental movement.

In Europe, the OHI started with the develop-
ment of the UK southern gas fields off the east
coast of England, in the mid-1960s. Here, the
platforms and pipelines met the tough environ-
ment of the North Atlantic. New rules and regu-
lations, British North Sea Standards were
imposed. In 1967, the OHI moved even further
north, in the North Sea, to Norwegian waters. The
Norwegian Petroleum Directory (NPD) and The
Norwegian state oil company, Statoil, were born,
some years later. Although the giant oil field
Ekofisk was developed with similar standards as
in the UK southern gas fields and the Forties and
Piper fields of the mid-UK North Sea, the Norwe-
gian fields still further north, such as Statfjord,
Gullfaks, and Troll, had to withstand even tougher
environmental conditions. These fields, located at
water depths between 130 and 320 m were there-
fore developed with giant concrete “gravity base”
platforms, as the underwater technology evolution
was not ready for moving delicate equipment like
pumps, electronics, and gauges under water.
When the Troll A concrete platform was towed
out from Stavanger, and placed on the seafloor
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over the giant Troll field on May 17, 1995, it
became the largest human-made structure ever to
be moved. It measures a total of 472 m in height,
from the top of the drilling tower to the bottom of
the concrete skirts that penetrate 30 m into the soft
clays at the location where it is still producing oil
and gas, off Bergen, Norway. The platform houses
about 200 workers who stay on board for 14 days
at a time, rotating in and out by helicopter.

The rotation occurs all year round, even during
the darkest and stormiest winter months
(December through February). This platform pro-
duces about 18% of the total gas consumption of
Germany and is, therefore, of immense value both
for the owners (Statoil, Shell, and the Norwegian
government) and for the consumers in Germany
and surrounding countries. The gas is transported
through 36" (36 in.) and 40" concrete-coated steel
pipelines, welded together on board huge offshore
pipe-laying vessels and placed carefully onto the
seafloor. Such huge “trunk”-pipelines criss-cross
from the Norwegian fields to processing plants on
mainland Norway, and are rerouted from there,
through other gas export pipelines to England,
Germany, Belgium, and France. The largest pipe,
the Langeled pipeline, was constructed between
2004 and 2006. It is a 40" and 44" diameter
pipeline of 1,200 km length, which originates
from the onshore processing plant at Nyhavna,
south of Trondheim. From there, it runs south to
the Sleipner field in the middle of the North Sea,
and continues to Immingham on the east coast of
the UK.

During the last 15 years, subsea technology has
developed fast and most modern fields are
constructed solely with remote-controlled subsea
structures. The Snehvit field in the Barents Sea is,
for example, produced through three subsea tem-
plates (steel structures) with several production
wells in each template. The field lies 135 km
from shore and is remotely operated from the
onshore production plant at Melkøya near Ham-
merfest, the world’s northernmost city. At present,
Norway is the third world’s largest exporter of
crude oil, and it runs 522 offshore fixed
production-related structures of which 365 are
subsea and fully submerged. In year 2009, Nor-
way also exported a total volume of 96.6 billion

Standard cubic meters (Bn Sm3) of natural gas to
Europe through the trunk pipelines.

The Second Surface of Earth
The seafloor is the “Second Surface” of Earth,
indicating that it is hidden in many ways. It covers
an area which is about three times larger than the
visible land surface. Most of this surface is still
unknown – because water is a “black body” sub-
stance when it comes to the electromagnetic spec-
trum. It absorbs most of the visual light that
encounters it. Therefore, in contrast to sound
waves, the light rays have very low transit ranges
through water. The photic zone of the ocean, into
which solar rays can penetrate, are reckoned to be
down to a maximum of just over 100 m in the
clearest waters, that is, water with little seston and
other particles. This is not very deep, considering
the mean depth of the ocean being about 3,500 m.
Because of this lack of efficient visual access, the
Second Surface is only beginning to be explored
in detail. This surface ranges in depth, from 0 m at
the coastlines, to about 300 m on the continental
shelves, then down to 5,000 m (5 km) on the great
abyssal plains, to over 11 km in the deepest
trenches. Because most of Earth’s surface is cov-
ered by water, the Second Surface represents a
very significant and essentially important entity.
So far, remotely sensed (acoustic) surveys only
cover about 10% of it (i.e., indirectly, with data
that needs interpretation by geophysicists) and
only less than 1% visually (i.e., directly with
cameras). This means there exists more visual
documentation of the surfaces of both Moon and
Mars, than of the immensely more important Sec-
ond Surface of Earth. However, from sediment
sampling, fishing (trawling), scientific scraping
(dredge sampling), and drilling, in all oceans,
over time, it is currently known that the Second
Surface mostly consists of mud (clay), sand, rock,
and in some areas metals and salts. But, because
being flooded by water, it is both pressurized, and
buoyed at the same time, and behaves accord-
ingly, which is often totally different to the well-
known land surface. Furthermore, on average, the
Second Surface has a much thinner crust than the
onshore continental crust and is more likely to be
exposed to high heat flow from the Earth’s
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interior. Along the tectonic plate boundaries
(mid-ocean spreading zones and subduction
zones), the high heat flow induces underground
convection fluid currents and the venting of warm
fluids in hydrothermal vent systems [3].

Although academic research institutions and
consortia, such as the Integrated Ocean Drilling
Program (IODP), perform many types of investi-
gations at water depths to about 6 km, the mining
industry is working at depths to about 5 km, and
the fishing fleet is gradually trawling to depths
greater than 2 km, the OHI is currently working
to water depths of about 3 km. However, about
90% of its activity still occurs at water depths
between 100 m and 1,500 m. These are the water
depths, therefore, which will be addressed herein.
From the extensive mapping-, construction-, and
visual inspection-work performed by OHI at these
depths, several places in the world, there is some
general and also specific knowledge about pro-
cesses and marine life that can be disseminated,
including some new discoveries.

Whereas the fishing industry tends to operate
in a “blind” mode when it comes to the seafloor,
the OHI naturally operates with more caution,
partly in order of preventing damage to sensitive
and costly equipment and structures, and partly
because of law enforcement (at least in US and
European, including Norwegian waters). Thus, no
drill-site is drilled without a proper predrilling
assessment of the seafloor, whereby any signifi-
cant physical obstructions and known sensitive
organisms, including chemosynthetic fauna and
coral reefs are documented beforehand. The prob-
lem with the bottom trawling of the fishery indus-
try is the insensitivity to what is down there, that
is, “indiscriminate obliteration” on the seafloor.
As long as such bottom trawling is legal practice,
all sessile organisms in the world are actually
threatened by trawl-board disturbance, at least
those living at water depths shallower than
2,000 m water depth.

The General Background Seafloor Life
In order to set the OHI-related marine fauna obser-
vations into perspective, the general background
seafloor has to be described. In the depth interval
100–1,500 m, the general background seafloor

(about 90% of the total area within this depth
range) is drab and appears relatively
“uninteresting” (Fig. 1), just like the enormous
sand fields of a desert on land. However, in most
areas, the drabness is spotted with small hubs of
life, like oases in the same desert. There are vast
areas with level, muddy bottoms. Several studies
have shown, however, that, for the deep-sea biota,
there is a distinct decrease in population differen-
tiation and species diversity with depth [4, 5]. Any
large erratic boulder, rock outcrop, or wreck is
colonized by invertebrates, which seem to attract
also other marine life, including fish (Fig. 2).

Piepenburg and co-workers [6] used classical
marine biological methods to study patterns and
determinants of the distribution and structure of
benthic faunal assemblages in the northern North
Atlantic. Using a suite of sampling methods
including corers, trawls, and seabed imaging
(benthic spot photography), they managed to
“adequately probe various benthic community
fractions, such as foraminifers, poriferans, macro-
benthic endofauna, peracarid crustaceans, and
megabenthic epifauna.” The general patterns
they found were, not unexpectedly, a depth zona-
tion, and also a significant decline in biomass and
abundance by as much as two and three orders of
magnitude. These were the most conspicuous
general patterns detected. However, in terms of
species richness, no common trend for water

Marine Life Associated with Offshore Drilling, Pipe-
lines, and Platforms, Fig. 1 The general seafloor off
Mid-Norway looks like this. In the background is a Tusk
(Brosme brosme). The stones (cobbles and gravel) have
been washed out of the underlying clay-dominated till.
Some of the larger stones can be seen to be colonized by
invertebrates of different colors
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depth or latitude was perceivable. They especially
studied the East Greenland continental shelf mar-
gin between 68 �N and 81 �N at water depths
between 40 and 3,700 m. Here they found rela-
tively productive hydrographic zones being the
marginal ice zones, polynyas, and anti-cyclonic
gyres. They interpret this as being evidence for the
importance of water column processes for subse-
quent food availability being the major determi-
nants for the benthic assemblages and the
significance of pelago-benthic coupling in the
study in general [6]. This is not surprising, food
availability being the most necessary ingredient
for life in general. When it came to the distribution
of megafaunal species, such as echino-derms, it
was found that community patterns on a 10 km
scale and the dispersion of organisms on a 100 m
scale were best explained by the seafloor proper-
ties. This means that macrofauna is dependent on
structure and type of the seafloor sediments and
topography. Furthermore, they found no evidence
for a direct pelago-benthic coupling, irrespective
of water depths. These contrasting findings
emphasize that the relative importance of poten-
tial community determinants can change with
both spatial scale and life traits, for example,
body size, mobility and feeding ecology, of organ-
isms considered [6]. Thus, the stage is set for a
narration of discoveries made by the OHI and the

associated biological and physical research
performed for this industry by academic
researchers and institutions during the period
1980–1998. After 1998, the academic institutions
have picked up many of the research leads
pioneered by OHI-activity within marine geo-
physics and biology.

Unique Processes and Biotypes Initially
Studied due to OHI-Activity
Since the late 1960s, new processes and features
have been discovered on the Second Surface.
Some of them are completely unique to the under-
water world at water depths of 100–1,500 m. Per-
haps one of the most surprising revelations is that
this type of mapping and areal seafloor documen-
tation became instrumental for the discovery of
several previously unknown natural conditions of
the seafloor. Thus, at least three unique discover-
ies were made as a result of such surveys: (1) A
biological seepage relationship, (2) The discovery
of pockmark craters and their potential signifi-
cance for marine life, and (3) The discovery of
myriads of large, cold-water coral reefs (also
called deepwater coral reefs). Although the results
were not possible without cooperation with aca-
demic institutions, especially in the UK, USA,
Germany, France, and Norway, the pioneering
discoveries were instigated due to OHI-activities,
mainly in the Gulf of Mexico and the North Sea.
The discoveries are mentioned here, as they some-
times are relevant to the marine life observed on
the seafloor. These processes and features are:

1. Venting of reduced organic fluids (fluid flow,
or “cold seeps”)

2. Crater formation, by fluid flow
3. Bioherms, including the cold-water coral reefs

One of the recent wide-scope books on
benthic life in the North Atlantic [7], actually
fails to mention the existence of prolific deep-
water coral reefs occurring there. In the book,
which is aptly titled: “The Northern North
Atlantic – A Changing Environment” neither
deepwater coral reefs, Lophelia pertusa, nor
“Lophelia-reefs” are found in the index, or at all
mentioned in the text. Why is it that thousands of

Marine Life Associated with Offshore Drilling, Pipe-
lines, and Platforms, Fig. 2 A large erratic boulder
located inside a pockmark crater at 280 m water depth off
the Island of Fugløy off Northern-Norway, north of the
Polar Circle. The organisms seen colonizing the boulder
are mainly filterfeeders, sea anemones, and serpulid tube
worms
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large coral reefs, some known to science for at
least 200 years and from the early 1990s
published by OHI-related scientists, manage to
avoid mention (recognition) in such apparently
authoritative scientific literature? Couldit bethat
only “Classical marine biological” results are rec-
ognized? The publisher claims that: “the
Greenland-Iceland-Norwegian Seas can now be
considered one of the best studied subbasins of
the world’s oceans” [7]. But, even so, the infor-
mation published in this book is important, as it
provides the necessary background knowledge
about life in general on the seafloor “desert,”
outside the coral reefs.

Venting of Reduced Organic Fluids Gener-
ally, the ocean floor is covered in thick sediments
that deposit by gravitation, with particles sinking
through the water column and accumulating in
thick layers on the Second Surface. The fluids,
including petroleum gas and liquids
(hydrocarbons) trapped underneath such sedi-
ments are lighter than the solids and, therefore,
move upward to surface at discrete locations due
to buoyancy. This process is also called “migra-
tion” and where the flow penetrates the Second
Surface from below, it is called marine fluid flow
[8]. The discrete locations where the fluids occur
at the surface are called “cold seep” locations.
Depending on the geological setting, the distance
between each cold seep location on the seafloor
varies considerably, from kilometers or miles, to
only several meters. However, cold seeps are
important for life within, on, and above the Sec-
ond Surface because they represent transport path-
ways for dissolved chemical constituents and
sustain unique oasis-type ecosystems at the sea-
floor [9]. Fluids expelled through seeps contain
re-mineralized nutrients (silica, phosphate,
ammonia, and alkalinity) and hydrogen sulfide,
as well as dissolved and free methane from micro-
bial degradation of sedimentary organic matter.
Because methane gas molecules (CH4) have the
highest relative hydrogen content (four hydrogen
atoms to one carbon atom) of any organic com-
pound, it represents a valuable energy source to
certain primary producers: archaea and bacteria,
that is, the methanotrophs and the methane oxi-
dizers. Apart from near-cold seep locations,

seawater has generally very low concentrations
of methane and other light hydrocarbons, such as
ethane (C2H6), propane (C3H8), butane (C4H10),
and pentane (C5H12). Perhaps the single most
important reaction associated with cold seeps is
the anoxic oxidation of methane (AOM) by
archaea and sulfate reducing bacteria (SRB),
with secondary reactions involving the precipita-
tion of carbonate (CaCO3), in the form of inor-
ganic aragonite and calcite [9]. The OHI has long
been interested in these seafloor processes, for
various reasons, not least because they contain
tell-tale indications of where deep-seated hydro-
carbons (reservoirs) may be found.

During a predrilling geophysical site survey, in
1977, at the Tommeliten field in the central North
Sea at 78 m water depth, side scan sonar data
showed numerous bubble streams emanating
from the seafloor, immediately above a buried
salt dome [10]. Subsequently, this location was
investigated with ROV by Statoil in 1983. The
gases leaking naturally through the seafloor were
documented to be the reduced organic light hydro-
carbon gases (methane to pentane) which also
continually charged the upper, porous sediments.
An intimate relationship was found between
organisms, such as anthozoans and the visual
bubbling of gas through the sediments [11]. This
visual inspection and sampling of the naturally
leaking gas produced several interesting results:
(a) documenting small “reefs” or “bioherms”
consisting of many kinds of filter-feeders, scaven-
gers, and predators occurring adjacent to the
seeps; (b) small depressions (so-called eyed-
pockmarks), in the seafloor, with high-density
macrofaunal communities in their centers, and
(c) white patches of bacterial mats also occurring
over relatively large seafloor areas, where the
sediments were charged with gas seeping up
from deeper layers.

Later studies of this Tommeliten site also
showed two other important aspects, relevant to
marine life: (1) that the bacterial mats were easily
torn apart and carried up into the water column by
slight disturbances of the near-bottom water by
the ROVand (2) that the seafloor had been partly
cemented by methane derived authigenic carbon-
ate rock [8, 11] both within the eyed-pockmarks
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and elsewhere on the otherwise flat sea-floor, near
the bacterial mats [12]. Academic research at this
active seepage site and also at one similar site near
the Gullfaks field, further north, identified a
microbial community dominated by sulfur-
oxidizing and sulfate-reducing bacteria (SRB) as
well as methanotrophic bacteria and archaea. Sta-
ble carbon isotope values of specific, microbial
fatty acids and alcohols from both the Tommeliten
and Gullfaks sites were found to be highly
depleted in the heavy isotope 13C, indicating that
the microbial community readily incorporated
seeping methane or its metabolites [13].

At Tommeliten and Gullfaks there is, therefore,
no doubt that the dense bioaccumulations on the
seafloor, including, the bioherms, are a direct
result of seeping gas (energy and nutrients) from
deep below the sea-floor. This may also be one of
the reasons why there is plenty fish and heavy
trawling activity at the Gullfaks location
[14]. Although most marine ecologists, environ-
mental scientists, and biologists are used to assess
traditional phytoplankton concentrations depen-
dent only on top-down linkages in the food
chain, the modern seep studies find more and
more bottom-up links [13, 15].

Mud volcanoes are locations where fluids and
solids (water, mud, gas, and petroleum) well up
through the Earth’s surface, driven by overpres-
sures in the subsurface. They both occur on the
land surface, as in Azerbaijan [16] and many
places on the Second Surface [17, 18]. From stud-
ies and surveys at the underwater Håkon Mosby
Mud Volcano (HMMV) located at the boundary
between the Barents Sea and the Norwegian-
Greenland Sea, a relatively prolific and complex
ecology has been found. Although only a minor
portion of this ecosystem relies directly upon che-
mosynthetic energy, this portion is probably very
important for the sustenance of the system.
A simplified food chain for HMMV was
published by Vogt et al. [19]: The primary pro-
ducers are suspected to be methanotrophic bacte-
ria and anoxic methane oxidizers (archae), besides
other “conventional” microorganisms relying on
added heat and continuous sediment disturbance
by the turbid flow of mud from the mud volcanic
vent. The secondary consumers were made up of

benthic suspension feeders and deposit feeders,
such as asteroids, holothurians, etc. In addition,
there was a chemosynthetically based food web,
relying on symbionts, such as the pogonophoran
tube worms, that host endogenic chemosynthetic
bacteria [10, 19]. The primary consumers consist
of filter-feeders and other predatory invertebrates
and vertebrates, such as sponges, crinoids, pycno-
gonids, basket-stars, and fish, mainly consisting
of Eelpout and Skate (Raja spp). A maximum
density of one Eelpout for every square meter
was documented above portions of the mud vol-
cano [19]. This example also demonstrates the
very important influence of substances originating
from below the seafloor in modifying and “fertil-
izing” the immediate seafloor environment, to
result in enhanced productivity.

Seabed Pockmarks: Craters Formed by
Focused Fluid Flow On the land surface it is
often very difficult to detect surface degassing
(seepage) events, apart from those associated
with water and mud flows, such as at mud volca-
noes [20]. On the sediment-covered Second Sur-
face and in some lakes, however, the situation is
different. In the late 1960s, numerous craters were
found off Nova Scotia. They were called “pock-
marks” by their discoverers, Lew King and Brian
MacLean of the Bedford Institute of Oceanogra-
phy (BIO), Canada [21]. Today, it is known that
pockmarks occur in certain portions of the sea-
floor, the world over, and even in some lakes [8,
10]. Also a very close relationship between the
pockmarks and local increase in visible seston
(including plankton) was found [11]. Although
pockmarks ranging in size from the small, “unit-
pockmarks” (<5 m diameter, 1 m depth), to
normal-pockmarks, complex-pockmarks, and
giant-pockmarks (up to 500 m in diameter and
30 m depth), have been found, very little is
known about their formation and sustaining
mechanisms [8, 22]. Although they are known to
be formed as a consequence of buried gas reser-
voirs and fluid flow, there are only very few pock-
marks known to be producing continuous visible
bubble streams [23].

After having noticed the marine life occurring
inside some of the pockmark explored with ROVs
in the North Sea [10], it was recognized that the
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“classic” (conventional) science of marine geol-
ogy would probably never have discovered pock-
mark craters (Fig. 3). The reason being, that this
science relied on acquiring numerous spot sam-
ples of the seafloor using corers and grab sam-
plers, and determining the nature of the sea-floor
mainly by measuring the grain-size of the spot
sampled sediment grains. Thus, if only one sea-
floor sample was acquired at 1 km spacing in the
Norwegian Trough of the North Sea, where there
is an average of 15 pockmarks per square km, it is
likely that only one sample out of 100 would
happen to sample inside a pockmark crater. This
sample would probably turn out to be anomalous
(i.e., containing unexpected biota and sediments).
Thus, the chances of this sample (one-in-a-
hundred) being discarded or recorded as an
“anomaly” (or only of “curiosity value”) are
great. At least it would not turn out in the statistics
of the survey, and the chances of it being taken
seriously are therefore meager.

From modern seafloor remote sensing with
multi-beam (swathe) echo-sounders to long-
range side scan sonars, it is known that the sea-
floor can be covered in a high density of pockmark
craters. The density ranges from zero to more than
20 pockmarks per square km of mapped seafloor
(Fig. 3). Because recent studies conclude that

pockmarks form due to focused fluid flow [22,
23], the seafloor can generally be divided into
“hydraulically active” and “passive” areas. Thus,
the active seafloor will have seep manifestations,
like pock-mark craters and the passive areas will
be devoid of craters.

There are two important corollaries to this
“hydraulic theory”: (a) It is valid for all volumes
of soil, which have a porosity system partly filled
by liquid and partly filled by gas. It is, therefore,
also valid for all ocean depths, lakes and swamps,
as the driving gas-type (methane, carbon dioxide,
hydrogen sulfide, or hydrogen) is immaterial.
(b) Because seeping fluids through the seafloor
can be regarded as enhanced energy input to the
marine fauna (primary producers especially), the
enhanced hydraulic activity manifest by seeps and
high density of pockmarks indicates the likeli-
hood of enhanced marine biological productivity.

Cold-Water Coral Reefs of the North Atlan-
tic It is known that the presence of solitary corals,
sea pens, sea lilies, and sponges on the deep-sea
floor offers rare, firm substrates for sessile organ-
isms in an otherwise generally featureless envi-
ronment. The relative importance of such biotic
habitats for the local biodiversity may, therefore,
be greater for the deep-sea than for shallower
regions [24]. Those modern reef structures that
seem to defy all normal reasoning with respect
to location and environment are the deepwater
coral and cold-water coral reefs (also named
“ahermatypic colonial scleractinians”). In the
North Atlantic and Gulf of Mexico, the most
common types are those built by the Lophelia
sp. stony coral, found on both sides of the Atlantic
Ocean, including the Reykjanes Ridge, south of
Iceland (Fig. 4). Because they are also found as far
north as the Polar Circle, in the Barents Sea and
off Mid- and Northern-Norway, they must some-
how be independent of seasonal sunlight varia-
tions. Some of these reefs, found off Ireland and
on parts of the Norwegian Continental Shelf had
been known to fishermen and biologists for over
200 years [25–30].

Even so, the visual documentation by OHI-
surveys during the 1980s and mid-1990s of thou-
sands of large, deepwater coral reefs was completely
unexpected to most marine biologists [31–36].

Marine Life Associated with Offshore Drilling, Pipe-
lines, and Platforms, Fig. 3 In the 300 m deep Norwe-
gian Trough area of the northern North Sea, there are
thousands of normal-pockmarks. They are shown here on
a perspective image of a seafloor relief map, with artificial
vertical enhancement (x5). The size of the largest pock-
mark craters is 100 and 8 m depth. The white arrow points
to a normal-pockmark of about 70 m diameter. The black
arrows point at a trunk pipeline of 30" diameter. Lines
running north south represent noise in the digital data set,
due to inaccuracies in sound velocity and tidal correction
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Their modern rediscovery with broad-scale
geophysical mapping and detailed video footage
and photographs became a major eye-opener – a
revelation that caused an improved reassessment
of the complex and dynamic biological produc-
tion of the North Atlantic Ocean. This modern
documentation actually started in June, 1982,
with an OHI-related detailed investigation for a
potential pipeline route from the Askeladden field
in the Barents Sea to Norway. During which, a
15 m high and 50mwide Lophelia-reef was found
and visually documented by Statoil [31, 33]. Fur-
ther pipeline route surveys off Mid-Norway
between 1985 and 1990 documented hundreds
of similar reefs, until then unknown to science.
Until June, 1991, when Statoil invited researchers
from five Scandinavian academic and Norwegian
authorities to view their unique data set, consisting
of detailed geophysical and photographic/video
results, these biotic structures had mainly been
treated as curiosities and oddities on the seafloor
[37]. But, even after this seminar, it was not the
Norwegian scientists who first managed to mobilize
an academic detailed visual study of the reefs, but
the Germans. Freiwald et al. [34] had previously

been studying carbonate secreting algae along the
northern Norwegian coast. Having learnt from
Statoil where the reefs occurred, they targeted
them during their next planned cruise, already in
1992 [34]. The main surge of academic interest in
the reefs of the North Atlantic came immediately
after the publication of large carbonate reefs off
Southwest Ireland. This was also partly based on
OHI-related exploration geophysical data [33, 35,
38]. Subsequently, the first International confer-
ence on cold-water corals was staged in Canada,
2001 [39].

One of the main and controversial questions
still remaining to be answered with respect to
these impressive biological structures is why
they occur in deep and cold water, even north of
the Polar Circle, where there is hardly any photo-
synthesis occurring during the winter months.
Even though there is ample evidence suggesting
that they rely on extra nutrients and energy orig-
inating from below ground, that is, the “hydraulic
theory” [11, 31, 35, 36, 40, 41], modern marine
biological research has still not found sufficient
evidence to support this theory. The main theory
of the modern marine ecologists is, according to
Buhl-Mortensen et al. [24], that they exist in high
latitudes and deep waters because this is where the
right water masses occur: “. . .it is not the deep
water par se, but the distribution of intermediate
and deep water masses that controls the bathymet-
ric distribution of these corals. Corals typically
create habitats reaching from decimetres to meters
above the surrounding seabed and occur on mixed
bottoms in areas with relatively high currents.”
[24], and the argumentation continues: “Colonial
scleractinians need hard substrate for settlement.
This substrate can be a shell or a pebble, and as
soon as one colony is present it provides new hard
substrate for subsequent colonisation” [24]. So,
the question remains as to why only less than 0.1
per mille (‰) of the total area in the depth zones
where they occur is covered by cold-water coral
reefs? Why are there, for example, no more of
them in the Norwegian and New Zealand fjords
where the distribution of intermediate and deep
water masses is right, and where there is ample
suitable hard substrate (rock bottom) with high
current speeds? However, some recent microbial

Marine Life Associated with Offshore Drilling, Pipe-
lines, and Platforms, Fig. 4 Photograph from a typical
Norwegian deep-water coral reef showing two types of
corals: the soft-branched octocoral Paragorgia arborea
(closest) and the reef-forming ahermatypic stony coral
Lophelia pertusa, (white and pink). The two most common
reef-related fish are also shown here, the Tusk (Brosme sp)
and the Redfish (Sebastes sp) [47]. The height of this coral
reef is about 3 m above the surrounding, undisturbed, even
seafloor
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studies seem to point the way further. Yakimov
et al. [42], for example, recently found meta-
bolically active microbial communities associated
with deepwater corals in the Mediterranean. Also
recent OHI-related research of the microbial food
chain surrounding the coral reefs off Mid-Norway
has provided some interesting new findings. The
contrast between coral-associated and free-living
bacteria may suggest that few free-living bacteria
are directly ingested by the coral and that instead,
corals feed on non-bacterial plankton. Small
(100–200 mm) zooplankton has been suggested
important in the diet of corals [43]. In addition, the
tissue-associated bacterial communities poten-
tially provide a direct translocation of nutrients
through metabolism of particulate and dissolved
organic matter in the seawater. One Lophelia
pertusa associate was studied in more detail and
named “Candidatus Mycoplasma corallicola”
[44]. This bacterium was abundant in L. pertusa
from both sides of the Atlantic Ocean and is
considered an organotrophic commensalist
[44]. Given the importance of chemo-synthesis
in deepwater ecosystem development and func-
tioning, cold-water coral reef communities may
be linked to a diversity of chemoautotrophic
microorganisms that synthesize organic com-
pounds from inorganic compounds by extracting
energy from reduced substances and by the fixa-
tion of dissolved CO2. Just a tiny fraction of
microorganisms associated with deep-water coral
reefs have yet been identified, and even less
assigned to a function. Although no nutritional
symbiosis based on chemosynthesis [45] are
known to have been documented on deepwater
coral reefs, primary producers affiliated with
chemoautotrophs (utilizing H2S, NO2

�) and
methanotrophs (utilizing CH4) have been found
associated with the reef animals and their ambient
environment [41, 42, 46]. Thus, also light hydro-
carbons can probably stimulate the growth and the
high biodiversity found on the Lophelia reefs
associated with some Norwegian hydrocarbon
fields [47]. Only further detailed studies of the
reefs will be able to answer these important
questions.

The cold-water coral reefs and carbonate
mounds represent exceedingly valuable habitats

for numerous species, besides the corals them-
selves. Also for fish, they represent shelter and
nursing homes for juveniles, as one of the few
comparative studies of on-reef versus off-reef
fish-counts for deepwater coral reefs documents.
Fish species’ richness and abundance was found
to be greater on the reef than over the surrounding
seabed, as 92% of species, and 80% of individual
fish were associated with the reef. The results
indicate that the reefs have a very important func-
tional role in deepwater ecosystems as fish habi-
tats [48]. In particular, visual monitoring of coral
reefs at the Morvin and Kristin fields, off Mid-
Norway, has shown that the redfish (Sebastes sp.)
probably spawns at the Lophelia colonies (Fig. 5).
During the month of May, numerous fish with
wide bellies, obviously ready to spawn (this spe-
cies spawns live sprats), congregate very close to
the Lophelia colonies (Fig. 5). The juveniles can
immediately after spawning find full protection
against predator fish within the complex structure
of the live and dead Lophelia skeleton mesh-
work. Furthermore, the Norwegian coral reefs
have long been known to fishermen as “Uer-
bakker” [26], meaning “Redfish slopes,” and
Furevik et al. [49] were the first to report scientific
evidence that long-line catches of redfish, ling,
and tusk can be significantly greater on the reefs
than in off-reef areas. In addition, Husebø et al.
[50] set long-lines in coral habitats and found
significantly more fish than elsewhere and also
that the fish were generally larger than those
caught in the non-coral areas. The importance of
these habitats and their internal ecological dynam-
ics has been discussed in more detail by Buhl-
Mortensen et al. [24].

According to authoritative assessments of pos-
sible threats to the cold-water coral reefs, the main
threats according to Roberts et al. [51] are: (1) Bot-
tom trawling, (2) Hydrocarbon drilling and seabed
mining, and (3) Ocean acidification (i.e., global
climate change [52, 53]). In addition, for each
individual coral reef, there is always the possibil-
ity of dramatic environmental changes by natural
causes, such as nearby underwater avalanches
(burial), and in the case of the hydraulic theory
being viable, that the seepage or venting is
naturally depleted or exhausted, and becomes
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“turned off.” However, the OHI seems to come
out of such assessments far better than the fishery
industry: “Compared with widespread evidence
for physical damage to reef structures from bot-
tom trawling, there is little evidence that hydro-
carbon exploitation substantially threatens cold-
water coral ecosystems. L. pertusa colonizes
North Sea oil platforms and seems to have a self-
seeding population, despite proximity to drilling
discharge. Greatest concern is over the potential
for drill cuttings to smother reef fauna, but such
effects would be highly localized when compared
with the extent of seabed affected by bottom
trawling” [51]. This latter scenario was carefully
tested by a 3-month-long drilling and monitoring
campaign of four production wells at the Morvin
field offMid-Norway, where numerous coral reefs

exist on-site. The results of this campaign are
reviewed in a later chapter.

To sum up the threats, based on OHI-related
observations and modern publications, it is found
that the coral reefs thrive, despite them being
located close to OHI-structures and to sporadic
drilling activity. They even colonize parts of the
OHI-platforms, as seen in Fig. 5, from the
Statfjord field [47, 54]. The main threats to the
deepwater coral reefs are therefore mostly
mechanical, as they are delicate structures and
cannot sustain the mechanical indiscriminate
stress imposed by portions of the fishing industry
and to a much lesser extent, the OHI. This has
been amply documented off Norway and off
New Zealand [55–57]. Furthermore, based on
abundant visual and geophysical data mainly

Marine Life Associated with Offshore Drilling, Pipe-
lines, and Platforms, Fig. 5 Fish sightings on
Lophelia-reefs at Norwegian hydrocarbon fields Kristin
and Morvin. Upper and lower left: Sebastes sp. (redfish)
congregating for spawning on a 1.5 m tall Lophelia colony.
Upper right: Seithe feeding near a Lophelia-reef at Kristin.

The fish often swims around the ROV when operating off
Mid-Norway. Lower right: A monk fish resting on the
seafloor next to a Lophelia colony at Morvin. Notice its
white protrusions under its head that resemble the Lophelia
branches. This fish is sometimes found to be resting on top
of Lophelia colonies, where it is well camouflaged
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acquired from the OHI, it was possible for Nor-
wegian authorities to be first to officially protect
and conserve a large portion of cold-water coral
reefs. The first area to be protected against bot-
tom trawling was the Sula Reef in the late 1990s
and the Haltenpipe reefs off Mid-Norway with a
970 sq. km large protected area [36]. Today,
awareness of the ecological significance of
deepwater corals is growing rapidly, as it is
known that colonial corals provide important
habitats and could play a critical role in the life
history of many marine species, including fish
of commercial interest [58, 59]. This awareness
has lead to a general call for the establishment of
marine protected areas (MPAs) and especially to
protect the most important cold-water coral
habitats [60].

Marine Life Affected by the OHI

Methods of Observation
Before an offshore hydrocarbon field is devel-
oped, rules and regulations say that biological
baseline studies shall be carried out. Over the last
two decades, the focus of such studies has shifted
from being purely based on detecting pollution
effects from OHI-activity to also include assess-
ments of biodiversity and ecology [61]. A standard
outline of a station pattern for sampling seafloor
biology is either a grid, covering a large area, or
samples obtained along lines forming a cross, with
the longest axis downstream with respect to the
prevailing current. Several replicate samples are
collected at each station. Because this type of sam-
pling was found to be relatively “blind” to any local
features on the seafloor, such as pockmarks and
cold-water coral reefs, it has now been com-
plemented with an initial seafloor mapping cam-
paign. The macrobenthos fauna of interest in
baseline sampling surveys comprises the fol-
lowing main taxonomic groups: Polychaeta,
Crustacea, Mollusca, Echinodermata, and
Varia (remaining groups). Only animals larger
than 1 mm (macrobenthos) are included in such
analyses. Subsequent to the development and
production at offshore hydrocarbon fields, the
sampling of sediments and macrobenthos is
repeated perhaps every other year.

The study of benthic communities can provide
an indication of pollution from offshore activities.
Similarly, the geochemical analysis of sampled
sediments can provide levels of pollutants and
their distribution around the offshore installations.
Any changes in species composition and densities
of individuals can also provide tell-tale signals
about damaging pollution. Experience from many
years of suchwork has proved that the benthic fauna
near OHI-installations can be affected by a number
of factors, including the discharges of drilling fluids,
cuttings, and others, including the accidental release
of oil and also physical disturbances. One of the
current challenges of planning future environmen-
tal/baseline surveys in the OHI is to improve the
cross-departmental communication, as the detailed
seafloor mapping is performed by others than those
responsible for environmental surveys [61].

During initial mapping and inspection along
potential pipeline routes at the Morvin field, off
Mid-Norway, numerous coral reefs were found
and visually inspected. Here, it was also decided
to perform a detailed geochemical investigation
prior to the production drilling activity. One of
the largest reefs, the MRR (“Morvin Reference
Reef”) was systematically investigated and sam-
pled (water, sediment, and organisms). This reef is
located inside a large (130 m � 80 m � 10 m)
pockmark depression (Figs. 6 and 7). The reef
occupies about one third of the pockmark, grow-
ing from the maximum depth (at 370 m), up along
the northern side, to the rim of the depression
(at 360 m water depth). The MRR is about 80 m
long, 25 m wide, and spans the elevation interval:
360–370 m. Lophelia pertusa is the main reef-
building coral [47]. The geochemical analyses of
sediments at Morvin proved that they contained
varying concentrations of light hydrocarbons
(methane-butane). Because the sediments in
which these hydrocarbons were sampled are
located within the oxygenated upper portion of
the seafloor (i.e., only 40 cm below surface), any
hydrocarbons remaining there over long time
would have been reduced (oxidized) relatively
rapidly. Therefore, there must be a natural seepage
of light hydrocarbons from below, via molecular
and fluid migration. This type of fluid flow is called
“micro-seepage” of light hydrocarbons [8, 62].
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However, because no more than eight samples
were acquired at Morvin, it is not possible to
state any significant statistical variation over a
regionally significant area.

The highest interstitial hydrocarbon concentra-
tions were found in the upper sediments at loca-
tion S8, which is inside a unit-pockmark, located
just to the north of MRR (Fig. 4). Combined with
modern results from molecular biological methods,
there is here factual support for the notion that a
nutrient-rich, “fertile” substratum represents one of

the keys to understanding the location of this deep-
water coral reef. Previous studies of Lophelia O-C
stable isotopes [63, 64] show that there are relatively
large variations in the dC -value (ranging from —
2%o to — 9%o PDB). For corals, these negative
values have so far been interpreted as being
caused by ambient pH-variations, among other
factors. However, similar variations in stable iso-
topes in bivalves at seep sites in the Gulf of
Mexico were interpreted as being caused by
hydrocarbon uptake in microorganisms, subse-
quently ingested by the bivalves. This suggests
that future studies of the coral reefs should also
include systematic stable isotope analyses, com-
bined with more geochemical sediment analyses.

The Impact of Exploratory Drilling

Scientific Drilling When the Deep Sea Drilling
Project (DSDP) initiated its research with the dril-
ling vessel “Challenger,” in 1974, it found indica-
tions of oil at nearly 3 km water depth on its
second drilling hole on the first exploration leg
(DSDP, Leg 1, Hole 2). When the first cores came
onto the deck, there was an unmistakable smell of
crude, and small droplets of oil could clearly be
seen in the carbonate rock sampled. The objective
of this hole was to determine the nature of the
so-called Challenger Knoll on the abyssal plain of
the mid-Gulf of Mexico. By drilling 144 m into
this feature, the scientists determined it was a
carbonate capped salt dome. However, because
the DSDP was a pure scientific drilling project, it
should not be looking for oil. A panel of experts
was immediately established to make sure that the
coming drilling legs should not target hydrocarbon-
prone areas. This is how the “Pollution Prevention
and Safety Panel” of the DSDP and later the Ocean
Drilling Program (ODP) was borne. Today, this
panel of experts of the IODP (Integrated ODP) has
been re-named to EPSP (Environmental Protection
and Safety Panel).

After exploration drilling for oil had come
underway, on the Norwegian Continental Shelf
(NCS), during the late 1960s, strict rules and
regulations were imposed on the industry. For
example, no drilling was allowed on the NCS

Marine Life Associated with Offshore Drilling, Pipe-
lines, and Platforms, Fig. 6 Special features on the
seafloor attract and protect large fish. Here is an aircraft
wreck from World War II off Mid-Norway, which is now
utilized as shelter for large Lings. At least five larger than
1 m length can be seen here. The wreck was detected with
side scan sonar and inspected by ROV as part of a site
survey for exploration drilling

Marine Life Associated with Offshore Drilling, Pipe-
lines, and Platforms, Fig. 7 A subsea steel template
structure in the central North Sea, Danish Sector. The
steel structure has been completely colonized by sea anem-
ones. This is also a perfect hiding place for fish of all sizes
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unless a special “predrilling site survey” was
performed. This includes a full seafloor coverage
of side scan sonar acoustic images, which is able
to detect all types of features on the seafloor larger
than about 3 m in extent, such as wrecks, muni-
tion, rock outcrops, and many other features,
including man-made features on the seafloor.

OHI-Related Drilling On the Norwegian
Continental Shelf, it has been normal practice to
discharge the sediments produced from drilling
(“cuttings”) and drill-mud from drilling the first
600–800 m of the well (the “top-hole”) directly to
the water column, where they are dispersed by
currents. The largest particles (about 90% of the
cuttings) will then be deposited in a slight mound
within about 200 m of the well location and will
form a slight mound on the seafloor. Not only do
deepwater coral reefs challenge modern science
with numerous questions on how they can exist in
the middle of a seemingly barren shelf environ-
ment [47] – they also present a challenge on how
to drill safely without damaging them. At the
Morvin field, mentioned earlier, this was a major
challenge to field development.

Production Drilling at Morvin, a Special
Case The Morvin-field is more densely populated
by significant deepwater coral reefs than any other
Norwegian offshore field [47]. Whereas pipeline
routes and the final location of steel templates
could easily be adjusted to avoid the coral reef
occurrences, one of the major challenges was how
to drill the production wells without harm to the
reefs. Because there are significant deepwater
coral reefs within 200 m at both the planned
Morvin production templates, it was not possible
to use the normal practice without incurring dam-
age to some of the reefs. It was therefore decided
to seek authorities’ permission for discharging
top-hole cuttings some distance away from the
templates, at locations deemed safe for the coral
reefs. The chosen technical solution was to
employ a “Cutting Transportation System”
(CTS), consisting of two 600 m long flexible
tubes installed on the seabed. They were attached
to five gravel filled bags (“bigbags”) to prevent
them from moving on the seafloor and were
attached to a manifold placed on the seafloor.
This manifold had one exhaust pipe leading

from the wellhead where the cuttings were col-
lected and pumped to the CTS. Currents were
predicted and numerically modeled, and the opti-
mal discharge locations were found where cut-
tings would not do harm to the surrounding
significant coral reefs. The cuttings were
discharged at relatively high speed through recoil
dampers placed about 1 m proud of the seafloor at
the end of the CTS-hoses.

The cuttings emitting from the recoil damper
were found to be heavier and less fine-grained
than predicted. This resulted in the discharge
plume emitting as a heavy fluid, and spreading
along the seafloor as a turbid and heavy cloud.
Because this cloud did not spread high up into the
water mass most of it accumulated near the end of
the CTS hoses without any damage to the corals.
Continuous visual monitoring by ROVs of the
CTS and the nearest coral reefs was done during
the whole top-hole drilling operation at Morvin.
This ROV-work also included lifting and
repositioning (adjusting) of the recoil dampers,
as the heap of cuttings grew to heights of up to
1 m. A total of three sediment traps were also
placed on the seafloor in order of documenting
the final distribution of any resuspended cuttings.
Three of the downstream coral reefs were con-
tinuously monitored by using an automatic
time-lapse “satellite photo rig” and by ROV-
monitoring. This Morvin experience proved that
production drilling can also be done near scattered
coral reefs without harming them.

Observations Along Pipelines

Prior to the laying of trunk pipelines on the sea-
floor, detailed visual surveys are performed. The
objectives of these “pre-lay” surveys are to make
sure the pipeline does not cross any dangerous
areas or any features that can hinder the laying.
In addition, all features and marine life are also
recorded along the pipeline route. Because un-
derwater visibility is restricted, the visually
documented corridor is most often no wider than
about 10 m. However, the length of the surveyed
corridor, which depends on the length of the pipe-
line to be laid is anything up to several hundred
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kilometers. During the last quarter century,
1984–2010, several thousands of km long tran-
sects were surveyed by Statoil. Thus, trunk gas
and oil pipelines have been laid from the Snehvit
field in the southern Barents Sea and from numer-
ous fields offshore Mid- and Southern-Norway.
Detailed knowledge about the seafloor and marine
life has, therefore, been gathered along transects
crossing all ranges of water depths of the North
Sea, stretching from Norway to the UK, and from
Norway to Germany, Belgium, and France
(Dunkerque). In this way, the general seafloor
has been imaged, meter for meter, across 50 m
iceberg ploughmarks in the Barents and Norwe-
gian Seas, to typically 100 m wide, 5 m deep
pockmark craters in the northern North Sea, to
wide stretches of rugged sandwave fields off
Netherlands and Belgium, to the normal, even,
and uneventful seabed in all of the seas. The
seabed life pattern always seems to be the same:
there is apparently very little variation in macro-
faunal life except for when there are special fea-
tures on the seafloor, such as boulders and rock
outcrops, besides the special fluid-flow-related
features: pockmark craters and other micro-
seeps, and the eventual macro-seeps, which are
very rare.

The fact that marine life proliferates wherever
there are “special features” on the seafloor means
that wherever a new man-made structure is
installed on the seafloor, there may be a dramatic
impact on the visible macrofaunal life pattern
(Fig. 6). On all concrete-coated trunk pipelines
laid across the pre-surveyed sections, it is clearly
noticed how the pipeline structure introduces
new opportunities for benthic life. For example,
it only took 1 year before thousands of Nephrops
norvegicus crustaceans were established along
kilometer long stretches of the “Statpipe” pipe-
line, the first 3600 trunk pipeline laid across the
300 m deep Norwegian Trench (North Sea), in
1985. They were clearly colonizing small sections
of the seafloor along the outer, curved wall of the
pipeline. Their holes were located snugly inside
the sediments nearest to the pipeline wall. The
clawed animals had their bodies halfway out of
their openings, easily visible during the first thor-
ough visual inspection of the pipe, the so-called

as-laid survey, conducted about 1 year after the
pipeline was installed. Over time, the annual pipe-
line inspections, which cover long sections of
both sides and the top of pipe, every other year,
document not only how the trunk pipelines grad-
ually bury themselves into the seabed, but also
how they are colonized by a variety of different
invertebrates. Unfortunately, this information is
seldom used for quantifiable studies by biologists
or marine ecologists, although the data should be
fully available for such work. The reason is prob-
ably, that this type of visual information is
unknown and that it perhaps does not belong in
the scientific “vocabulary” of traditional marine
biology or ecology.

To illustrate some of the important information
content in this unique pipeline inspection data set,
there are three particularly noticeable occasions,
episodes, and occurrences that are worthy of fur-
ther description: (1) A temporary anoxic condi-
tion recorded in the central North Sea, (2) “Drifts”
of dead fish (mackerel) along a pipeline section,
and (3) Fish protected by OHI-pipelines.

Temporary Anoxic Conditions
During the annual inspection in 2004, of the
Europipe 1 trunk gas pipeline from Kårstø, SW
Norway, to Northern Germany, a few dead fish
and invertebrates were seen lying on the seafloor
along the pipeline about 50 km south of the
Draupner platform, central North Sea. There was
also some white material, believed to be bacterial
mats. This section of the pipe is partly buried into
the seafloor and is about 40 cm proud of the
smooth seafloor surface. Both sides of the pipeline
were affected and, there were also dead inverte-
brates on top of the pipe itself. Although this
anomalous observation could easily have been
interpreted as something to do with the pipeline,
some further investigations and measurements
precluded such a conclusion. Anoxia was obviously
the cause of this “mass extinction,” - but, what had
caused it? Along one short section, it was only the
southern side of the pipeline that was affected. This
annual inspection was conducted duringMay, when
the expected ambient water temperature should be
around 6 �C. But, actual measurements showed an
ambient water temperature of only 1.1 �C near the
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seafloor. Measurements through the water column
showed the lower 20 m of seawater only had
between 1.1 �C and 2.0 �C. This very cold, nearly
freezing water apparently occurred as a dome-
shaped, dynamically stable water mass occupying
the general depression in the seafloor, where the
pipeline had been laid. During installation of the
Europipe 1 pipeline some years earlier, portions of
it were laid into the meandering relict “Elbe valley”
on the seafloor of the mid- and southern North Sea.
This was obviously where the cold water had accu-
mulated. Investigations of recorded water tempera-
tures further southeast in the German Bight showed
that very cold water had formed during the winter
months, January and February when there was a
long cold spell. Because there had been no subse-
quent storms, the cold, dense water mass had since
followed the deepest local portions of the seafloor,
and gradually flowed toward the central portion of
the North Sea, where it engulfed parts of the
Europipe 1 pipeline and where it became stagnant
and anoxic. During the subsequent annual pipeline
inspection, 2 years later, there was neither sign of
dead animals nor any other evidence of this tempo-
rary “extinction event.” These observations clearly
demonstrate that great variations in the natural sea-
floor environment, even in the relatively busy central
North Sea can occurwithout being noticed on the sea
surface.

“Drifts” of Dead Fish Along a Pipeline
The fact that large trunk pipelines laid onto the
even, flat, featureless seafloor act as barriers for
objects drifting across the seafloor is well known.
During the early years of trunk pipeline construc-
tion in Norwegian waters (1983–1997), quite a lot
of garbage, that is, paper, plastic bags, bottles,
cans, etc., together with natural debris, such as
kelp and sponges, etc., was noted to accumulate
along sections of the newly laid pipes. During the
last decennium, however, the amount of garbage
has decreased markedly, probably as a result of
stricter garbage handling rules in general, and
Norway in particular. However, such rules are
not always obeyed, as the following example pro-
ves. During the annual inspection of a section of
the 36" trunk gas pipeline, Europipe 2, in the
Norwegian sector of the North Sea, a huge and

elongated pileup of dead fish (mackerel) was visu-
ally recorded. It formed a ca. 3 km long and nearly
1 m high “drift” along the western side of the
pipeline. The volume of dead fish was estimated
to about 10,000 m3. Because this freshly killed
mackerel was obviously dumped illegally by one
or several of about seven nearby fishing vessels,
the Norwegian Fishery Directory was contacted,
and on the following evening, live video footage
of the drift was broadcast as a news item by the
directory on national TV. Although this live foot-
age, from one of OHI’s annual pipe inspections
surely made a public impression, it is very rare
that such information is used for public purposes.

Fish Protected by OHI-Pipelines
The largest pipeline constructed to date, in the
North Sea and Norwegian Sea, is the 1,200 km
long 40" and 44" Langeled pipeline, transporting
gas from the giant Ormen Lange field off Mid-
Norway, via Nyhavna in Mid-Norway and the
Sleipner field in the central North Sea to
Immingham on the east coast of the UK. During
the initial as-laid survey, immediately after laying,
in 2006, a large school of newly spawned fish was
documented along a 50–100 km long section of
the pipe, in UK waters. This school was also
observed to swim along the pipeline about
3 months later, after the individual fish had
grown significantly larger in size. Trawling is
routinely practiced along exposed trunk pipelines.
The intent is to catch fish that swim along and hide
beneath free-spanning sections of the pipelines.
Because this large school of fish had obviously
been spawned near the newly laid pipeline, and
because it utilized the opportunity for refuge
along the pipeline, it was suggested by OHI-
personnel that measures to protect the school
should perhaps be taken by British Authorities.
To protect a corridor of, say 3 km width, along a
100–200 km long section of the Langeled pipeline
could have been feasible. The following annual
inspections could also have visually documented
the fate of such a school of fish. However, it was
soon realized that suggestions of this kind were
premature, in 2006, as it was not expected that
anybody would actually understand what the
problem may be, or what the suggestion was
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really about. This demonstrates clearly how little
is known and currently understood about the sub-
sea world and how difficult it is to convey ideas
and impressions from this world, unless the
receivers have similar or comparable experience.

The higher abundance of fish sightings (of fish
>0.5 m in length) along trunk pipelines was
already noticed after the installation of Statoil’s
first trunk gas pipeline, the over 250 km long and
36" Statpipe pipeline from the Statfjord field to
Kalstø on the SW coast of Norway. This pipeline
crosses the 300 m deep Norwegian Trough, where
there is a varying density of pockmark craters in
the seafloor. During the very first annual survey of
this pipeline, a strong correlation between number
of fish sightings and the density of pockmarks was
noticed. The fish counted in 1987 were either seen
swimming along the sides of the pipeline, or
occupying some of the space underneath the pipe-
line where it had intermittent spans over irregular
terrain in the seafloor. This comparison was made
with fish sightings in 1984, over the same,
undisturbed section of seafloor, before the pipe-
line was installed. The increased number of fish
seen, after the pipeline was installed was dramatic
and close to tenfold along some of the seafloor
sections. Also before the pipeline was installed,
there was evidently many more fish in densely
pockmarked areas than in areas without pock-
marks. This example shows that trunk pipelines
attract fish and also likely protects them to some
degree.

The question of protection of trunk pipelines
against damage by trawl-board impact was
assessed prior to installation of the Statpipe pipe-
line. Carefully designed laboratory studies in test
tanks and rigs, however, soon proved that no
serious damage would possibly be inflicted on
the concrete coated steel trunk pipelines by nor-
mal trawl-boards. Therefore, most such pipelines
are left on the seafloor without being actively
protected by trenching or gravel cover. In some
areas, where the seafloor relief is varied, by
numerous pockmarks or iceberg ploughmarks,
there may be a need to modify the seafloor topog-
raphy to avoid long free spans in the pipe. Spans
longer than about 80 m are unacceptable for two
reasons: (1) motions in the pipe caused by water

currents may inflict material damage to the pipe,
and (2) trawl-boards may snag underneath the
pipe, during fishing along the pipeline. Seafloor
preparation and intervention is then performed,
either by trenching the seafloor highs or by dump-
ing gravel inside seafloor troughs. This type of
intervention is performed before installation of
pipeline or immediately after installation. In the
German sector of the North Sea, where the water
depth is not greater than 150 m, all trunk pipelines
have to be buried below the seafloor surface. The
annual inspection of buried pipelines is done by
the use of induced electric currents and magnetic
detection of the buried pipe, combined with visual
inspection of the seafloor above the buried pipe.
During the last 10–15 years, the annual surveys in
these waters have not, unfortunately produced
many fish sightings, probably as a consequence
of lack of protection and intensive fishing activity.

The Impact of Platforms and Other Fixed
OHI-Structures

The six giant concrete platforms Statfjord, A, B,
C and Gullfaks A, B, C were installed on the
seafloor at the Statfjord and Gullfaks fields in the
northern North Sea during a 15 year period in the
1980s and 1990s. Apart from the seafloor at the
deepest site, Gullfaks C, the seafloor is dominated
by sand, gravel, and patches of boulders. Prior to
installation, large fish, such as Brosme sp., Ling,
Cod, and Seithe, were only occasionally seen
swimming around. However, during a detailed
preinstallation site survey of the deeper Gullfaks
C site, a more complex situation was found. The
seafloor at Gullfaks C contrasts with the other
sites by having a seafloor covered by soft, fine-
grained clay-dominated sediments. Furthermore,
there are normal-pockmarks in this area.
A dedicated visual survey of pockmark craters
here revealed that larger fish, most often the
Brosme sp., were located inside many of these
pock-marks. And inside one particular pockmark,
of 8 m depth and 120 m length, there were up to
20 large fish located in the deepest end of the
pockmark crater [10]. About fifteen of the large
fish (Ling, Cod, and Brosme) were swimming
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against the southward flowing current, whereas
about five fish were found inside a tunnel at the
deepest portion of the pockmark [10]. This exam-
ple clearly demonstrates some of the unexpected
heterogeneity of the seafloor and that it takes
dedicated visual surveying to unravel the true
nature of marine life on the undisturbed seafloor.

After about 30 years of operating large fixed
structures, it is a well-known fact within the OHI
that there are plenty of large fish living near the
structures. At some of the hydrocarbon fields in
the North Sea special trawl-fenders have been
installed on the seafloor to prevent trawlers from
fishing within the 500 m forbidden safety zone
surrounding all fixed platforms which are over the
sea surface. These trawl-fenders are robust, up to
3 m high steel poles driven into the seafloor. They
are intended to snag the trawl equipment before it
can damage any of the production gear and infra-
structure placed on the seafloor within the safety
zone. It is also a well-known fact that filter-
feeders, such as sea anemones and other sessile
animals colonize the legs of both steel and con-
crete platforms (Fig. 7). However, until for about
15 years ago it was not known that colonizing
ahermatypic corals also lived on these structures
(Fig. 8). Thus, OHI-related fixed structures make
ideal artificial reefs on the seafloor.

By law, all the OHI-related structures placed
on the seafloor shall be decommissioned after use,
that is, they shall be dismantled and disposed of in

a safe and environmental friendly manner. How-
ever, judging from experiences in the North Sea,
even some of the large trunk pipelines could per-
haps remain until they either buried themselves or
corroded into destruction. In the meantime, they
would undoubtedly represent an added biologi-
cally friendly asset to the normal seafloor, at
least in some places (Fig. 9). For the giant con-
crete structures, the case is also one of cost benefit.
These structures are placed firmly into the ground
and will require a lot of energy to remove.
Because concrete is a very environmental friendly
substance and has a high longevity, it should be
seriously debated if they could remain in place for
‘ever.’ They could act as home for plenty of fish,
and could even be used by professional fishermen
as fish nurseries and fishing grounds.

Future Directions

More dedicated detailed seafloor mapping, com-
bined with visual documentation is undoubtedly
needed for improving the understanding and
knowledge of life on the seafloor in general.
Through the Norwegian “Mareano” project,
started by the government in 2005, this type of
work has actually started in Norway. Swathe
multi-beam detailed seafloor mapping is here
combined with up to kilometer long video
(visual) transects. In addition to sampling, the
seafloor is mapped for biotype and many other
parameters. In the long run, such mapping and
documentation is necessary for adequate manage-
ment of the resources in the sea. However, it may
take another 100 years for one vessel to map out
the whole Norwegian EEZ (Exclusive Economic
Zone) in this fashion. This therefore, calls for
more technological development and probably
also for the use of autonomous robotic systems
in the future.

With regard to the OHI-related structures
placed on the seafloor, such as trunk pipelines,
steel templates, and giant platforms, there needs
to be a thorough discussion as to which of them
should be relinquished (removed) and which
structures could serve to stimulate and protect
the marine bio-environment. Judging from the

Marine Life Associated with Offshore Drilling, Pipe-
lines, and Platforms, Fig. 8 A relatively small Lophelia
colony seen on a man-made structure at Statfjord, Norwe-
gian sector of the North Sea. The colony cannot be older
than about 22 years (age of structure)
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visual documentation over the last 30 years in the
North Sea, it can be deemed favorable to let some
of the installations remain on the seafloor as arti-
ficial reefs and for the future benefit of both
marine life and humans.
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Glossary

Ecological footprint A measure of the resource
consumption of a given unit (e.g., a city and
its population) that represents the area of
ecologically productive land and water needed
for the production and assimilation of wastes
generated.

Emergy analysis Emergy is the amount of
energy, usually solar, that is directly or indi-
rectly required to generate a given output flow.
Emergy analysis allows analysis of the whole
embodied environmental work expressed in a
single unit and has been applied to flows in
cities and other regions as well as different
types of products and production processes.

Urban ecology Research on urban ecosystems
and applications of ecological principles in
connection with urban planning.

Urban metabolism Involves conceptualizing a
city as an organism or ecosystem and tracking
resources that go into the system and products
and wastes that leave it.

Urban mining Recovery of metals and other
valuable materials in urban areas. Studies that
have identified metal concentrations compara-
ble to mines in cities and urban waste dumps
suggested that an increasing share of the raw
materials for metal production in the future will
be recovered from wastes in urban areas.

Definition of the Subject and Its
Importance

Cities and urban areas are of central importance
for global sustainable development both as dom-
inating sites of production and consumption and
as contexts for developing new, more sustainable
practices. All cities depend on large imports of
energy and other natural resources to satisfy con-
sumption of their inhabitants as well as local pro-
duction, trade, and services. These resource flows
are closely linked to global and regional sustain-
ability issues, such as resource scarcity, pollution,
and competition for land or water, as well as local
health, environmental, and distributional issues.
How resources are consumed and managed in the
expanding cities has strong implications for the
global resource flows and related pressures in
different scales. The goal of “sustainable develop-
ment” puts into question many traits of current
urbanization and city development and calls for a
sustainable urban transformation. Such a transfor-
mation needs to rely on sound, efficient, and sus-
tainable resource management and sustainable
urban structures in terms of the built environment,
transport systems, and green and blue structures.
The handling of resource flows in cities and urban
areas is the core of this challenge. For increasing
the capacity of local strategic action toward a
more sustainable use of resources, it is essential
to develop improved understanding of the urban
resource flows. Studies of urban ecosystems and
resource flows as well development of ecological
planning approaches connect to this challenge.
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Introduction

After centuries of intense urbanization, more than
half of the world’s population lives in urban areas.
The global urban population is expected to grow
by more than 50%, or 1.7 billion people, between
2008 and 2030 [1]. Therefore, the cities are
increasingly recognized as the most important
global sustainability challenge of this century
[2]. The urban ecological sustainability chal-
lenges are both linked to global resource scarcity,
pollution and biodiversity issues, and local health
and environmental problems as well as resource
access and distribution among different groups of
people. With their central role in connection with
manufacturing, trade, and consumption, big cities
since long dominate global energy use and mate-
rial flows [3]. How resource use develops in cities
have strong implications for resource flows in
different scales and related pressures. How cities
are built, heated and cooled; how efficient their
infrastructures are, and what urban citizens con-
sume or how they travel in their everyday lives
have great influence on greenhouse emissions,
and exploitation of scarce land, water and mineral
resources in different parts of the world. For
increasing the capacity of local action toward a
more sustainable use of resources, it is essential to
develop improved analysis tools that allow a bet-
ter guidance for strategic action [4, 5]. A key
challenge is to improve the overview and under-
standing of the environmental linkages of the
urban resource flows in different scales and
develop urban governance that contributes to a
more sustainable use of resources [6, 7]. Studies
of urban ecosystems and resource flows as well as
development of sustainability planning connect
to this challenge. Urban metabolism studies
explore the interactions among resource flows,
urban transformation processes, waste streams,
and quality of life and connect to the challenge
of combining urban planning with sustainable
resource management. This entry focuses partic-
ularly on natural resource flows in urban areas
and urban metabolism studies, their results and
challenges, and their potential contributions to
sustainable urban planning and governance.

Urban Sustainability Challenges

Cities alter their local environments and influence
the global environment in several ways. They
occupy and modify space and are characterized
by intense competition for space between differ-
ent uses of land [8]. They import vast quantities of
food, water, and energy and export emissions and
waste, and they depend in various ways on local
and global ecological services. Cities have always
been a scene for unsafe living conditions and
ecological problems [9]. Historically, it is possible
to distinguish three different but often overlapping
types of urban sustainability crises during the
industrial era:

• A hygienic crisis connected to unsafe drinking
and inadequate sanitation and waste manage-
ment, and related epidemics in fast growing
cities

• A social crisis connected to poverty; insuffi-
cient, poor, and unhealthy housing; and lacking
access to light, fresh air, and green spaces

• An environmental crisis particularly connected
to severe pollution and health hazards for local
people

In cities in industrialized regions, these crises
have generally been successfully addressed via
development of urban infrastructures, planning,
organization, and control, and the most urgent
local problems have disappeared [10]. Local pol-
lution problems still remain in most cities, mostly
connected to traffic, waste, and diffuse pollution.
Figure 1 shows the development in Manchester as
an example of the improvement of environmental
quality and health in European cities toward the
end of the twentieth century. By the end of the
nineteenth century, the bronchitis death rate was
above 3 per 1,000 inhabitants compared with less
than 0.5 in the 1980s.

In fast-growing cities in the developing world,
these three types of problems still remain, overlap,
and often get worse. In many cities in Africa,
Asia, and Latin America, large parts of the inhab-
itants live under unhealthy conditions in poor
housing without access to safe drinking water,
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sanitation, or other basic services [11, 12]. In great
contrast to the desperate needs for basic infra-
structure in Third World cities, the emerging sus-
tainable city efforts in Europe, North America,
and Australia during recent decades have, to a
large extent, been concerned with the unsus-
tainability of the cities in a global context. Global
change problems, such as resource scarcity, climate
change, land use competition, or biodiversity, put
into question the energy use, spatial structures, and
infrastructural arrangements of modern society in
general and big city regions in particular. In this
context, promoting efficient and sustainable man-
agement of resourceflows in the city has become of
central importance.

Urban Planning

Societal development is in different ways
reflected in changed flow and flow patterns.
Industrialization, increasing wealth, expansion of
the city, changed design of buildings and city
areas, and changed patterns of settlement, work,
commuting, production, consumption, trade, lei-
sure activities, and use of the urban landscape of
the big city all result in changed flows. Resource
flows are thus strongly influenced by urban plan-
ning and design of urban areas. Urban planning

has developed in interaction with different social
welfare issues, e.g., local environmental prob-
lems. It has traditionally primarily focused on
regulating the location and intensity of activities
to avoid health problems and environmental deg-
radation and influenced resource flows, but plan-
ning has seldom comprehensively and explicitly
addressed resource management [13]. Urban
planning emerged as a response to the unhealthy
and polluted conditions in the fast-growing indus-
trializing European cities in the nineteenth cen-
tury. The overwhelming problems were gradually
overcome by investments in infrastructure and
introduction of a system of laws and authorities
to take care of waste collection, water, hygienic
control, and worker protection. Society took on a
growing responsibility for the health and well-
being of its citizens, and the major tools have
been infrastructural investments and an increas-
ingly ambitious spatial planning. During the twen-
tieth century, the social crisis connected to poor,
unhealthy housing conditions was, in European
cities, addressed by demolition, renovation and
social housing projects, and establishment of
parks, green and recreational areas, and separation
of industry and housing. Cities were, in the twen-
tieth century, transformed bymotorized road traffic
and the breakthrough of the private car, but also
visions of more human and ecologically sound

Natural Resource Flows and Sustainability in Urban Areas, Fig. 1 Development of air pollution (smoke, SO2, lead,
and NOx) and bronchitis death rate (per 1,000 inhabitants) in Manchester. (Source: [10])
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urban environments influenced the urban develop-
ment. Both decentralized city visions, such as
Howard’s “Garden City,” and more centralized
visions, such as Le Corbusier’s “Radiant City,”
have influenced urban and suburban developments.

With the growing industrial production,
increasing use of fossil fuels, cities in general
were severely polluted until the mid-twentieth
century. From the 1960s to the 1990s, increasing
concern for the environment stimulated important
infrastructural investments in wastewater treat-
ment, district heating, energy source substitution,
which, together with improved pollution control
and industrial restructuring, decreased the indus-
trial pollution and health hazards for urban inhab-
itants in Europe and North America.

Planning for Urban Sustainability
From the 1970s, growing concern about environ-
ment and resource use also influenced urban plan-
ning. New urban forms, such as the compact city
with high-density settlement and mixed uses,
were promoted as a response to urban sprawl
and high dependency on cars and fossil fuel
consumption after the oil crisis. The real break-
through for environmental and ecological plan-
ning and interest for the relationship between
planning and resource management came with the
goal of “sustainable development” that became
influential from the late 1980s when ecocity or
sustainable city visions and ambitions spread rap-
idly through national, international, and intercity
initiatives. UN Habitat, the World Bank, and the
EU have launched sustainable urban development
programs that, in different ways, support cities in
their strive for a more sustainable development. In
Europe, more than 2,500 local and regional gov-
ernments have signed the Aalborg Charter from
1994 and joined the European Sustainable Cities
and Towns Campaign. Themost ambitious of these
local communities have signed the Aalborg Com-
mitments from 2004.

Sustainable urban development ambitions
have brought both broader concerns and new
ambitions to urban governance and planning.
For increasing sustainability, waste and pollution
must be minimized, natural resources conserved,
and the carrying capacity of ecosystems respected.

The sustainable city agenda includes often com-
pact, efficient land use; reduced car use, efficient
public transport, efficient resource use, and
reduced pollution and waste; restoration of natural
systems; good housing and living environments,
community participation and involvement, social
equity and inclusion, and a sustainable economy
[14]. Sustainability planning requires a holistic
view of a city or region that includes equal con-
cern for environmental, economic, and social sus-
tainability [15]. It is conceived as a process, and
sustainability, as a goal to work toward rather than
something soon to be achieved. In order to
achieve such goals, comprehensive plans, zoning
ordinances, building codes, and planning pro-
cesses must be revised for incorporating sustain-
ability principles into urban environmental
planning [15–17]. This does not only imply that
environmental quality or resource conservation
goals must be as important as economic but also
that other goals, such as social justice and equity,
must be addressed in relation to environmental
efforts. For realizing such integrative ambitions,
it is often stressed that planning and decision pro-
cesses must become more open and integrated: all
levels of government, business, civil society, and
individual must work together [17].

Sustainability is a long-term goal, which can only
be achieved through consistent strategic action over
the long term. Sustainable urban development needs
to rely on sound resource management and sustain-
able urban structures. To realize this and to reduce
the demand of resources and flows of energy, water,
waste, and materials, it is necessary to develop a
more effective, integrated, and flexible infrastructure
for water supply, waste, sanitation, heating, electric-
ity, and fuels that is resilient to changes in popula-
tion, economy, and climate and the hydrological
regime. Urban systems should be multifunctional,
servingmore than one technical purpose and be able
to integrate ecological, recreational, and aesthetic
values. For increasing the capacity of municipal-
ities to act strategically, an important challenge is
to develop systems-based analysis tools in collab-
oration with stakeholders that allow a better over-
view and guidance for strategic action [4]. This is
the challenge that has inspired many studies of
urban ecosystems and urban metabolism.
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Cities as Ecosystems

The concept of “urban ecosystems” has proved use-
ful for investigating the relationship between urban
areas and the environment [18]. Urban ecosystems
are defined by Pickett [19] as “those in which people
live at high densities, or where the built infrastruc-
ture covers a large proportion of the land surface.”
Research on urban ecosystems, often called urban
ecology research, has grown and broadened during
recent decades. This research can be divided into
research on ecological systems in the city and on
the city as an ecological system [20]. The former
is dominating and includes many specialized
study areas that focus on particular ecological
aspects in urban areas [19], e.g., urban climates,
soils, hydrology, vegetation, animals, nutrient and
carbon flows, as well as different human and
social urban systems. The latter analyzes the city
as a whole ecosystem based on different ecosys-
tem approaches, human ecosystem or sustainabil-
ity assessment frameworks or watersheds as
integrative tools.

Natural resource flows and their transforma-
tions are essential for the functional structure and
dynamics of both natural and human ecosystems.
From such a flow-based systems perspective, cities
can be described as large stocks of accumulated
materials stored in buildings and infrastructure, and
they are characterized by large and concentrated
flows of raw materials, energy, goods, waste, peo-
ple, and information. In thermodynamic terms, cit-
ies are open systems that depend on imported
energy and matter. The cities require vast amounts
of resources to function. In the past, the amount of
accessible resources in the nearest hinterland was a
constraint to the growth of cities [21], but with
improved transport and development of interna-
tional trade, cities no longer rely on their immediate
hinterlands for a growing share of resources,
including food. Most environmental problems are
connected to these natural resource flows.

Urban Metabolism

Urban flows and resource management in differ-
ent cities have been analyzed in various studies

since the 1970s. Figure 2 shows the urban metab-
olism of Brussels from the early 1970s from the
study of Duvigneaud and Denayeyer-De Smet
[22]. The term “urban metabolism” was launched
by Abel Wolman [23] in his study on generalized
flows in a “typical” city in the USA. Kennedy
et al. [24] defines “urban metabolism” as “the
sum total of the technical and socio-economic
processes that occur in cities, resulting in growth,
production of energy, and elimination of waste.”
The notion of “metabolism” is based upon anal-
ogy with the metabolism of organisms, which is
one example of parallels between cities and eco-
systems, which are central in urban ecology. The
term “metabolism” has also become established in
connection with material and substance flow anal-
ysis in other kinds of man-dominated systems,
e.g., “industrial metabolism” studies [25] have
analyzed material and substance flows in different
regions.

The study of the urban metabolism involves in
practice a holistic conceptualization of a city as a
system of flows and inputs, outputs, and storage of
focused flows, e.g., energy, water, nutrients, mate-
rials, and wastes that are then quantified for a cer-
tain time period. Figure 3 shows an example of a
summary of results in terms of inflows and outflows
in themetabolism of Sydney in 1990. By looking at
the city as a whole system and by analyzing the
pathways along which energy and materials,
including pollutants, move, the goal is to improve
resourcemanagement systems, allow assessment of
impacts, and identify technological and organiza-
tional opportunities to increase the efficiency of
resource use through, e.g., recycling of wastes as
valuable materials and energy conservation [7].

Different Urban Metabolism Studies
Kennedy et al. [26] identified almost 50 “urban
metabolism” studies on more than 30 different
cities since the 1970s. After a few forerunners in
the 1970s, urban metabolism studies reappeared
in the 1990s, and the great majority of studies
have been published since the year 2000. Hong
Kong, Vienna, Stockholm, Toronto, London, and
Paris have been subject for several studies.

Most “urban metabolism” studies have focused
on energy, water, food (nutrients), materials
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(metals), and resulting pollution (typically CO2,
SO2, NOx, nutrient releases, or heavy metals)
and waste in a limited time period. There are
also examples of analyses of the historical
development, such as for heavy metals in Stock-
holm [27] and nitrogen in food metabolism in
Paris [28] and total material flows in Limerick
[29]. In some other cities, such as Hong Kong
and Toronto, repeated studies have provided
some basis for comparison over time [26].

Most studies have been based on mass or
energy measurement for different materials and
energy flows, respectively. But some studies
have sought to use agglomerated measurement
units. Several of the earliest studies in the 1970s
e.g., [30] described the metabolism in terms of
emergy, an approach which more recently has
been applied in connection with analyses of Taipei
[31], Beijing [32], and Rome [33]. Related to the
urban metabolism concept is also the application
of the ecological footprint technique to cities

[34]. The studies of Vancouver [35], Santiago
[36], and cities of the Baltic region of Europe
[37] in the 1990s have been followed by many
studies. It has also become increasingly popular to
describe the urban metabolism in terms of ecolog-
ical footprints e.g., [38–41].

Many urban metabolism studies have focused
primarily on urban material stocks and flows, e.g.,
of Lisbon [42], Singapore [43], and York [38]. In
connection with heavy metal analyses, the urban
stocks have been recognized as future environ-
mental risks or potential raw material sources
[44–47]. There has also been a growing interest
for food flows and related nutrient flows
[48–51]. Urban water metabolism has been
addressed in several studies [52–56]. In recent
years, urban CO2 emissions in different cities
have received growing interest, and many estima-
tions are built on urban metabolism approaches
[57]. There are also many broader studies that
in different ways connect to urban metabolism,
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e.g., transportation of materials [58], and urban
infrastructure systems [59]. An indication for the
renewed and increasing interest in urban metabo-
lism studies is that two projects have recently
started under the EU Seventh Framework Pro-
gramme: SUME [60] and BRIDGE [61].

Contributions by Urban Metabolism Studies
The urban metabolism studies have contributed to
the overview and understanding of the flows and
stocks of various materials in urban areas, and of
pollution risks. They confirm the importance of
cities for energy and material flows in different
scales. Furthermore, they have shown that large
parts of the resource flows accumulate in build-
ings, wastes, and pollution in urban areas. In some
cases, they have indicated that accumulation
results in surprisingly high concentrations of haz-
ardous materials “hibernating” in cities, which

bring future risks and challenges in connection
with demolition and waste, diffuse pollution, and
pollution of groundwater (e.g., [27]. Brunner and
Rechberger [46] have inspired a growing research
on the potentials for “urban mining.”

The studies have also contributed to the
increase in the understanding of the development
of the urban flows in different cities, which often
have changed dramatically during the twentieth
century. Where city development has been char-
acterized by increasing welfare, consumption, and
mobility, the societal flows have grown dramati-
cally and become more diversified, and spatial
patterns have changed with the development and
expansion of city regions. Most studied cities
have, in recent decades, become more energy
and material intensive, while other flows, such as
water and wastewater, as well as different types of
pollution show varying trends in different cities
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[26]. While Asian cities may still be characterized
by increasing levels of traditional pollutants, such
as SO2 and particulates, European cities have
generally experienced a dramatic trend break of
most of such traditional air pollutants, while emis-
sions of NOx and CO2 may remain stable [10]. In
parts of East, South, and Central Asia, urbaniza-
tion has dramatically increased water consump-
tion and water pollution, which adds pressure on
scarce water resources in the regions.

Urban Metabolism Studies and Planning
Urban metabolism is often described as “a holistic
approach to urban planning” [5] and is fundamen-
tal for developing sustainable cities and commu-
nities. Such overviews of flows in different cities
have, in many cases, been important for informing
and stimulating strategic discussions concerning
resource provision, resource efficiency, and pol-
lution. Metabolism studies contributed impor-
tantly to the development of flow-based ecocycle
strategies and related introduction and campaigns
for recycling in the 1990s. There are examples of
collaboration between authorities and researchers
in some studies e.g., [27] and that studies have
been used for developing local sustainability indi-
cators connected to energy or material consump-
tion or ecological footprints. There are also
examples of policy frameworks that have been
developed for supporting sustainable urban policy
development, e.g., the extended metabolism for
human settlements from Australia that link the
urban metabolism to both socio-economic
dynamics and quality of life (Fig. 4). However, it
is still rare that urban metabolism studies and
perspectives have been fully integrated into local
strategies or planning processes.

Kennedy et al. [26] suggest that particularly
relevant practical applications of urban metabo-
lism for urban planners and designers include
sustainability reporting, urban greenhouse gas
accounting, mathematical modeling for policy
analysis, and urban design. Urban metabolism
studies have often contributed to sustainability
reporting and indicators. Indicators based on
metabolism studies have many advantages: they
are not only indicative of a city’s sustainability but
also are scientifically valid, relevant to urban

planners and dwellers, comparable over time,
and understandable. With the growing interest
for setting local goals for emissions of greenhouse
gases and ecological footprints, metabolism
approaches are needed for estimating the emis-
sions in different cities. An increasing number of
cities – from the planned city of Masdar in Abu
Dhabi to big cities such as Copenhagen and
Seattle – have, in the last few years, declared
ambitions to become carbon neutral within the
next few decades. Partly connected is a trend
among “Sustainable Cities” to set targets in
terms of decreasing their ecological footprints.

The ambitions of metabolism studies to con-
tribute to regional assessment, modeling, and sce-
nario construction have only seldom been realized,
though there are exceptions, such as City Region
2020 [4] and Maastricht 2030 [5], assessment and
scenario studies based on metabolism approaches.
There are also examples of mathematical models of
metal and nutrient flows, such as SIMBOX [62]
and STAN [46, 63], that can be used for simulating
future changes and identify solutions to perceived
problems. Urban metabolism has furthermore been
used for development of tools for designing and
redesigning urban areas and their infrastructure
[26, 64].

Limitations and Challenges
The metabolism studies have traditionally limita-
tions that can be connected to data availability,
perspectives, and available resources and priority
setting in individual projects. Observations and
discussion about the difficulties of the studies in
terms of data accessibility, missing information,
and uncertainties are often neglected in presenta-
tions of various studies. Statistics do not adapt
very well for following all types of flows and
particularly not in a local area. Many types of
statistical data and inventories are often only
available at the national level, and these data are
often used as basis for estimating local flows. Data
on water, energy, and waste flows handled by
local public organizations are more accessible,
which explains the dominance of these in studies.
With the exception of very few city areas, such as
Hong Kong, which has been subject to repeated
studies [65–67], cities are difficult to delimit,
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which creates problems to estimate inflows to the
urban system as well as their international and
local exchanges.

Integrating nature and socioeconomic aspects
is still an important challenge in connection with
ecosystem analysis. The analysis of urban metab-
olism has largely been dominated by quantifica-
tion of material inflows and outflows, and the
connections to social aspects have often been
fairly weak. Only few studies have made efforts
to analyze flows in their broader social, economic,
and geographical setting, and studies have seldom
been able to connect to decision-making or
involve stakeholders. Despite increased interest
in international aspects of material flows, only
limited systematic efforts to evaluate ecological
linkages of various cities in more detail than stan-
dardized ecological footprints have been made. It
is also rare with several levels of scale in the
analysis. Summarized flows contribute to an over-
view but are not adequate for making connections
to decision points in society or say much about
their qualitative usefulness to society [3].

In making connections to decision-making,
planning, and strategy development, it is neces-
sary with closer connections to decision points

and institutional structures, and the analysis must
become more flexible in scale and detail. A more
systematic multilevel analysis and connections
between different levels of scale and governance
are needed. In many cities, there is a lack of
evaluation of local ecocity projects in relation to
the whole city and its development. In a discus-
sion paper on how cities can integrate global
concerns, Xia Bai [68] presented some thoughts
on how scale considerations should be taken into
account more systematically when addressing city
strategies, which can inspire urban metabolism
studies to become more policy relevant.

Future Directions

Many innovative ideas regarding how a city could
be planned or developed to minimize its resource
consumption have been proposed in recent
decades. There are numerous ecocity or sustain-
able city initiatives in different cities around the
world. Cities such as Curitiba, Freiburg, London,
Vancouver, Stockholm, Tianjin, and Melbourne
can show inspiring examples of initiatives and
positive developments. Public planning authorities
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have developed growing awareness of sustainabil-
ity issues, and it is difficult to find any comprehen-
sive urban plan that lacks sustainability goals. In
local ecocity projects, flow-based initiatives are
common in relation to waste, energy, and
traffic. Despite this marked increase in awareness
and ambitions, there is still a lack of powerful
initiatives that decisively shift urban development
in a sustainable direction. Even cities that have a
high profile as sustainability forerunners, such as
Copenhagen and Malmö [69] or Portland [70, 71],
may show developments that are fairly inconsistent
with declared sustainability ambitions, particularly
in terms of road traffic and urban sprawl.

There is generally a need for more comprehen-
sive analysis at the city and big city region level
by revitalized urban metabolism efforts. It is,
however, possible that the increasing interest
among cities concerning climate change mitiga-
tion and ecological footprints will stimulate fur-
ther analysis of the urban metabolism at the city
level.

Urban metabolism and ecological footprints
have become influential concepts. But it is a bit
paradoxical that while urban ecology and sustain-
able urban development research and actions have
grown dramatically, the analysis of urban systems at
the city level or big city regional level has played
only a marginal role. Efficiency of energy, problems
of traffic flows, and consumption are addressed in an
urban setting, but the scale is most often far below
the city or city region level (e.g., house, household,
city district, infrastructural sector). There exists sel-
dom a sufficiently good information basis for
assessing the development of the city and its region
and their external exchanges with the surrounding
world and for developing comprehensive strategies
at the city level.

There are many intriguing questions
concerning the development of big city regions,
e.g., connected to urban form and location poli-
cies that should be systematically analyzed from a
metabolic perspective. From studies primarily in
the UK and the Netherlands, there is evidence of
positive effects in terms of provisions of ecoservices
and minimized loss of natural environment and
biodiversity from promotion of more compact
urban development [72, 73]. However, there is still

debate about the desirability and challenges of such
compact city ambitions e.g., [74] and need for more
empirical evidence [3].

In dynamic big city regions that are character-
ized by regional enlargement and polycentric
developments, such issues are very complex and
challenging but need to be analyzed further. In
national planning systems all over the EU, the
concept of polycentricity is implemented
[75]. The European Spatial Development Per-
spective [76] strongly argued that polycentric
urban systems are more equitable, efficient, and
sustainable than monocentric or dispersed urban
systems and should therefore be actively encour-
aged, but this hypothesis remains to be tested, and
even if polycentric regions have certain potential
advantages, these opportunities still need to be
identified and used. Major research questions in
both the large urban metabolism projects under
EU-FP7 connect to these issues. They both focus
on urban form, traffic, and land use, and their
ambitions to connect to planning and institutional
structures are higher and more elaborated than
most past urban metabolism projects.

There are many challenges for future urban
metabolism studies in relation to developing the
overview and understanding of the urban flow
systems and to become more policy relevant.
Only about 30 cities have been so far analyzed,
and there have not been much comparative anal-
ysis, generalization, and theoretical development.
Kennedy et al. [26] suggested that identification
of various classes and comparative analysis of
various factors, such as climate, age of city, and
development history, should be further focused.
Comparative studies are difficult due to very dif-
ferent preconditions in various cities, and compar-
isons between existing studies are problematic
due to inconsistent basic data and lack of stan-
dardization of procedures. Even though there has
been standardization effort in some study areas
(e.g., metal metabolism studies), such challenges
are likely to remain. Despite this, comparative
studies and comparisons with other cities may
still be valuable and almost necessary for devel-
oping perspectives on different resource flows and
their efficiency in individual cities. Comparative
studies can also form a base for looking closer into
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driving forces of the urban metabolism and effects
of different developments or strategies. Besides
improving the assessment of linkages of the urban
metabolism in different scales, future studies
should also aim to improve the overview of stor-
age and accumulation processes in the urban envi-
ronment. Analysis of urban natural flow systems
is of central importance for a more comprehensive
understanding of the resource use in the city and
for assisting cities to contribute more forcefully to
global sustainable development.
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Glossary

Collapse Abrupt breakdown of unconsolidated
sediments deposited above the cave or karst
channel or breakdown of the cavern overbur-
den. Synonym – subsidence

Cutoff A construction below ground level
intended to reduce water seepage (grout curtain
or cutoff wall)

Cutoff wall Awatertight wall of clay or concrete
which is built up by applying structure in the
form of trench or overlapping piles

Dam failure Collapse or movement of part of a
dam or its foundation, so that the dam cannot
retain water

Grouting Is a procedure of which grout mix is
injected into the fissures, cavities, and voids in
rock formations in order to reduce its perme-
ability and to improve geotechnical properties
of rock mass

Induces collapse Breakdown of unconsolidated
sediments as the result of human activities

(groundwater pumping, mining, tunneling, or
man-made reservoir influence)

Karst Terrain composed of high soluble rocks
(limestone, dolomite, gypsum, salt, and con-
glomerate with carbonate matrix) and very
risky environment for any surface and under-
ground structure construction

Definition of Subject

Karst areas are extremely complex and produce
a great variety of geomorphological, hydrogeo-
logical, hydrological, and engineering geological
conditions. As a consequence, a number of struc-
tures in karst need remediation during operation
despite extensive investigations and extensive pro-
tective measures applied during design stage
and construction. The risk of constructing in
karst cannot be eliminated completely due to the
hydrogeological and geotechnical complexity of
karst, even when best engineering practices are
followed. Due to karst complexity, conventional
geotechnical measures have limitations that, some-
times, are useless. To deal with karst successfully,
innovation, engineering practice, execution feasibil-
ity, and commercial understanding are required.

The most frequent geotechnical difficulties in
karst engineering are presence of cavern at founda-
tion of any building or along the grout curtain and
tunnel routes, leakage from reservoirs, groundwater
bursts during underground excavations, provoking
induced subsidence, and number of natural and
anthropogenic impacts. In karstified rock masses,
a number of karst features such as caverns and karst
conduits are hardly predictable from surface obser-
vations or during construction. In many cases, these
features become active during operation. To prevent
failures, remedial works become necessary.

The feasible remediation alternatives are dif-
ferent kinds of geotechnical treatment: surface
treatment and sealing in underground. Commonly
applied surface methods are compaction of sur-
face clayey layer (clay lining), different kinds of
geomembrane, shotcrete lining, shallow grouting
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blanket, dental plugging, heavy reinforced con-
crete slabs, and construction of cylindrical dams
or dikes to isolate large ponors and estavelles.
Common underground watertight structures are
different kinds of cutoffs, concrete plugs and
different drainage structures, and conical grouting
ahead in the case of tunnel driving. Frequently
applied grouting materials are cement, clay,
asphalt, or hot bitumen. Particular approaches
and materials are necessary for grouting the cav-
ernous zones (rock blocks, crushed aggregate,
sand, gravel, chemicals, synthetic sponge, and
polyurethane foam). In many cases, the successful
solution needs a combination of surface and
underground structures and combination of differ-
ent methods and technologies.

Introduction

In the first half of the twentieth century, the under-
standing of karst and karstification from the engi-
neering viewpoint was in its infancy. During that
period, a significant number of different structures
failed in karst, particularly dam and reservoirs. In
many of these cases, the reservoir never filled up
despite intensive remedial works, ending in aban-
donment. Different technologies and various
structures adapted to remediation in karst were
not developed. For a long time, the term karst
had a bad meaning for engineers, suggesting fail-
ure. By increasing the knowledge in karstology
and development of remediation technologies, the
number of failures has considerably decreased.
However, karst is still far from being accepted as
a friendly environment for construction of any
large structure: dam, reservoir, tunnel, railroad,
roads, and buildings. The risk in karst cannot be
eliminated and, however, can be minimized to the
technically and economically acceptable level.
These general premises are well known to any-
body working in karst.

Surface Remediation Measures for Dams
and Reservoirs

Approximately 80% of dams in karst that needs
additional watertightness treatment after construction

have been successfully finalized. In most cases, the
leakage occurred during the first filling. In
more than 30 cases, a leakage rate between
2 and 50 m3/s was registered. More than
60 dams in evaporites have needed rehabilita-
tion. In a majority of these cases, rehabilitation
was successful. However, some dams were aban-
doned because problems were too complicated for
the available sealing technology: Montejaque
(Spain), Hales Bar (USA), Vrtac (Montenegro).

Many attempts have been made at the surface
to stop water from sinking underground either
coming from riverbeds or from reservoirs. To
reduce water losses from the reservoirs, in present
practice, the following methods are being applied:

• Protection of alluvial reservoir bottom by sur-
face compacting and construction of impervi-
ous clay blankets

• Covering karstified limestone (river bottom or
reservoir banks) by shotcrete

• Protection of sinking zones in alluvial overbur-
den by geosynthetics for soil reinforcement

• Plugging of ponor (swallow holes) inlet chan-
nels by SCC

• Construction of grouting carpets (consolida-
tion treatment of karstified surface or karstified
paleo-refief)

• Encompassing large swallow holes or estavelles
by cylindrical concrete dams

• Isolating large ponor (swallow hole) zones by
dykes

• Closing estavelles by concrete plugs equipped
with non-return valves

• Large cracks plugging by grouting
• Reservoir bottom protection by aeration tubes
• Dental treatment in the vicinity of different

structures or in the reservoir limestone banks

Subsidence development is a very common
process which endangers safety and integrity of
reservoirs. However, if a reservoir is situated
within a hydrogeological closed regional struc-
ture, subsidence does not provoke seepage out
from the reservoir.

Surface treatment, particularly construction of
clay blankets, is commonly used to protect reser-
voir watertightness if the groundwater table is
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deep below the reservoir bottom and dam sites. In
the case of the presence of estavelles (intermittent
openings active only in wet seasons) at the reser-
voir banks and bottoms, the surface treatment is
very complicated [25]. An impervious surface
blanket is commonly applied for shallow reser-
voirs Hutovo Reservoir (Herzegovina), Hammam
Grouz, and Ourkis (Algeria).

If the consequence of alluvial ponors
(subsidences) at the bottom of reservoirs is seep-
age, their activity may be stopped by using differ-
ent kind of geotextile (geomembranes). In this
case, the ponor opening (collapse funnel at the
surface) and channel through the alluvial section
are to be filled with crushed stone according to the
principle of inverted filter. An inverted filter con-
sists of layered crushed stones in such a way that
each layer is progressively finer-grained up
toward the surface, capped with a layer of imper-
vious compacted clay, and, finally, covered with a
geomembrane.

Geomembranes are frequently applied as
waterproofing technology for reservoir and tail-
ings bottom and banks (Fig. 1a).

In some cases, heavily reinforced concrete
slabs are applied as a conservative and less risky
solution (Fig. 1b).

In solving the problem of watertightness of the
reservoirs, the bottom of which is being covered
with alluvial sediments, in many cases, great atten-
tion should be paid to the captured air in the
karstified bedrock and intergranular porosity in
the alluvial deposits. During saturation, the under-
ground water moves (presses) air out from the
aeration zone, producing air bubbles below the
geomembrane. If the air pressure reaches the limit
of the plastic deformations, the geomembrane
explodes.

To solve this problem, an aeration pipe
(∅ 200–600 mm) has to be installed in that open-
ing, and the cleaned part of the rock around the
pipe has to be cemented. The end of pipe must be
above the reservoir level (Fig. 2).

Shotcrete represents an efficient technology to
achieve the required level of watertightness for
reservoirs, riverbeds, and tunnels located in
karstified carbonate rocks. It is placed on the
rock surface under pressure so that it penetrates

in fractures, caverns, and cavities. It has adhesive
capacity and sealing action in the same time,
preventing water losses through the karstified
rock. It is also used for dental sealing as well as
for blanketing of large surfaces of karstified rocks
(reservoir flanks, riverbeds).

The thickness of the shotcrete for lining the
shallow reservoir or riverbed flanks is 5 cm on
average. To prevent the occurrence of micro-cracks,
steel reinforcement meshes are used (∅ 3 mm) or
different fiber types (steel, plastic, or glass). The
length of the fibers is from 3 to 30 mm, i.e., at
least three times the diameter of the largest grain
in the aggregate. In order to assure satisfactory
anchoring, ends of steel fibers should be thickened
or bent.

Important experience in shotcrete application
in karsts was acquired during the waterproofing of
the largest European lost river Trebišnjica
(Herzegovina). The water losses through the
ponors and widened cracks along the 65 km of
the riverbed amounted to 75 m3/s under natural
conditions. To secure the impermeability of the
extremely karstified zone, the bed and flanks of
the upper storage reservoir of Reversible PP
Čapljina, an area of 2.2� 106 m2, were blanketed
with shotcrete (Fig. 3).

During the dry period, the groundwater levels
are deep beneath the bottom of the riverbed, last-
ing several months in a year. In the wet period of
the year, groundwater rises extremely fast up to
the surface, creating strong and uplift to the
shotcrete. Usually, uplift is concentrated, and the
demolished part of shotcrete is localized to a range
from 0.5 to a few m2, (Fig. 4) [21].

Rarely, strong uplift demolished a few hun-
dreds of square meters of shotcrete. In these
cases, the pressure releasing valves are required
to eliminate uplift pressure.

One of the ways to solve problems of estavelles
in the storage reservoirs is by closing its opening
with concrete plugs equipped with non-return
valves. These structures should be built at the
opening of estavelle, and the surrounding rock
should be blanketed with concrete. Under the
reservoir water head, these valves prevent losses.
When estavelle discharges water, the valves are
opened, and water flows through them in the
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reservoir as long as the underground water pres-
sure exceeds the water pressure in the reservoir.
These constructions are not always successful
because new estavelles can be created in the sur-
rounding bottom area.

To prevent losses from the Nikšićko Polje
(Montenegro), a large ponor Slivlje (swallowing
capacity of around 120 m3/s) was isolated by a
cylindrical dam but without great success. The
water losses were decreased by approximately
10%. A similar structure was constructed around
the large estavelle Opačica at the rim of storage
reservoir in the same polje, which prevented the
loss of water from the reservoir. Similar structures
were applied in Chinese karst to prevent seepage
from reservoirs (Fig. 5).

The rock-filled or earth-filled dikes can be
used to isolate the broad ponor zone at the
edges of the storage reservoirs, the length of

which can reach hundreds of meters. Founda-
tion of those dikes is in the nonkarstified or
partially karstified rock mass (Buško Blaro Res-
ervoir, Bosnia and Herzegovina, Mavrovo Res-
ervoir, FYUR Macedonia).

Underground Remediation Measures

Underground sealing is a geotechnical protection
measure applied either in the karst aquifer or
above it in the aeration zone.

The most common underground protective and
remediation measure are grout curtains. Due to
specificity of the karst hydrogeological nature,
the grout curtains executed in karstified rock
mass are more complex and much larger than
curtains in other geological formations. Following
examples confirm this conclusion:

Remediation in Karst,
Fig. 1 (a) Tailings bank
waterproofing by
geomembrane; (b) heavy
reinforced concrete slab to
prevent seepage through the
karstified reservoir bottom
and bank
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Remediation in Karst, Fig. 2 Aeration pipe installed to protect waterproofing blanket at reservoir bottom against
destructive role of air under pressure

Remediation in Karst,
Fig. 3 Shotcrete blanket to
prevent seepage from
karstified and porous
riverbed

Remediation in Karst 275



Remediation in Karst,
Fig. 4 Shotcrete at
reservoir bank demolished
by strong and concentrated
groundwater uplift

Remediation in Karst, Fig. 5 One-way valve (a) reservoir in China and (c) reservoir in Montenegro; (b) cylindrical
dam in China and (d) cylindrical dam to prevent seepage from reservoir in Montenegro
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– Ataturk (Turkey), surface 1,200,000 m2, length
5.5 km, depth up to 300 m

– El Cajon (Honduras), surface 610,000 m2

– Berke (Turkey), surface 533,000 m2, depth up
to 235 m

– Dokan (Iraq), 471,000 m2

– Khao Laem Dam (Thailand), 437,000 m2

– Slano (Yugoslavia), surface 404,224 m2,
length 7.011 m

– Keban (Turkey), 338,000 m2

– Salman Farsi (Iran), 250,000 m2

The design of the grout curtain is tentative and
depends on the findings compiled during execu-
tion. Modifications and adaptations of curtain
route, depth, number of grouting rows, and
grouting technology, on the basis of the geological
findings in subsurface, are calculated from expe-
riences learned from many projects in karst.

The possible appearance of karst phenomena at
grout curtain route might call for special and time-
consuming treatment performing from adits or
shafts, which have to be excavated from grouting
galleries. Because of that, suggested distance
between grouting galleries is not more than 30 m.
A few typical examples are presented below.

Extreme nonhomogeneity of the karstified rock
mass leads to great variability of grout mass con-
sumption. During execution of grout curtain in
karst, the common case are boreholes with very
low or low grout mass consumption beside a bore-
hole with consumption of a few thousand kg/m’.

The Slano Reservoir (Montenegro) is protected
by a 7011 m long grout curtain. At only one
section of this curtain at a depth 100–110 m, the
following amounts were used: 4,110 m3 of aggre-
gate and 2300 t of grout mix (cement, clay, sand,
and calcium soda). This section was situated 40 m
below minimal groundwater level. Totally, this
curtain required 91,531 t of material (27,826 t
cement, 48,666 t clay, 307 t bentonite, 1766 t
calcium soda, 4873 t sand, 8050 aggregate
(gravel), and 43 t silicate). By primary grouting
work, the initial seepage of 34 m3/s was reduced
to 3.5 m3/s [27]. Due to degradation (erosion) of
the curtain during the past 25 years, the seepage
gradually increased to� 7m3/s in the case of a full
reservoir.

In some cases of heavily karstified limestone, a
triple-row curtain may be necessary. In the case of
Berke Dam [1] quinary holes (B) at a spacing of
0.75 m were planned for triple rows in heavily
karstified limestone. The effectiveness of grouting
is obvious as demonstrated by the comparative
average grout mass consumption: P holes,
3270 kg/m’; S, 632.9 kg/m’; Q, 142.6; and B,
71 kg/m’. Average consumption was 518.1 kg/m’.
Maximum grout mass consumption in the highly
karstified area varied from 500 to 700 t/m’.

The grout curtain at Salman Farsi dam site was
constructed from galleries at five levels. The ver-
tical distance between galleries varies from 18 to
36 m in order to intersect as many karst caverns by
galleries as possible. Total length of grouting
galleries is 3826 m. In the limestone without
cavities, the grout mass consumption was less
than 100 kg/m’. However, in a number of stages,
the grout mass consumption was between 10 t/m’
and 160 t/m’.

Large and empty caverns and systems of caves,
especially in the dam site abutments, should be
avoided by the modification of grout curtain align-
ment. The huge cavern can be isolated by
bypassing the cave upstream and downstream
sides. In the case of downstream alignment of
grout curtain routes, the empty cavities will be
filled by water.

Plugging of Concentrated Underground
Flows

Plugging an active karst flow, deep in under-
ground, is an extremely uncertain, dubious, and
risky task. Quite often, the result is failure. Partic-
ularly complicated and difficult to plug are deep
and siphonal flows. Practical solutions for this
kind of problem are extremely complex and
require lots of time and significant financial
resources. Every problem is unique, and past solu-
tions may almost never be repeated. Particular
problems appear due to concentrated and very
fast underground flows. When the flow is deeper,
the water pressure is higher, and possibility for a
successful grouting considerably decreases.
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The main problem of this type of sealing is the
determination of the karst channel position, par-
ticularly the location where it crosses the grout
curtain. The successful sealing of underground
conduit flows depends upon the accurate determi-
nation of:

• Position of karst channel or concentrated zone
flow

• Channel dimensions (cross-sectional area)
• Underground flow, characteristics in the chan-

nel (permanent or intermittent flow under
pressure or with free surface, direction, and
velocity)

• Possible presence of clay and silty cave deposits
and their thickness

Treatment of underground flows requires dif-
ferent technologies to be applied: grouting by
different types of cement mortar; grouting the
aggregate which is first filled into the karst chan-
nel; filling of karst channel or cavern by rock
blocks; polyurethane foam grouting; and grouting
with molted asphalt, bitumen, cotton flocks, syn-
thetic sponge, and different chemicals [17]. A few
examples are presented to confirm the necessity of
various methodologies.

During the first filling of the Višegrad Reser-
voir, Bosnia and Herzegovina (1986) under-
seepage below the suspended grout curtain was
1.4 m3/s. The seepage was followed by massive
washing of clay from caverns situated below the
grout curtain. In spite of intensive re-grouting and
having the local curtain deepened to110 m, the
leakage had increased steadily from 6.5 m3/s in
1996 to 9.4 m3/s in 2003 and 13.92 m3/s in 2008.
Karst channels filled with clay at a depth of more
than 130 m below the dam foundation were
reactivated. A study of geological data from his-
torical records, particularly geological mapping
data of dam foundation surface, directed an
intense site investigation program via boreholes
(including TV logging), tracer testing, and moni-
toring of seepage outflow points downstream
from the dam. Particularly successful was pro-
spection of reservoir bottom by divers. During
investigations in 2009 and 2010, a large karst
opening (ponor – diameter 3.5 m) with massive

water inflow was discovered by divers at the res-
ervoir bottom, approximately 160 m upstream
from the dam [23]. One important limitation was
that the reservoir could not be drawn to a level
which would minimize seepage and permit the
treatment of deep seepage zone under lower pres-
sure. In this case, the reservoir level created a
maximum differential head between seepage
zone(s) and downstream outlet points, meaning
the largest pressure and fastest flows were
through the deep karstified zone. To organize
intensive treatment of the incipient karst fea-
tures (ponor at bottom and large karst channels
beneath the dam), two floating structures were
constructed: (a) structure to plug ponor at the
reservoir bottom and (b) float platform near the
upstream dam face for deep boreholes (Ø 122.7)
to fill caverns at depths of 100–150 m below the
reservoir bottom (Fig. 6). Ponor at reservoir
bottom was filled with 1286 m3 of aggregate
(1–4 mm). Crushed stone (aggregate) was intro-
duced unto the empty cave-like space of the
following sizes and proportions: 4–8 mm 20%;
8–16 mm 30%, and 16–32 mm 50%. After
38,000 m3 of aggregate was inserted, the seep-
age was recorded as having been reduced to
about 4.5 m3/s.

In the case of Keban Dam (Turkey), the huge
Petek Cave was filled with about 605,000 m3 of
limestone blocks, sand, and clay to reduce water
losses from 26 to 8–9 m3/s.

To plug the underground flow (4 m3/s) at the
Krupac ponor (Nikšić Polje, Montenegro) 750 m3

of crushed stone and a considerable amount of
sawdust and grouting mixture (70 percent sand
and 30 percent grout mix) were used. Below the
Vrtac Dam (same area), a cavern was detected in
the area of large fault zone. Rod fall at depth of
85.5 m was only 0.5 m. Nine additional boreholes
were drilled in the surrounding area, but exact
contours were not identified. To block the under-
ground flow, 1767 m3 of aggregate (16–40 mm)
and 1638 t of grout mix (dry component) were
inserted through the boreholes. Temporary
groundwater level behind the filled section
increased to 30 m. But after a few months,
groundwater decreased to the same level as it
was before remediation.
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During the plugging and grouting work at the
Charmine Reservoir (France), a karst channel
with a diameter of 80 cm was grouted. Material
required for this plugging operation was 2000 m3

of sand and 540 t of grout mixture. As a result,
water loss from the reservoir was reduced from
800 to 10 l/s.

To block underground flows at El Cajon Dam
site, 8000 wooden balls 7 cm in diameter, 25,000
polypropylene bags, and 650 mortar balls 6 cm in
diameter were inserted into the cavities using
100 mm diameter boreholes. Accessible caverns
filled with clay were cleaned up and plugged with
concrete.

At the Lar Dam (Iran), the leakage problem is
one of the most complicated problems related to
plugging of active karst flow. During the first
filling of reservoir, a very huge leakage
(7.7–10.8 m3/s) was measured. The cavern dis-
covered at a depth of 210 m below the riverbed
had a volume of 90,000 m3 [5]. Through bore-
holes drilled from a gallery and having a diameter
of 214 mm, the downstream section of the cavern
was filled with about 28,000 m3 of gravel, grading
5–50 mm, and 34,000 m3 of crushed rock. The
upper part of the cavern above the gravel cones up
to the cave roof was filled with cement mortar
totaling 13,000 m3. However, in spite of the

extensive grouting and filling of deeper channels
with active flows, water losses are still very high.
The flows are located at the depths of 250 to
430 m below the riverbed. About 42,000 m3 of
material (grout mix, sand, pebble, and aggregate)
was not sufficient. Part of this material was trans-
ported by underground flow and deposited in front
of large spring 12 km downstream.

In the case of Salman Farsi Dam (Iran), during
the investigation drilling, no caverns were detected
on either side. However, during grout curtain exe-
cution large-diameter karst channels and caverns
were discovered. All accessible caverns were
speleologically investigated. On the basis of results
of speleological investigations, different plugging
approacheswere applied. The volume of the largest
one was more than 150,000 m3. This cave was
avoided by modification of the grout curtain
route. The caverns in the path were filled with
clay and were washed and filled with self-
compacting concrete (SCC), as were the large
open caverns. For filling of openings and channels
with apertures less than 20 cm, grout mix and
grout mortar (up to 4 mm) were used.

Summarizing the results of the average grout
mass consumption for 84 curtains from different
karst regions of the world, the following classifi-
cation can be established – Table 1.

Remediation in Karst, Fig. 6 Simplified cross section of main seepage flows beneath the dam body including general
concept of remedial works [23]
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• Very low and low grout mass consumption
These consumptions can be expected in

poorly fractured and mostly thick bedded and
slightly karstified limestone and dolomite.
Very low consumption is rare. In 7% of ana-
lyzed examples, consumption was lower than
50 kg/m’ and in 20% of cases was between
50 and 100 kg/m’.

• Medium (most frequent value)
The consumption rate in intensively frac-

tured and karstified limestone, with open
cracks and joints, enlarged by karstification
process, including presence of cavities, can
vary between 100 and 400 kg/m’. In some
cases, water circulates through it. About 44%
of the analyzed examples belong to that cate-
gory. It means that the average and most fre-
quent consumption of dry mass can be
expected in the range of that category.

• The category of high and very high consump-
tion belongs to extremely fractured limestone.
The karstification process enlarges dense frac-
tured networks. The active groundwater flows
are the consequence of the karstification poros-
ity and great transmissivity. About 25% of
analyzed curtains have an average consump-
tion in range of these two categories (high
400–1000 kg/m’ and very high >1000 kg/m’).

In the above-presented five categories, the con-
sumption of grout mass used for filling and plugging
the large karst conduits and caves is not included,
i.e., the cases where grout takes more than
1000 kg/m’. This consumption is categorized as
undefined high and cannot be expressed in kg/m’.

For sealing the very pervious fissured zones or
small-diameter karst conduits, the following
materials are commonly applied:

– Cement-based grout mass (slurry, grout mix,
suspension) is commonly applied in recent
grouting practice. Theoretical and practical
aspects of grouting procedure using different
types of cement grout mix are widely discussed
in detail by various authors.

– Clay-cement stable grout mass is based on clay
as basic component. Clay is cheaper than cement,
reduces the permeability of the injected com-
pound, and is resistant against aggressive water
action. Mostly, the kaolinite and montmorillonite
(bentonite) clays are used as components for
grout mass. The flaky crystalline particles of
clay are smaller than 3 mm (regular cement
100 mm and microfine cement 10 mm) and easily
penetrable into tight joints. Clay-cement stable
grout mass was used at many grout curtains
in Dinaric karst region: Peruća Dam, 75% of
clay; Buško Blato, 55%–75%; and Rama,
45%–57%. In the case of 7 km long grout
curtain along the Slano Reservoir in Nikšićko
Polje, the clay was a dominating component:
50%–65% of clay, 30%–40% of cement, and
1%–4% of Na2CO3. Another good example is
the grout curtain below the Grančarevo Dam
(Herzegovina) where the common grout mass
was clay 66% and bentonite 33%.

– For plugging the large open cracks and small
cavities, different types of cement mortar with
additives and fillings such as sand, gravel,
chemicals, etc., are routinely used.

– Polyurethane foams are a gaseous emulsion of
uniform bubbles having very small diameter.
These are characterized by a very high expan-
sion coefficient. As compared to the initial
volume, final volume can be more than
20 times larger after the foam is mixed.

– To plug the main leakage zone in the case of
Dokan Dam, diesel oil and cotton flocks
were used.

– Asphalt grouting technology has been used
for leakage sealing at Hales Bar Dam site
(1919) and Great Falls Reservoir, both in
the USA.

Remediation in Karst, Table 1 Classification of grout
mix consumption

Classification of
grout mass
consumption

Quantity of
dry mass
(kg/m’)

Distribution
(%)

Very low Up to 50 7

Low 50–100 24

Most frequent value
(medium)

100–400 44

High 400–1000 20

Very high >1000 5

Undefined high
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– In modern grouting practice, asphalt is rarely
used. Within the last few years, hot bitumen
has been used in the USA for plugging con-
centrated underground flows [4]. The hot bitu-
men is pumped continuously down, through
specially installed pipes, to the karst channel
with the massive flow (injected at temperatures
of 200 �C and higher).

For the large underground spaces treatment
(channels and caverns), the most common tech-
nologies are:

– If the cavern is above the water table, the best
solution is manual cleaning, washing, and fill-
ing by self-compacting concrete. Auxiliary
adit or shaft from grouting gallery should be
connected with cavern for easy communication
with cavern.

– In the case of submerged caverns, large-
diameter boreholes are required for filling the
cavern with aggregate and grouting by com-
mon grout mix (prepacted concrete).

– When the size of cavern is enormous, a large
shaft should be excavated for filling the cavern
by large rock blocks, aggregate, sand, and
other material (e.g., Keban Dam (Turkey)).

– For large caverns or wide tectonized and
karstified zones, construction of cutoff
(diaphragm) walls is a frequently applied
technology.

The decision on which remedial method and
material should be applied depends on many spe-
cific properties. Many of these features can be
defined during constructions only, i.e., when
direct observation in the underground is possible.

Remedial Works During Underground
Excavations

Construction of underground structures in karst,
particularly excavations of tunnels, is extremely
risky and dangerous geotechnical work. During
tunnel excavation, the crucial problems are the
presence of cavern at tunnel route and ground-
water intrusion. In spite of application of new

sophisticated excavation and remediation technolo-
gies, construction time in tunneling is usually much
longer than the projected time during design.

A number of examples of problems during exca-
vation and tunnel operation are presented by
Milanović [18], Marinos [16], and many other
authors: Ghion and Dodoni tunnels, Greece;
Montelungo, Italy; Steinbühltunnel, Germany;
Sozina Tunnel, Montenegro; head race tunnels
for power plants, Dubrovnik and Čapljina,
Herzegovina; water transfer tunnel, Fatnica, Bileća,
Herzegovina; Yellow River diversion tunnels,
China; Karawanken Tunnel, Slovenia to Austria;
SMART, road, and stormwater tunnel, Malaysia;
Bordeaux Tunnel, France; tunnel in Ontario,
Canada; tunnel in Ohio, USA; Lötschberg Base
Tunnel, Switzerland; Gotthard Base Tunnel, Swit-
zerland; Zakučac I and Zakučac II, Croatia; and
Kuhrang III and Nowsoud diversion tunnels, Iran.

If a cavern happens to be encountered by the
tunnel route or water inflow suddenly increases
during the excavation, progress can be retarded
because of many different difficulties such as:

• Excessive free space problem which must be
overcome by filling, bridging, or bypassing.

• Cavity which is masked by cave deposits so
that dimensions and geotechnical features are
not known. This situation requires serious
investigations and sometimes changing of
excavation technology, thus making compli-
cated remedial work indispensable.

• Source of groundwater discharges into the tun-
nel causing flows of hundreds, even thousands
of liters per second.

• Undiscovered caverns very close to the tunnel
or beneath the tunnel invert can provoke seri-
ous problems during the excavation and also
during the tunnel operation.

• Concentrated external groundwater pressure
frequently provokes large destruction in the
tunnel lining.

• In the case of shallow overburden, collapse in
the tunnel can provoke collapse at the surface.

• Because each tunnel has a role of regional
drainage for the surrounding aquifer, the
springs above the tunnel route and its close
vicinity frequently dry up.
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Consequently, all karst channels are subject to
high pressure, destructive effects of turbulent
inflows, and enormous amounts of water and sed-
iments. The tunnel drainage is thereby involved in
aggravating tunneling conditions. The destructive
effect can be multiplied if the excavated tunnel
tube connects active and nonactive (partially or
fully filled) karst channels.

Any inflow in the tunnel of more than 100 l/s,
with no possibility for dewatering by gravity, is an
extremely serious and dangerous problem. In
some cases, if the water pressure exceeds
10 bars, a small discharge (30–50 l/s) can appear
as very complex tightening problem. To solve this
problem, special and expensive treatment technol-
ogies have to be applied.

In spite of detailed investigations and determi-
nation of hydrogeological and engineering geo-
logical characteristics, detecting caverns in the
front of tunnel head is questionable. Many differ-
ent methods are applied; however, the results are
often poor. Horizontal drilling ahead of the tunnel
face is a common and most effective investigation
method. Particularly sensitive is the usage of a
tunnel-boring machine (TBM). To pass through a
large cavern, either empty or filled with clay,
application of the conventional excavation method
in front of the TBM head is required. Even if the
cavern is relatively small, remedial procedures can
be complicated and time-consuming (Fig. 7).
Almost all procedures need about 70 days.

Due to frequent floods of the Kuhrang III tun-
nel in Iran (23 km long), excavation time
(proposed by design) was more than doubled. In
a few cases, the huge water inflow in front of the
TBM head increased abruptly up to a peak of
1.2 m3/s in only 4 h. Reactivating the old drainage
systems results in additional water and sediments
inflowing into the tunnel. From one channel only
for 24 h, more than 1000 m3of boulders, gravel,
sand, and 500 t of suspended sediments were
transported from underground cavities into the
tunnel. The hydraulic pressure of 26 bars was
measured.

Due to huge water pressure, the construction of
a concrete plug between the tunnel face and TBM
head was the only solution. This procedure is very
complex and risky for the people involved. Three

key remediation phases (consisting of six steps)
are presented in Fig. 8:

1. TBM head has to be shifted back 8–10 m and a
bypass excavated around the head.

2. Insert the large-diameter pipes into the karst
channel for water drainage.

3. Construction of the partition wall and filling
the space between the wall and tunnel face by a
concrete.

4. After construction of massive (4 m thick) con-
crete plug in front of tunnel face to stop the
water inflow, drainage pipes were closed to
block water flow in karst channel.

5. Next step is grouting the rock mass in front of
the tunnel face. After injection of 446 t of dry
cement, the total inflow decreased to Q ~ 270 l/s.

6. Tunnel driving continues through the concrete
plug and grouted rock mass.

The large inflow of underground water has
considerably retarded excavation in a number of
tunnels in karstified rocks. During excavation of
the headrace tunnel for Power Plant Dubrovnik
(16.5 km long and 6 m diameter), excavation was
stopped 25 times due to flood as consequence of
heavy rains. In spite of the water table being deep
below the tunnel level, the water inflow frequently
exceeded 2.5 m3/s. Intensive rain and fast vertical
infiltration were the cause of such a massive water
burst into the tunnel. Tunnel driving was
suspended for 160 working days.

During excavation of upstream section of the
conveyance tunnel from Fatničko Polje to the
Bileća Reservoir (length 15.6 km, diameter
7.1 m), the tunnel was flooded 120 days every year.

Due to the possibility of an abrupt water burst
during excavation, a monitoring system of precip-
itation and groundwater level fluctuation has to be
established at the broad catchment area. Detailed
geological mapping, geophysical investigations,
drilling from surface along the tunnel route, and
speleological investigations are basic investiga-
tions for the final selection of tunnel route and
technology of excavation. Bypasses around cav-
ernous zones or complete rerouting due to huge
caverns are common solutions. Applying conical
grouting ahead of the tunnel, step by step, in many
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Remediation in Karst, Fig. 7 Overcoming partially filled cavern: (a) cross section along the tunnel route; (b) cross
section perpendicular to the tunnel trace; (c) horizontal cross section

Remediation in Karst 283



cases is the only possibility to cross through a
heavily karstified zone saturated with water
under pressure (Fig. 9).

A number of different treatment technologies
were used to stop groundwater intrusion into the
tunnel: drainage in front of the tunnel face; fan
consolidation grouting; cone grouting ahead;
heavy concrete plugs in the main tunnel to isolate
flooded section; heavy reinforced and anchored con-
crete slabs to plug karst conduits with water under

pressure; and grouting of individual karst channels.
For material and energy transport, a large-diameter
borehole has been drilled from the surface.

In Han Xingrui’s book Prediction and Engi-
neering Treatment of Water Gushing and caves
for Tunnelling in Karst [10], the author presents
12 case studies of tunnels excavated in Chinese
karst. Each of the examples presents problems
with caverns (filled or empty) and huge ground-
water inflow, as well as remedial works needed to

Remediation in Karst, Fig. 8 Plugging the water burst into the tunnel. (a)Water burst at tunnel face and (b) remediation
works between partition wall and TBM head. Right graphic: presentation of three key remediation work stages

Remediation in Karst,
Fig. 9 Tunnel driving by
grouting the rock mass
ahead of tunnel
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pass through the weak and dangerous sections.
One typical example is the Long Tan Tunnel
(8693 m long) presented in Fig. 10. The key
problem is the Tanchunguan underground river
in the route of tunnel.

Drainage prior to tunnel excavation is the most
frequent and most effective method. Horizontal
boreholes from the tunnel face (pilot holes
25–40 m long) have a drainage role and an inves-
tigation function to detect caverns and cavern
zones. In some cases, the groundwater inflow is
too high, and drainage holes are not effective
enough. In that case, a drainage gallery beneath
the tunnel route is required. After 6 years of oper-
ation of the 6170 m long Sozina railway tunnel

(Montenegro), it was flooded by an abrupt
groundwater intrusion through the karst channel
at the rate of 6.5 m3/s. A 1750 m long drainage
tunnel, 2 m lower and 15 m from the main tunnel,
was excavated to resolve the problem.

Defects during tunnel operation are also very
common in karst. Particularly vulnerable are der-
ivation tunnels. These tunnels are exposed to high
pressure from inside and from outside. Even if the
tunnel is situated in an aeration zone, any high
precipitation can provoke fast groundwater levels
rising and unpredictable concentrated outside
water pressure, or water pressurized air, on the
lining. Demolishing of the tunnel lining fre-
quently occurs (Fig. 11). An artificial bypass
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Remediation in Karst, Fig. 10 The Long Tan Tunnel, China
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connection for water around the tunnel lining is
required [19]. This connection prevents the tunnel
lining destruction due to concentrated water pres-
sure from above during periods of heavy rain. The
lining is also protected against air or water pres-
sure from below in the case of rapidly rising
groundwater levels.

Collapses (Subsidences)

At numerous areas in karst regions of Dinarides,
Helenides, and Taurides, the century-old problem
for local inhabitants from Roman until the present
time is the natural phenomena known as collapses
(subsidences, alluvial ponors). In order to prevent
erosion of agricultural soil, great attempts have
been made to plug subsidence. The following
natural materials have been used: stone, wood,
and clay (Fig. 12a). In some cases, collapses are
protected by simple stone walls (Fig. 12). All
these structures were efficient for a short time.
After one or few floods, they were damaged and
needed to be rebuilt.

Genesis and mechanism of karst collapses and
measures for prevention and remediation have been
analyzed by many authors. Some of them are
LaMoreaux and Newton [15], Beck [2], Waltham
[28], White and White [29], Milanović (1981) [20,
21], Klimchouck and Andrejchuk [14], Ford and
Williams [7], Gutierrez et al. [8], and Lu (2009).

Overburden thickness in subsidence-prone
areas varies from a few meters to greater than
70 m. The key process of collapse creation is
suffosion. Suffosion acts from the surface as

flood water or from below as underground water.
After an initial channel is formed as consequence
of flood water suffosion, the erosion processes
occur. Large volumes of eroded material are trans-
ported through the karst channels. Subsidence in
the form of funnel-like shafts origins at surface. In
the places where the karst channel is covered with
unconsolidated sediments, the strong upward flow
can provoke fluidization and piping process. Final
result is collapse of the upper alluvial layers, i.e.,
the subsidence origin.

Subsidence in reservoir bottom and banks occurs
under the influence of water (groundwater, flood
water, and pore water) as erosion and piping action
breaks down the support of poorly consolidated
sediments. In some cases, the water under pressure
(water hummer effect) or water pressurizing air in
the aeration zone (air hammer effect) has triggered
blowouts through the overlaying sediments.

Induced collapses (subsidence) have developed
as consequence of urbanization, mining, man-made
reservoir construction, and enormous groundwater
extraction. Such incidents dramatically increased in
the second part of the twentieth century. According
to Ford and Williams [7] in recent decades, hun-
dreds of thousands of new induced subsidence
cases have been reported worldwide.

In the area of Dzerzhinsk, N. Novgorod (Russia),
more than 5000 induced collapses occurred in the
past 50 years. Some of them were catastrophic,
causing damages to buildings, factories, and other
constructions [26]. The area of Kungur town reg-
istered 415 subsidences created as consequence of
urbanization. More than 80% of these subsidences
occurred during the period 1971–1975 [6]. From

Remediation in Karst,
Fig. 11 Tunnel lining
damaged due to external
concentrated water pressure
(right) and remedial
solution (bypass) to drain
water around tunnel lining
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1947 until recently, a number of conferences that
focused on the problem of subsidences were orga-
nized in the former Soviet Union and Russia.

According to Hua [11], collapses as conse-
quence of groundwater pumping were reported
from 25 areas in China (1974–1986). In one
extreme case, 600 collapse events were recorded
in an area of 5 km2. Yuan [30] presents a list of
collapses in 11 regions in southern China with
14,932 registered collapses. The majority of col-
lapses occurred due to dewatering of coal mines –

12,750. Analysis of these collapses shows two
main mechanisms of creation: soil suffosion and
vacuum suction erosion. However, some of col-
lapses were created due to water and gas explo-
sions in underground karst conditions, soil
liquefaction caused by vibration, soil erosion
along decayed plant roots, etc.

In the USA alone, more than 25,000 km2 have
been directly affected by induced subsidence.
According to LaMoreaux and Newton [15], thou-
sands have been formed in the USA since 1950.

Remediation in Karst, Fig. 12 Ancient technology of
protection of collapses: (a) 1. Karst channel; 2. protective
structure, wood, and stone; 3. alluvial deposits; 4. final

cover by soil; 5. stone wall. (b) Protection of collapses by
stone walls
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Due to the abrupt appearance sinkholes in Florida,
the Florida Sinkhole Research Institute was
founded in 1981. In this period, 14 conferences
on sinkholes were organized in different karst
regions of the USA. For over 30 years, the Multi-
disciplinary Conference on Sinkholes and the
Engineering and Environmental Impacts of Karst
is one of the premier conference series for all
engineering aspects of karst and is particularly
focused on subsidence problems.

According to Brink [3] after 25 years pumping
in a gold mine district in South Africa, 38 people
have lost their lives in collapse.

The solution process in carbonate rock produces
a variety of different cavities and conduits that are
covered by different poorly consolidated sediments.
Because of that, there are many variations and com-
binations of different cases. Possibility of collapse
classification according to geotechnical properties
and expected levels of hazard can be approximated.
Different authors suggest remedial approaches
based on experience. According to Sowers [24], a
general approach to overcoming hazards in the case
of karstified rocks covered with unconsolidated
sediments includes “avoiding areas of concentrated
hazards, correcting the hazards by filling them or
collapsing them, bridging over small hazards,
reinforcing the rock, bypassing shallow hazards
with deeper foundations, andminimizing activation
of the hazard-formingprocesses.”Sowers presented
23 examples of technology applied to correct or
minimize or mitigate defects during the foundation
of different structures.

Man-made reservoirs change the regime of
underground and surface water, provoking many
different processes. Some of them are destructive,
resulting in collapses. Induced collapses resulting
from extensive water level fluctuation in man-
made reservoirs are a common failure. Process
of piping together with air pressure (air hammer)
and water uplift (water hammer) triggers col-
lapses, provoking huge leakage from reservoirs
through the reactivated karst channels.

Subsidence development is a very common
process which endangers the safety and integrity
of reservoirs. Subsidence induced by filling or
extensive water level fluctuation in man-made
reservoirs has resulted in much leakage from

certain reservoirs (Lar, Iran 10.8 m3/s; Hutovo
Reservoir, Herzegovina 3 m3/s; Vrtac, Montene-
gro, 25 m3/s; Keban, Turkey, 26 m3/s; Mavrovo
Reservoir, FYUR Macedonia, 7 m3/s; Perdika
Reservoir, Greece; Samanalawewa, Sri Lanka;
Hammam Grouz, Algeria; Mosul, Iraq; and
many others). Figure 13 presents some examples
of subsidences that are formed during different
reservoirs operation.

Collapses at the reservoir bottom are a source
of leakage [22]. In some cases, the reservoir
cannot operate at full capacity. Different water-
proofing approaches and technologies should be
applied:

– Dental treatment, i.e., construction of inverted
filter, including concrete cap at the top

– Clay blankets
– Application of different geomembranes
– Grouting the karstified rock mass below the

sinkhole
– Digging out unconsolidated sediments and fill-

ing karst conduit openings
– Construction of reinforced concrete slab
– Construction of a concrete plug in the conduit

connected to the collapse

In general, remediation approaches are same
or similar to those presented in the section on
“Surface Remediation Measures for Dams and
Reservoirs.”

Reservoir Hutovo, located at the lowest part of
large karst depression Popovo Polje (Herzegovina),
is a good example of induced subsidence occur-
rence. The reservoir bottom is covered with alluvial
deposits. Their thickness increases from the flanks
toward the middle part of the polje, where thickness
is about 30 m. Topography of bedrock (Cretaceous
limestone) is typical for karst. The area of the res-
ervoir was losing water under natural conditions
through 75 registered ponors in the shape of
different size subsidences [20]. The largest one
was formed above the fossilized ponor of river
Trebišnjica (Fig. 14).

Very complex remedial works were applied to
prevent seepage through the deep collapse at the
bottom of Hutovo Reservoir: (1) filling collapse
spacewith clay/cement groutmixture, (2) grouting
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Remediation in Karst, Fig. 13 Subsidences created dur-
ing operation of reservoirs: (a) Lar, Iran; (b) Hammam
Grouz, Algeria; (c) Hutovo, Herzegovina; (d)

Samanalawewa, Sri Lanka; (e) Mavrovo, FYURMacedonia;
and (f) Bileća, Herzegovina

Remediation in Karst 289



the rock mass at the area of collapse, (3) covering
the surface above the collapse with compacted
clay, and finally, (4) covering the entire area by
geomembrane (Fig. 15).

Human activities can also play a special role in
inducing or enhancing karst processes in evapo-
rite rocks, and the results can be catastrophic [12].
Owing to the extremely high and rapid dissolution
process, the formation of initial cavity (collapse)
deep below the surface, and its migration upward
to the land surface, occurs much faster than the
same process in carbonate rocks. According to

Johnson, gypsum-karst problems are caused by
the following human activities [12, 15]:

• Building structures that induce differential
compaction of soils above an irregular gypsum-
bedrock surface

• Building structures directly upon gypsum-
collapse features

• Impounding water above, or directing water
into, a gypsum unit where soil piping can
divert water (and soil) into underground gyp-
sum cavities
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Induced collapses in salt deposits mostly are
associated with solution mining and petroleum
industries. The size of collapse varies between
10 and 100 m in diameter and is 10–600 m in
depth.

Huge subsidences, known as obruks, are very
frequent at broad Konya Plain (Turkey). Some of
the very recent collapses have depths of more than
70 m and occurred instantaneously (Fig. 16).

Further Directions

In spite of very serious and complex investigation
programs, including all available investigation
methods, remediation is practically unavoidable
for any kind of human activities in karstified
rocks. The necessity for remediation cannot be
totally eliminated by increasing the investigation
programs. It can be minimized at an acceptable
level but never absolutely eliminated.

Difficulties and failures, generally, can be clas-
sified as technical and ecological, sometimes
archaeological [13]. The technical difficulties
and failures are connected with various man-
made structures, particularly in the case of dams,
reservoirs, and tunnels.

The most frequent technical difficulties are
land subsidence at land surface and at the bot-
tom of the reservoirs, water leakage at dam sites
and from reservoirs, subsidence around the tun-
nel tubes, break-in of water and mud during the
underground excavation, induced seismicity as
a consequence of artificial storage, floods as a
consequence of surface water regime changing,
global groundwater balance change, and
unproductive deep-well drilling.

The reservoir in karst may fail to fill despite an
extensive sealing treatment. In spite of a serious
and exhaustive investigation program and large-
scale sealing treatment, a number of examples
confirm this. In many examples, the designed

Remediation in Karst, Fig. 15 Remediation of deep
sinkhole at the reservoir bottom. (a) Topography of lime-
stone bedrock with rate of grouting holes. (b) 1. Karstified
limestone; 2. alluvial deposits; 3. sandy deposits with

boulders; 4. karst channel; 5. direction of underground
flow; 6. collapse before remedial works; 7. grouting bore-
holes; 8. surface zone compacted and covered with
geomembrane; 9. depth of grouted rock mass

Remediation in Karst 291



and executed watertightness treatment was only
partially successful. In such cases, tremendous
additional remedial works have been carried out
to stop or minimize leakage. It requires a lot of
patience and perseverance, and adequate funds.
The practical solutions of this kind are extremely
complex and require close collaboration between
experienced geologists and civil engineers.

As a result of persistent, long-term, and step-
by-step sealing treatment, in some cases, the
results justify invested money. But in some
cases, owing to the high cost or lack of sufficient
technology, remediation of damage is not feasible.

Dam sites and reservoirs located in the karstic
river valleys need more care than in the case of
canyon sites. The most unfavorable conditions,
from awatertightness point of view, occur in valleys
with a hanging riverbed situated at high elevation.
Deep and expensive grouting treatment and filling
of empty caverns by crushed material and prepack
should be expected. Generally, hanging river

valleys should be avoided for surface water stor-
age. But in the case of the normal valley (valley is
erosional level, i.e., discharge zone for adjacent
karst aquifer), the chances for safe water storage
are realistic. Possible leakage through the dam sites
or reservoir banks can be limited or eliminated in a
technically and economically acceptable way.

In the case of the dam and reservoir construc-
tion in karst, the leakage risk is dominant. Dam
stability risk is much less exposed. Risk related to
the underground structures particularly during
tunnel driving is permanently present due to
abrupt floods and huge caverns at tunnel route.

Induced sinkholes are a common and serious
natural problem, which increases with urbaniza-
tion and industry development. They are separated
into those caused by frequent and long-term water
table decline and those caused by different con-
struction. Induced sinkholes are very common in
the reservoirs and in the areas of extensive ground-
water extraction. Sometimes the magnitude of

Remediation in Karst, Fig. 16 Large recent collapse at Konya Plain, Turkey
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subsidence is catastrophic. The sinkholes are spa-
tially independent random events; in such cases,
the possibility for prediction is limited.

In a karstic environment with a highly random
distribution of karstic features, always some
uncertainties remain. Every problem with con-
struction in karst has its own individual circum-
stances, and no case or situation is ever repeated.
Modification and adaptation to real-life situations
in the underground are almost the rule, not an
exception. Because of that, the necessity for reme-
diation in karst should be expected during all
times of structure operation. Geological and
hydrogeological diagnoses must be accomplished
with the support of new investigation technolo-
gies. During the entire functional life of any struc-
ture built in karst, operators should be prepared
with accessible equipment, personal and materials
necessary to minimize local damages, and the
possibility of remediation work.
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Glossary

Aftershocks Smaller earthquakes following the
largest one (the main shock).

Amplification Increase in the amplitude of earth-
quake wave depending on the nature of ground.

Amplitude The maximum height of a wave crest
or depth of a trough.

Attenuation Decrease in the amplitude of earth-
quake waves.

Earthquake The vibration of the Earth caused by
the passage of seismic waves.

Epicenter The point on ground surface directly
above the focus (hypocenter) of an earthquake.

Focus The place at which an earthquake is
initiated.

Frequency Number of vibrations per unit time.
Fundamental period It is the period of an oscil-

lating structure when subjected to shaking.

Ground motion Movements of ground caused
by the vibrations of earthquake.

Intensity A measure of ground shaking obtained
from damage to man-made structures (Modified
Mercalli scale).

Isoseismal map Contour lines drawn to separate
one level of seismic intensity from another for
a given earthquake or maximum intensity
expected of earthquakes in a given area.

Magnitude A measure of energy released by an
earthquake (Richter scale).

Main shock The main earthquake event, which
may be followed by aftershocks.

Mitigation To lessen or alleviate the damage
likely to be caused by an earthquake.

Period The time interval between successive
crests or troughs of an earthquake wave.

Resonance Increase in the amplitude of an
earthquake caused by an overlap between
the frequency of ground and that of the struc-
ture resting on it.

Retrofit To bring back to stable condition after
having been damaged by an earthquake.

Return period Recurring period of an earthquake
of a given magnitude or intensity.

Seismic wave An elastic wave generated by nat-
ural or man-made causes.

Seismic zoning A map based on the distribution
of earthquakes, classified according to
expected intensity translated into acceleration
as the percentage of gravity.

Seismicity The occurrence of earthquakes in
space and time.

Seismology The study of earthquakes.
Tectonic plates Major regions of the Earth sepa-

rated by geological faults along which these
regions (plates) move relative to each other.

Definition of the Subject

Earthquakes are simply the shaking of the ground
initiated by natural or man-made causes. The
waves generated by earthquakes are called seis-
mic waves, and they are broadly classified into
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body waves and surface waves. A point from
which the earthquake waves first emanate is called
the earthquake focus. Moreover, the point directly
above the focus is called the epicenter of an earth-
quake. Natural earthquakes can be caused by tec-
tonic, volcanic (related to movement of tectonic
plates), or collapse-related behavior of rock/soil.
Man-made shaking, on the other hand, can be
initiated by a variety of activities such as blasting,
underground nuclear explosions, movement of
heavy vehicles, and so forth.

Natural earthquakes are known to have
occurred throughout history [1, 2]. They have
left their traces as manifestations of geological
processes at work on the geological time scale.
These traces are generally evident in places where
people lived, and no such records are available
for places which were uninhabited. Most of these
earthquakes are located along tectonic plate
boundaries, while some are located in the intra-
plate regions of the world [3], as reflected in
global hazard maps published by the United States
Geological Survey.

Many lessons were learned from the damage
caused by the Great California earthquake of 1857
and subsequent earthquakes associated with
movements along the San Andreas Fault [4]. The
Great Alaskan earthquake of 1964 [5] and a his-
tory of earthquakes in Lima, Peru, and elsewhere
have helped in developing guidelines for the design
of earthquake-resistant small- and higher-rise
buildings, under different ground conditions [6].

The Engineering Research Institute in California
has recently prepared a report dealing with contri-
butions of earthquake engineering to protecting
communities and critical infrastructure from
multi-hazards. Both the 2009 International Build-
ing Code in general and the Seismic Design Maps
and Tools for engineering in particular give guid-
ance to these questions.

Introduction

Earthquakes are one of the most destructive envi-
ronmental hazards. The power of an earthquake is
expressed according to its intensity or magnitude.
The effect of both the parameters generally

decreases as the distance of the affected place
increases from the epicenter of the earthquake.

Earthquakes occur at different depths below
the ground surface. The ones that take place
between 0 and 70 km below the surface are often
classified as shallow. However, if they occur
between 70 and 300 km, they are designated as
intermediate focus, while the deep earthquakes
occur between 300 and 800 km.

Intensity and Magnitude

The intensity is a noninstrumental quantity
assigned according to observed geological effects,
damage to structures, and the perception of shak-
ing by people and animals at a given place. It is
not a fixed quantity but varies from place to place.
There are many scales of intensity, but the most
common, as illustrated in Table 1, is the modified
Mercalli intensity scale [7]. The scale ranges from
the lowest of 1 (not felt except by a few) to a
maximum of 12 (total damage, where objects are
thrown into the air).

The magnitude of an earthquake, on the other
hand, is a fixed instrumental quantity and is a mea-
sure of the energy released by an earthquake [8].
They are generally classified according to their mag-
nitude, as illustrated in Table 2. For example, the
magnitude of 6 is approximately equal to the energy
released by the atomic bomb used at Hiroshima
during the Second World War and is classified as a
large earthquake. Earthquakes stronger than magni-
tude 8 are classified as great earthquakes.

Ground Motion Considerations

The outcome of earthquakes on buildings depends
generally more on the severity of ground shaking
than on any other single factor. Two earthquakes
of the same magnitude, but located in two differ-
ent areas, may produce quite different effects on
buildings. The depth of an earthquake from its
focus is an important factor in this regard. Gener-
ally, the shallower the earthquake, the more severe
the effect. The energy of deeper earthquakes is
dissipated over a larger volume of rock, while that
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of the shallower earthquake is spread over a
smaller volume of rock.

Engineers use strong-motion seismographs to
record how the ground shakes during an earth-
quake. The most important parameters of ground
motion (free-field motion) obtained from these
instruments are the peak velocity, the peak accel-
eration, the frequency or period of waves, and the
duration of strong motion. The peak velocity deter-
mines how fast the ground is shaking, whereas the
peak acceleration indicates how quickly the

velocity is changing, and the latter is more often
used in the engineering design of structures. It
may be borne in mind that the force generated
by an earthquake is a product of the mass of a
structure and the ground acceleration.

Ground Condition Considerations

Earthquake shaking is attenuated or reduced with
distance from the epicenter. Nevertheless, for a

Construction Planning: Environmental Impact of Foundation Studies and Earthquake Issues,
Table 1 Abridged modified Mercalli intensity scale [1] (1956 version)

Description

I. Not felt except by very few under favorable circumstances (I Rossi-Forel scale)

II. Felt only by a few people at rest, especially on upper floors of buildings

Delicately suspended objects may swing (I–II on Rossi-Forel scale)

III. Felt quite noticeably indoors, especially on upper floors of buildings, but many people do not recognize it as an
earthquake. Standing automobiles may rock. Vibration like passing of truck (III on Rossi-Forel scale)

IV. During the day felt indoors by many, outdoors by few. At night, some awakened. Dishes, windows, doors
disturbed; walls make creaking sound. Sensation like heavy truck striking building. Standing automobiles
rocked noticeably (IV–Vor Rossi-Forel scale)

V. Felt by nearly everyone, many awakened. Some dishes, windows, and so on broken; cracked plaster in a few
places; unstable objects overturned. Disturbance of trees, poles, and other tall objects sometimes noticed.
Pendulum clocks may stop (V–VI Rossi-Forel scale)

VI. Felt by all, many frightened and run outdoors. Some heavy furniture moved; a few instances of falling plaster
and damaged chimneys. Damage slight (VI–VII Rossi-Forel scale)

VII. Everybody runs outdoors. Damage negligible in buildings of good design and construction; slight to moderate
in well-built ordinary structures; considerable in poorly built or badly designed structures; some chimneys
broken. Noticed by people driving cars (VIII Rossi-Forel scale)

VIII. Damage slight in specially designed structures; considerable in ordinary substantial buildings, with partial
collapse; great in poorly built structures. Panel walls thrown out of frame structures. Fall of chimneys, factory
stacks, columns, monuments, and walls. Heavy furniture overturned. Sand and mud ejected in small amounts.
Changes in well water. People driving cars disturbed (VIII + to IX Rossi-Forel scale)

IX. Damage considerable in specially designed structures; well-designed frame structures thrown out of plumb;
great in substantial buildings, with partial collapse. Buildings shifted off foundations. Ground cracked
conspicuously. Underground pipes broken (IX+ Rossi-Forel scale)

X. Some well-built wooden structures destroyed; most masonry and frame structures destroyed with foundations;
ground badly cracked. Rails bent. Landslides considerable from river banks and steep slopes. Shifted sand and
mud. Water splashed, slopped over banks (X Rossi-Forel scale)

XI. Few, if any, (masonry) structures remain standing. Bridges destroyed. Broad fissures in ground. Underground
pipelines completely out of service. Earth slumps and land slips in soft ground. Rails bent greatly

XII. Damage total. Waves seen on ground surface. Lines of sight and level distorted. Objects thrown into the air

Masonry A, B, C, and D. To avoid ambiguity of language, the quality of masonry, brick, or otherwise is specified by the
following lettering:
Masonry A. Good workmanship, mortar, and design; reinforced, especially laterally, and bound together by using steel,

concrete, etc.; designed to resist lateral forces
Masonry B. Good workmanship and mortar; reinforced, but not designed in detail to resist lateral forces
Masonry C. Ordinary workmanship and mortar; no extreme weaknesses like failing to tie in at corners, but neither

reinforced nor designed against horizontal forces
Masonry D. Weak materials, such as adobe; poor mortar; low standards of workmanship; weak horizontally
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fixed distance, the type of geological material has
also a strong influence on the nature and magni-
tude of ground motion. It may be emphasized that
the high-frequency (short-period) earthquake
waves, transmitted by strong rocks, attenuate
more rapidly with distance than the low-frequency
(long-period) waves transmitted by soils (Fig. 1).
Furthermore, earthquake waves change their char-
acteristics as they encounter a material different
from the one through which they were initially
propagating. For instance, the high-frequency
waves, while passing through rocks, are slowed
down as they enter the overlying soil cover, but
their period is increased instead. A clear distinc-
tion must, however, be made between attenuation
described above and amplification. Although the
ground motion of soils is attenuated more than

that of rocks, the reverse is true as far as amplifi-
cation of ground motions in soil. For the same
epicenter distance, the thicker the soil cover, the
greater the amplification factor, and the longer the
duration of ground shaking. Topographic varia-
tions can also cause amplification of seismic
waves. Summits of isolated hills and edges of
plateaus and cliffs are sites of large amplification
within a fairly wide frequency range.

Ground and Structure Interaction

Fundamental periods or frequencies of buildings
vary according to the height and nature of build-
ings. When such structures are subjected to free-
field ground motions, they respond differently to

Construction Planning: Environmental Impact of
Foundation Studies and Earthquake Issues,
Table 2 Energy release of an earthquake. Magnitude
(M)-energy (E) relation can be given the following for-
mula: Log E = 11.8 + 1.5 M. If M is increased by 1.0, E is
magnified by a factor of 101.5, i.e., approximately 32.

Therefore, the seismic energy of an M = 6 earthquake is
about 32 times as large as that of an M= 5 earthquake and
is about 1,000 times that of an M = 4 earthquake. Magni-
tude and energy of earthquakes (Modified from Earthquake
Mechanics, [8])

Magnitude (M) Energy (Ions of TNT) Nuclear bomb equivalence Class

4.0 15 0.001 � Hiroshima Small

0.0008 � Nagasaki

4.5 86 0.006 � Hiroshima

0.004 � Nagasaki

5.0 478 0.03 � Hiroshima Moderate

0.02 � Nagasaki

5.5 2,629 0.17 � Hiroshima

0.13 � Nagasaki

6.0 15,057 1 � Hiroshima Large

0.75 � Nagasaki

6.5 86,042 5.7 � Hiroshima

4.3 � Nagasaki

7.0 478,011 31.7 � Hiroshima Major

23.8 � Nagasaki

7.5 2,639,063 175 � Hiroshima

131 � Nagasaki

8.0 15,057,361 1,000 � Hiroshima Great

750 � Nagasaki

8.5 860,420,065 57,514 � Hiroshima

4,285 � Nagasaki

TNT (trinitrotoluene) is a chemical compound
Dynamite has 60% greater energy than TNT of the same weight
Hiroshima atom bomb ~15,000 tons TNT
Nagasaki atom bomb ~20,000 tons TNT
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different frequencies or periods of ground motion.
For the same amplitude of ground motion, it is the
resonance of frequencies (or periods) of ground
motion and that of the building which is the cause
of maximum damage. Thus, in terms of the

frequency content of an earthquake wave, low-
rise buildings (such as ordinary one- or two-
story dwellings and similar structures) are
more affected by high-frequency or short-
period ground motions, as compared to low-
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Construction Planning: Environmental Impact of Foundation Studies and Earthquake Issues, Fig. 1 Effect of
earthquakes on low- and high-rise buildings founded on soil and rock
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frequency or long-period motions of the ground.
The reverse is true for the high-rise buildings,
which are less affected by high-frequency or
short-period motions of the ground. This change in
behavior of buildings is mainly attributed to reso-
nance of soil-structure interaction, which can cause
more damage when the ground motion frequency
of earthquake waves and that of the building
structure is the same [9]. It is, therefore, advisable
to avoid high-rise buildings (low frequency) on
low-frequency soils and, similarly, avoid low-rise
buildings (high frequency) on high-frequency
grounds.

It must also be remembered that the frequency
of earthquake waves decreases as the distance of
the site in question increases. Therefore, it is not
surprising to note that sometimes high-rise build-
ings located farther from the epicenter suffer more
than high-rise buildings located closer to the epi-
center. This is particularly noticeable in situations
where the buildings are underlain by rock. Low-
rise buildings, founded on rock and close to the
epicenter, are more vulnerable to damage than
the high-rise buildings situated in the same area.

It has been shown from the foregoing that the
damage to structures in earthquake-prone areas is
largely dependent on ground acceleration; depth
of earthquake focus; distance of the epicenter
from the structure; site conditions including the
nature of the ground, its thickness, and topogra-
phy of the site; duration of ground shaking; and
last but not the least, the type of structure. It must
be emphasized that for engineering purposes, it is
the intensity or resulting acceleration of the
ground motion that is important and not the mag-
nitude of the earthquake.

Mitigation, Construction Planning, and
Management

Earthquake risk varies from location to location,
from structure to structure, and from person to
person. Damage due to earthquakes is particularly
great in certain locations, and it is very difficult
to prevent the earthquakes from occurring. Nev-
ertheless, precautions must be taken to mitigate
the impacts of earthquake in the vulnerable area.

Earthquakes are often followed by aftershocks,
which can be more detrimental to the main earth-
quake shock, because the structures may have
weakened by the main shock. The magnitude
of the main shock is generally greater than the
aftershocks, the magnitude of which generally
decreases with time and can be empirically
determined as to how long the aftershocks will
continue.

Earthquakes are inevitable, but the damage
from earthquakes is not. Safety and survival in
an earthquake is very important. It is important
to be prepared and take necessary precaution to
reduce losses; in the event of an earthquake, it is
advisable to protect belongings and persons from
falling objects. The instructions published by the
United States Geological Survey, Department of
the Interior, are very helpful in this regard.

If need be, vacate or demolish hazardous old
buildings, and retrofit by strengthening the newly
built structure, as well as regulating the construc-
tion of new buildings by adopting methods that
cater to ground-structure interaction principles.
Instances of fire, breaking of pipelines, disruption
of electricity and water supply, and outbreak of
disease are common following earthquakes, and
among other things, they call for rescue, relief,
rehabilitation of displaced people, relocation, and
reconstruction of structures at safer places. The
migration of displaced people from one area to
another creates problems of adaptability and
issues raised by the native community in accept-
ing people from different social backgrounds. The
burden on the native community can be reduced
by the construction of additional infrastructure
such as hospitals, schools, community centers,
market places, and so on.

In an attempt to avoid adverse environmental
impact to buildings, it is important to prepare
isoseismic maps of major earthquakes, which
may have occurred in the area [10, 11]. These
maps delineate areas of equal damage or of
equal intensity of the earthquake in the past.
A similar exercise can be initiated to delineate
areas in terms of return periods of earthquakes of
the same intensity. Furthermore, seismic zoning
maps can be prepared to define areas which are
extremely, highly, moderately, and slightly
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susceptible to the likely damage, which may be
caused by an earthquake of a specified return
period. Building codes should be prepared and
enforced to avoid damage to high-risk installation
as well as buildings in different seismic zones.

Figure 2 illustrates management of earthquake-
prone areas and after an earthquake. It includes
measures which are necessary before an earth-
quake, before and after an earthquake, and after
an earthquake. Before an earthquake, emphasis is
placed on awareness and preparedness, capacity
building through community education and train-
ing, as well as enforcement of regulations. There
are measures, which can be adopted before and
after an earthquake, such as construction of new
earthquake-resistant structures, together with
selective seismic strengthening and retrofitting of

existing priority and lifeline structures. The emer-
gency measures (4 Rs), which essentially apply
after an earthquake has devastated the area,
sequentially include rescue, relief, rehabilitation,
and reconstruction.

Future Directions

Natural earthquakes are a major threat to society.
Therefore, monitoring earthquakes is essential for
providing scientific data to investigate complex
earthquake phenomena and to mitigate seismic
hazards [12].

The earthquake early warning systems offer
practical information for reducing seismic hazards
in earthquake-prone regions. Attempts will be
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Fig. 2 Management of earthquake-prone areas before and after an earthquake
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made here to mention about some recent develop-
ments followed by suggestions for future work, in
this direction.

Over the past few decades, notable progress
has been made in the understanding of some of
the factors and processes that govern the occur-
rence of earthquakes. For instance, it is known
[13] that the amount of damage caused by an
earthquake is not only related to its magnitude,
depth, and geographical location of the site but
also factors such as the type and quality of
affected buildings, as well as the nature of the
ground on which such buildings are constructed.

Building codes, relevant to different regions
of the world, defined by earthquake zoning,
earthquake recurrence interval, and isoseismic
maps help in providing guidelines for the
design, evaluation, and in some instances reha-
bilitation or retrofitting of building structures, in
a given area.

The advent of Global Positioning Systems
(GPS) opened a new avenue of opportunity to
seismologists for monitoring movements in geo-
graphical positions of marked stations and allows
better long-term forecasts of areas likely to be
affected by earthquakes. This development
together with advances in telemetry and inven-
tion of earthquake early warning systems linked
with real-time seismology offers practical infor-
mation for reducing seismic hazards in earthquake-
prone regions. Such systems are already success-
fully deployed in Mexico, Japan, and Taiwan [14].
However, there is no general method for predicting
earthquakes in the actual time domain, and only
probable estimates of recurrence of earthquakes of
a given magnitude are available. Moreover, as
described above, there are techniques that can
detect an earthquake in progress and provide notice
of seconds to tens of seconds, prior to actual
ground shaking.

Real-time seismology refers to a practice in
which seismic data are collected and analyzed
quickly after a significant seismic event. The
results thus obtained can be effectively used
for post-earthquake emergency response and
early warning. Such systems, on their own, can
generally detect strong shaking at an earth-
quake’s epicenter and transmit alerts ahead of

the damaging earthquake waves. The speed of
an electronic warning signal, in time domain, is
faster than the speed of earthquake waves trav-
eling through the earth.

Unfortunately, there is no worldwide public
early warning system for earthquakes. It is impor-
tant to use this relatively new science and modern
technology to rapidly detect the beginning of an
earthquake, assess the hazard that the earthquake
poses, and then provide a warning to people
if they are in any harmful situation. Such
early information about past earthquake occur-
rences is particularly useful in the discipline of
disaster management. It calls for hazard mitiga-
tion plans from on-site and regional bases to
consider post-earthquake emergency response
and early warning.

There is a real need for a radically different
design of seismographic networks employing
earthquake early warning system. The impor-
tance of actively exploring the potential of
wireless sensor networks cannot be over-
emphasized. However, building a radically dif-
ferent design of high-density seismic networks
at national and international levels is not eco-
nomical using existing seismic technology.
Innovative approaches must be developed, and
perseverance is needed.

Reference may be made to, “The November 7,
2012, M7.4 Guatemala Earthquake and its Impli-
cations for Disaster Reduction and Mitigation,” a
study jointly conducted by Earthquake Engineer-
ing Research Institute (EERI), Asociación
Guatemalteca de Ingeniería Estructural y Sísmica
(AGIES), and the World Bank [15]. The report
presents a noteworthy practice for guidance
pertaining to understanding the causes of struc-
tural damage to structures as well as the improve-
ment of building codes and standards.
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Glossary

Dam Civil structure planned, constructed, and
operated to meet human needs in flood control,
irrigation, supply of drinking water, electricity
generation, recreation, and various other
purposes.

Dam failure Collapse or movement of part of a
dam or its foundation, so that the dam cannot
retain water.

Guaranty ecological flow Required quantity and
quality of flow to maintain the sustainability of
the river ecosystem (ecological base flow).

Induced subsidence Collapse of the surface of
the ground due to human activities, mostly
reservoir operation and intensive pumping of
groundwater.

Karst Terrain composed of highly soluble rocks
(limestone, dolomite, gypsum, and salt), very
risky environment for dams and reservoirs
construction.

Large dams Dams having a height of 15 m from
the foundation or, if the height is between 5 and
15 m, having a reservoir capacity of more than
3 million cubic meters.

Reservoir-triggered seismicity Seismic phe-
nomena associated with impounding of reser-
voirs (reservoir-induced seismicity).

Definition of the Subject

Construction of dams and reservoirs involves
considerable natural and anthropogenic impacts.
These impacts are for the most part positive, but
can have some negative influence on the envi-
ronment. The main purposes of dam construction
are focused on water regime improvement and
consequently regional prosperity. Generally, the
goal of dams and reservoirs is regional socioeco-
nomic development by irrigation, flood control,
power production, water supply, recreation pur-
poses, reduction of deforestation, reduction of
drought periods, fishing farms, mining purposes,
navigation, to enhance landscape including devel-
opment of new infrastructure, and to provide new
possibilities for employment and many secondary
benefits.

However, as a consequence of dam and reser-
voirs construction, a number of different and
sometimes unpredictable negative environmental
impacts and uncertainties cannot be avoided.
Some common negative impacts are: the popula-
tion migrates from inundated areas; the reservoirs
cover arable land, settlements, and infrastructure;
deep reservoirs provoke induced seismicity and
induced collapses; water fluctuation provokes
landslides along the reservoir banks; sedimentation
of reservoirs; in some cases, important cultural and
historical monuments are inundated; questionable
impact on biodiversities, survival of wildlife,
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and endemic species is endangered; tailings may
contain dangerous chemicals; and regime of sur-
face and underground water is considerably
changed. In a number of cases, socioeconomic
constrains related to migration from submerged
regions are very pronounced.

The worst most negative and disastrous impact
is dam failures. The karst environment is a partic-
ularly sensitive influence on dams and reservoirs,
and a variety of positive and negative conse-
quences are numerous in such terrain.

Introduction

Since time immemorial, people have considered
how to tame the surface waters to prevent
floods and to use water for different purposes,
irrigation, water supply, and, much later, for elec-
tricity production. In many areas in the world, life
was not determined by man but by the rivers. The
people have had to cope with two kinds of mis-
fortune: flood and drought. In many cases, the
consequences were disastrous. One single flood
of the Yangtze River in China (1931) devastated
3.3 million hectares of arable land and caused
the suffering of 28 million people and the loss of
more than 145,000 lives [1].

From very ancient times, dams appeared as
the only effective structures to tame river
waters. Construction of dams started a few
1000 years ago. Primary role of dams is to
store or to divert waters. The oldest known
are Jawa dams in Jordan (~3000 BC). In
Egypt, the Kosheish Dam was constructed dur-
ing the period 3000–2900 BC and Saad
El-Kafra Dam about 2610 BC. The Anfantang
reservoir in China was built in the sixth century
BC, and a 30-m-high gabion dam was
constructed around 240 BC in Shanxi Province.
In Iran, dam constructions date from before
2000 years ago (Bahman Dam, Fig. 1); Shapour
and Mizan dams were constructed during the
reign of King Shapur I about 1700 years ago;
the Tilkan and Sheshtarz Dam, 1000 years ago.
The Amir Dam north of Shiraz, 1000 years old,
still is operational [2]. In Spain, the Proserpina

Dam, 22-m high, was built in the second cen-
tury and still is operational.

Later in the twentieth century, individual dams
were constructed to control the large hydro-
systems, which consist of a number of dams and
reservoirs, to change water regime at large catch-
ment areas: Tennessee Valley Authority (29 dams),
USA; dams along the Yangtze River in China;
Southeast Anatolia Project (21 dams); the
Volga-Kama cascades, Russia (11 dams); dams
at Karun River catchment in Iran (16 dams); or
dams in karst area like the Hydro-system
Trebišnjica, Bosnia and Herzegovina (BiH),
and Croatia (6 dams).

In many cases, dam projects were initially
controversial and potentially disastrous. Fail-
ures of dams and potential environmental
impacts are the main reasons for controversy
and fear. However, with increasing demand on
water resources and electric power, at issue is
how to keep the balance between the necessity
for development and preservation of the environ-
ment. At many locations, dams are still structures
of great importance.

According to ICOLD World Register of
Large Dams (1998), the main purpose of large
dams is irrigation 37%, multipurpose use 22%,
electricity generation 16%, water supply 12%,
flood control 6%, recreation 3%, and other pur-
poses 4%. Tailing dams are excluded from this
survey.

In the USA, considering all dams (not large
dams only), the main purpose is recreation
33.8%, flood control 15.6%, fire control 13.7%,
irrigation 9.5%, water supply 9.4%, electricity
production 2.9%, and the rest for many different
purposes.

Environmental problems are coupled with
political (transboundary) problems if dams are
constructed at rivers bordering countries: for
example, the Iron Gate Dam at the Danube
River between Serbia and Romania; the Aswan
Reservoir at the Nile River between Egypt and
Sudan; dams on the Euphrates and Tigris rivers
impacting Turkey, Syria, and Iraq; and the Itaipu
reservoir along the border between Brazil and
Paraguay.
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Flood Regulation: Regional Impact on
Population

Historically, for thousands of years the primary
role of dams was protection of settlements and
arable land against flooding and for irrigation.
Presently, flood control and irrigation are still of
high importance, but usually dams and reservoirs
are multifunctional, including power production,
water supply, sediment control, landscape improve-
ment, and recreation.

The Tennessee Valley Authority (Tennessee
River, USA), founded in 1933, is one of the larg-
est dam reservoir projects for flood control, nav-
igation, power production, and irrigation [3].
Under natural conditions, the water regime was
unfavorable for agriculture and life. Thirty per-
cent of the population in the Tennessee Valley
was affected by malaria. To construct 29 dams
and reservoirs, more than 15,000 families were
displaced. Electricity generation, flood control,
and better organized water regimes have been of
great benefit for the region. More than 1000 km
of navigation channels have been constructed as
part of this project. One important positive envi-
ronmental impact is control of surface waters
with regard to malaria prevention.

Large floods were a regular occurrence along
the Nile River under natural conditions. At the
same time, floodwater deposited about 4 million
tons of nutrient-rich sediments per year. To pre-
vent floods, the first modern dam at Aswan was
built in 1889. The first dam was not high or
effective enough to control flooding, and a new
Aswan High Dam was constructed during
1960–1970 a few kilometers upstream. Over
60,000 Nubians were relocated from the reservoir
area. The reservoir contains a volume of 169 bil-
lion cubic meters. About 17% of the reservoir is in
Sudan. After dam construction, the annual floods
are under control, and the navigation properties of
the Nile River are considerably improved. How-
ever, artificial fertilizers have to be used instead of
natural nutrients. Quality of the soil for farming
has decreased. Negative impacts due to lack of
rich sediments in the delta region is one negative
environmental consequence.

Over the past two centuries, many people have
died along the Yangtze River, China, due to cata-
strophic floods. In 1840, about 156,000 persons
lost their lives during flood periods; in 1931,
145,000; in 1954 about 33,000; and during more
recent flooding in 1998, over 1500 people died.
Millions of hectares of arable land has been

Dam Engineering and Its
Environmental Aspects,
Fig. 1 Bahman Dam, Iran.
Constructed approximately
2200 years ago
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destroyed and is unusable. Numerous villages have
completely disappeared. During the flood of 1954,
18 million were forced to evacuate from the area.
For 3months,Wuhan City with eight million people
was covered with floodwater. After construction of
the Three Gorges Dam (181 m high, 2335 m long),
the frequency of major floods has been reduced to a
minimum, and after project completion, large ships
will be able to navigate from Shanghai 2400 km
upstream. Due to project requirements, about 1.24
million people had to be relocated.

For construction of the Moses-Saunders Power
Dam on the St. Lawrence River between Canada
and the USA, 6500 people of Eastern Ontario
were dislocated.

As result of construction of the Chira-Piura irri-
gation system in Peru, including the 9-km-long
Poechos Dam, an area of 100,000 ha of uncultivated
land has been turned into fertile farmland.

Construction of the Akosombo Dam in Ghana
created one of the largest world reservoirs, Lake
Volta; about 15,000 houses were inundated and
78,000 people were resettled.

The Gibe III Dam (240-m high at Omo River)
in Ethiopia was controversial from its beginning.
During the Omo River flood of 2006, at least
360 people and thousands of livestock were dev-
astated. From an energy viewpoint, this project
would provide great benefits for Ethiopia and
Kenya. However, equally important is the pro-
jected negative impact on fisheries in adjoining
Kenya’s Lake Turkana, which threatens the liveli-
hoods of about 0.5 million tribal people.

To construct the Ataturk Reservoir in Turkey,
about 55,000 people were relocated, and from the
Manantali Reservoir area (Mali), 15,000 people
were displaced. It is estimated that the controversial
Ilisu Dam project (Turkey) would displace at least
55,000 people. For construction of the Everkiiskaya
Dam (Central Siberia, Russia), about 7000 local
indigenous people would need to be relocated and
a huge area flooded (9000 km2).

Dam Failures

One of the worst negative environmental impacts
of dams is the risk of failure. The first known dam

failure, as reported by Herodotus, was the collapse
of the Saad Ei-Kafra Dam in Egypt during
flooding ~2500 BC. In modern history, one of
the oldest reported failures was the Blackbrook
I Dam (Great Britain, 1799). Official worldwide
database and case histories of dam incidents and
failures are not still complete. According to the
ICOLD Bulletin 99, Dam Failures, Statistical
Analysis (without China), a total of 5268 dams
were built until 1950 (117 of them failed); 12,138
dams were built during the years 1951–1986
(59 of them failed).

Many incidents of dam failure occurred more
than 50 years ago and involved older dams. In
recent decades, the failure rate (particularly for
dams more than 30-m high) has drastically
decreased. At present, dams are constructed on
the basis of thorough and detailed multi-
disciplinary investigations, including application
of new technologies and detailed environmental
studies, and operational stability is regularly
monitored.

The world’s recorded dam disaster occurred in
1975 in China (Banqiao Dam). Due to a strong
hurricane and precipitation of 500 m over 3 days,
the Banqiao Dam, together with Shimantan Dam
and 62 small dams, was totally demolished. Water
waves as high as 6–10 m and 12-km wide flooded
more than a million hectares. More than 26,000
people were killed, and many more died afterward
from resulting epidemics, for an estimated
150,000 total deaths. Eleven million people lost
their homes.

Dam failures as a consequence of geology are
sometimes catastrophic, causing loss of life or
evacuation of thousands of people living down-
stream of the dams: for example, Malpasset
(France), St. Francisco and St. Fernando (USA),
Baldwin Hills (USA), and Teton (USA).

Total failure of the Malpasset concrete arch
dam (66.5-m high) caused a huge flood on
December 1959. Dam foundation consisted of
gneissic rocks. Two sets of faults had crucial
roles in the creation of a wedge failure. More
than 325 persons lost their lives and a large area
was devastated [4].

The worst American civil engineering failure
of the twentieth century was the St. Francisco
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Dam (California, USA), killing 450 people along
the St. Francisco Canyon and St. Clara Valley.
Foundation rock of the concrete gravity dam
(60-m high) is conglomerate. During March
12–13, 1928, the St. Francisco Dam collapsed
due to a paleo-landslide at the left abutment and
strong uplift. According to Cooper and Calow
(1998), the failure was partially attributed to
gypsum dissolution [5].

The Teton Dam (USA) failure happened on
June 5, 1976, killing 14 people; that embankment
dam was 93-m high above riverbed. Dam founda-
tion consists of basalt and rhyolite rock. Piping
was identified as the most probable cause of
failure [4].

Catastrophic failure of San Juan earth dam
(Spain) occurred during the first filling of reser-
voir (2001). Due to intensive dissolution of gyp-
sum, part of dam collapsed, provoking a huge
flood downstream [6]. The flood caused by fail-
ure of the Lower San Fernando Dam (California,
USA, 1971) due to a strong earthquake (M= 6.6)
caused temporary evacuation of 80,000 people
from the downstream area [4]. The Baldwin Hills
Reservoir (USA) failed in 1963 causing enor-
mous damage downstream; however, thousands
of inhabitants were evacuated in time [4].

Some more dam failures at the USA are: East
Fork Dam, Kentacky, 30-m high, collapsed during
the night as consequence of piping through the
karstified foundation rock (December 1978). Fail-
ure of the Fontenelle Dam, Wyoming, occurred in
1965 and 1982 when the large subsidence
occurred. The Quail Creek Dam, Utah, collapsed
in 1989, and failure of the Swift No. 2 Dam,
Washington, occurred in 2002.

Thousands of inhabitants downstream from
dams all over the world are permanently under
psychological and mental pressure due to possi-
ble dam failure. Some of them seek relocation to
safer places. If an area downstream from dam is
populated, flood wave analysis in case of dam
failure is very important. Analysis includes
timing of water wave propagation, estimation of
flood level, and installation of emergency alarm
systems. Two important parameters are time of
flood wave between dam site and urban areas and
safe elevation for population evacuation – the

elevation above which a disastrous wave is not
effective.

In many cases, citizens living downstream
from dams protest strongly against them, some-
times insisting on dam displacement. In the
case of the Mulholland Dam (65-m-high con-
crete gravity dam) because of the disaster of
St. Francisco, there was enormous protest from
the citizens of Hollywood lining downstream
from the dam. To solve this mostly psychological
problem, the downstream dam face was covered
in 1933 by a huge earthen mass, making it one of
the most conservative dam structures in the world.

Mosul Dam (Iraq) is declared (2015) as the
most dangerous dam in the world due to perma-
nent seepage under the gypsiferous foundation
rock. By measuring the dissolved materials in
seepage water, an amount of 42 to 80 t/day was
established (Guzina at all, 1986). According to
analyses, it was estimated that the water wave in
the case of failure will have a height of 54 m and a
flow of approximately 551.000 m3/s. This wave
will reach the capital of Iraq – Baghdad – after
38 h. According to Al-Ansari et al. (2015), the
expected wave height will be about 4 m in the
urban area, and the potential number of casualties
is estimated to be a half million. Dam structure
still is under control; however, the risk for down-
stream settlements, including Mosul Town which
is much closer to the dam, is not eliminated.

Strong earthquakes may affect a large area, and
many dams may be subject to strong ground shak-
ing and in extreme cases dam failures. Well-
known dam examples affected by earthquakes
over the past two decades are cited below.

Due to Maule earthquake in Chile, February
27, 2001 (M 8.8), several dams were damaged.

During the 2001 Bhuj earthquake in Gujart,
India, 245 dams, mostly small embankment dams,
have been rehabilitated. As consequence of the
Wenchuan (China) earthquake, May 12, 2008,
1803 dams and reservoirs and 403 hydropower
plants were damaged. However, only four of them
had a height exceeding 100 m (Wieland 2014).

The M = 9.0 Tohoku Earthquake in Japan
(March 11, 2011) resulted in failures of two dams:
the 18.5-m-high Fujinuma earth dam and a smaller
saddle dam. When the earthquake occurred, the

Dam Engineering and Its Environmental Aspects 311



reservoir level was almost full. Almost the entire
length of the dam was overtopped approximately
25 min after the earthquake, destroying a small
village and killing 8 people (Towhata at all 2011).
Another 400 dams, subject to earthquake shaking,
had to be inspected.

Reservoir Slope Instability

Reservoir slopes are exposed to different kinds of
hazards. The most common is the potential for
landslides to cause a wave which might overtop
the dam crest, causing dam failure and a disastrous
flood wave downstream. According to Schuster
(2006), at least 254 large dams worldwide have
been subjected to landslide activity [7]. The most
common types of hazards are instability of slopes
and deterioration of reservoir water quality due to
solution processes if the slope consists of evapo-
rates. The most frequent remedial measures to
prevent instable rock masses from sliding are
retention walls, prestress anchors, galleries and
other drainage structures, and grouting and cut-
ting of sliding planes.

Due to hydrodynamic force caused by reser-
voir fluctuation, the slopes are exposed to sliding,
creeping, and toppling. This process can have
catastrophic consequences. The difficulty is how
to predict potential for a landslide on the basis of
geological data and geological history of reservoir
rims. An attempt has been presented by Moon
(1997) in New Zealand [8]. He has established a
magnitude-frequency curve for landslides based
on geomorphological evidence of sliding in a
valley and the geomorphological history of a
valley.

In the case of Vaiont Dam (261-m-high dam in
Italy), a huge landslide suddenly slid into the
reservoir on October 9, 1963. The event lasted
only 45 s, but a volume of about 300,000 million
cubic meters plunged into the reservoir. The land-
slide length was 1.850 km and average thickness
was 157 m. Maximal thickness of the slide rock
mass was 330 m. Awater wave was created which
overtopped the 100-m-high dam crest. The cata-
strophic water wave completely demolished the
small town of Longarone, 2 km downstream, and

six more settlements. About 1700 inhabitants lost
their lives and a number of industrial structures
were completely destroyed [9]. The dam structure
itself was not damaged at all.

In a number of cases, massive stabilization
structures are constructed to eliminate hazards
during reservoir operation. Induced slope stability
is a problem along the 650 km of the Three Gorges
Reservoir. The Lianziya potentially sliding rock
mass, located about 25 km from the upper stream
of the Sadoung dam site of the Three Gorges
(China), has a volume of 2.26 million cubic
meters. Deep prestress bolting, up to 3000 kN, is
used to improve slope stability [10].

Tailings Dam Failures

Tailings dams are more vulnerable than other
dam types. In the case of failure, environmental
impact is catastrophic and long lasting. Tailings
usually contain high concentrations of different
chemicals. They represent a potential threat of
environmental contamination, in some cases by
extremely dangerous chemicals such as heavy
metals or cyanides. One of the latest incidents
(Baia Mare, Romania) occurred in January 2000
and released about 100,000 m3 cyanide-
contaminated water into the catchment area of
Tisa River (tributary of Danube River), provok-
ing great public concern in the huge and highly
populated downstream area.

The last “Chronology of major tailings dam
failure, 1960–2011,” is prepared on the basis of
Bulletin 121, published by the United Nations
Environmental Programme (UNDP), Division of
Technology, Industry and Economics (DTIE), and
International Commission on Large Dams (ICOLD)
(Paris 2001, 144 p., updated March 2011)
documenting 221 tailings dam incidents. Tailings
dam failures occurred for many different reasons
but mostly after heavy rainfall due to overtopping,
seepage, foundation failure, or dam wall failure or
liquefaction during earthquakes. Poor manage-
ment and inadequate construction methods can
also contribute to dam failure [11].

In many cases, failures are disastrous. Heavily
polluted tailings flow can travel from a few 100 m
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up to more than 100 km. After failure of the tailing
dam at Silverton, Colorado, USA (1975), tailings
flow polluted 160 km of the Animas River; near
Fort Mead, Florida, USA (1971), tailings flow
traveled 120 km; and in the Inez failure in Martin
County, Kentucky, USA (2000), polluted flow
traveled 120 km; in the case of Huancavelica,
Peru (2010), the Escalera and Opamayo rivers
were contaminated 110 km downstream; and during
dam failure of El Pocho, Bolivia (1996), 300 km of
the Pilcomayo River were contaminated.

The worst impacts of tailings dam failure are
the great number of people killed. From 1960 to
2010, 23 cases of tailings failures with fatalities
were reported. Drastic examples are failure of the
Sgorigrad, 1966 (Bulgaria), 488 people killed; the
Stava, 1985 (Trento, Italy), 268 killed; Taoshi,
2008 (Shanxi Province, China), 254 killed; El
Cordobe, 1965 (Chile), 200 killed; Aberfan,
1966 (Wels, UK), 144 killed; Buffalo Creek,
1972 (W. Virginia, USA), 125 killed; and
Mufulira, 1970 (Zambia), 89 killed, Mount Polly
2014 (British Columbia).

One of the well-known recent tailings failures
happened in Hungary (near Kolontar). The red
mud with a pH of 13 flooded several settlements,
killed 9, and injured 123 people.

A recent catastrophic failure occurred in the
New Wales Plant, Florida 2016. A large sinkhole,
14-m wide, appeared in a phospogypsum stack,
opening pathway for contaminated liquid into the
underground. The liquid reached the Floridan
aquifer, a major drinking water resource; 840,000
cubic meters of contaminated liquid were released.

Common impacts after tailing failures are
demolition of homes, relocation of people, inun-
dation of agricultural land, and catastrophic con-
sequences for biodiversities in downstream areas,
particularly for fish.

According to Rico et al. [12], for a group of
147 cases of worldwide tailings failures, 39%
happened in the USA, 12% in Chile, 10% in the
UK, and 4.8% in the Philippines [12]. Twenty-six
occurred in Europe. With regard to tailings dam
height, a greater percentage of failures occur if the
height is not higher than 30 m. Tailings failures
are frequently related to heavy precipitation or due
to seismic liquefaction. More than 85% of failures

occurred during mine operation, and only 15% of
incidents were related to inactive tailings dams.

Reservoir-Triggered Seismicity: Induced
Seismicity

From the very beginning, reservoir-triggered
seismicity has been controversial. The first
documented case was the case of the Hoover
Dam (Lake Mead, USA). Presently, more than
60 cases of reservoirs are frequently cited to
have experienced reservoir-triggered seismicity
(Perman et al. 1983 and Gupta 1992). Magni-
tudes are greater in the case of greater depths of
reservoirs: Koyna (India), depth 100 m, M = 6.3;
Kremasta (Greece), 120 m, M = 6.3; Kariba
(Zambia), 122 m, M = 6.25; Hsingfengiang
(China), 105 m, M = 6.0; Srinagarind
(Thailand), 133 m, M = 5.9; Oroville (USA),
204 m, M = 5.8; Aswan (Egypt), 90 m,
M= 5.2; Hoover (USA), 191 m,M= 5.0; Kurobe
(Japan), 186 m, M = 4.9; and Mratinje
(Montenegro), 220 m, M = 4.1. However, except
for a few cases (Koyna and Hsinfengkiang),
human and material losses were negligible. The
Hsinfengkiang Dam was considerably damaged,
but so far no dam has collapsed due to the effect of
induced seismicity [13].

According to experience in the Chinese karst
regions, induced earthquakes are reported in the
case of dams with height less than 100 m and in
small reservoirs: Qinwo (Liaoning), 50 m,
M = 4.8; Danjiangkou (Hubei), 97 m, M = 4.7;
Qianjin (Hubei), 50 m, M = 3.0; Xindian
(Sichuan), M = 4.2; Fengcun (Shaanxi), 30 m,
M= 2.9; and Nanchong (Hunan), 45 m, M= 2.8
(Yuan D., 1991).

In general, triggered seismicity starts during
the first impounding of the reservoir and
increases with reservoir water levels; intensity
of shaking sharply decreases with distance from
the reservoir.

Certain earthquakes registered during reservoir
impounding in karst indicate the role of karst in
genesis of induced shocks. Those analyses indi-
cate possible explosions of the compressed air
during an abrupt reservoir impounding and
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simultaneous abrupt rising of the water table in the
surrounding karst aquifer. Pressure of the air
trapped in karst channels and siphons significantly
increases. Trapped air pillows escape, creating
strong explosions that are felt by inhabitants and
recorded by seismographs at the surface. Environ-
mental impact of this process is generally local
and noisy but not harmful. Small damage is pos-
sible in the case of older village structures.

Dams and Heritage Protection

During dam construction, in some cases very
important monuments and internationally recog-
nized old-civilization heritage sites are threatened
by inundations. Some are world heritage sites
protected by UNESCO. In many cases, reservoirs
may flood national parks, caves of archeological
importance, or old necropoli, monasteries, grave-
yards, and ancient bridges.

The most famous are the Abu Simbel temples
in Egypt built in the middle of the Nubian Desert
(present reservoir) by Ramses II who ruled from
1290 to 1224 BC (19th dynasty). After construc-
tion of the Aswan Dam, both monuments of Ram-
ses II and of his wife were sawn into 1036 blocks,
30 t each, plus 1110 blocks from surrounding
rock. Monuments were reconstructed 90 m
above the original level (Fig. 2).

Due to construction of dams along the
Trebišnjica River (BiH), two ancient monasteries
built in 1232 and during the first part of the four-
teenth century, and one bridge constructed at the
first part of the sixteenth century, nationally rec-
ognized cultural heritage sites have been relocated
from the reservoir areas (Fig. 3).

Construction of the lower Gordon Dam in
southwest Tasmania would have flooded a large
karst area containing caves of great archeological
importance. The project was abandoned for legal
and environmental reasons in 1983 [14].

During construction of the Iron Gate Dam on
the Danube River, a number of historical monu-
ments, including ruins of the old bridge over
the Danube River dating from 28 to 104 AD
(time of Roman emperors Tiberius, Claudius,
and Traianus) have been flooded. To preserve

the monument “Tabula Traiana,” heavy lime-
stone blocks of 250 t were sawn and lifted
20 m to be above the reservoir level. The old
prehistoric settlement (Lepenski Vir) dated
between fifth and sixth millennia BC, which
represents one of the oldest cultures in this part
of Europe, was relocated above the Danube
reservoir level.

Along the Three Gorges Reservoir (Yangtze
River, China) about 1300 archeological sites,
including 30 Stone Age localities, have been care-
fully investigated. About 1200 of them will be
relocated to higher places. Some irreplaceable
historical artifacts, however, have been perma-
nently inundated.

The old Greek and Roman City of Zeugma,
larger than Pompeii, founded in 300 BC, on the
Euphrates River, was inundated after construction
of the Birecik Dam, Southeast Anatolia Project,
Turkey (1999). Zeugma mosaics have been
declared one of the best preserved Roman mosaic
collections in the world. This ancient city is sub-
merged, but its famous mosaics were placed in the
museum of Gaziantep.

The proposed Ilisu Dam (Southeast Anatolia
Project, Turkey) on upper Tigris River, 65 km
from the Syrian border, threatens to inundate
Hasankeyf, an internationally recognized Roman,
Byzantine, and Ottoman historical and cultural her-
itage site. Historical monuments include thousands
of caves carved more than 2000 years ago. About
50 villages and 15 small towns along the Tigris
valley would be displaced [15].

A large part of Munzur Valley National Park
(Turkey) is to be flooded by construction of eight
dams. Thousands of endemic species will become
extinct after finalization of the project. Some of
these dams are already constructed (Mercan and
Uzuncayir dams).

A dam project in Coa Valley, Portugal, was
canceled because of the important Ice Age rock
art. Many irreplaceable artifacts of an ancient
Mesopotamian city (2000 BC) are endangered
by construction of the Makhal Dam in Iraq. In
the case of construction of Sardar Sarovar and
Narmada Sagar dams at Narmada River (India),
250,000 people will be displaced and 3000-year-
old historical temples are potentially endangered.

314 Dam Engineering and Its Environmental Aspects



Dams and Ecosystems

After dam construction, it is not simple to keep
ecosystem parameters upstream and downstream
at the same levels as preconstruction conditions.
Most frequently, temperature and flow regimes
are disturbed, particularly if the purpose of the
dam is power production, where a reservoir
water body is not thermally and hydraulically

homogenous. Magnitude and frequency of reser-
voir fluctuations are rapid and huge. Thermal
stratification is quite pronounced. Intake structure
position at the dam body is one of the important
requirements to reduce the effect of complex pro-
cesses in a reservoir. Water quality disturbances
upstream from a dam are transferred to down-
stream flow. Enormous daily flow fluctuation
and velocity due to hydroelectric power plant

Dam Engineering and Its
Environmental Aspects,
Fig. 2 Abu Simbel
monument replaced from
Aswan Reservoir, Egypt

Dam Engineering and Its
Environmental Aspects,
Fig. 3 Old monasteries at
bottom of Bileća reservoir
(BiH)
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operation could have disastrous effects on flora,
fauna, and physical properties of a riverbed. To
minimize downstream negative environmental
impacts, guaranty ecological flow is an essential
requirement.

Guaranty ecological flow (or ecological base
flow or environmental flow requirements) is usu-
ally one of the controversial requirements in dam
construction. Different methods are proposed to
define base flow (for instance, the Tennant
method). Compared with frequently used sustain-
able flow or biological minimum flow, the guar-
anty ecological flow is accepted as the quantity of
water flow which guaranties natural ecosystem
sustainability [16]. Flora and fauna are the key
parameters to establish balance between all eco-
logical parameters, that is, to preserve ecosystem
integrity. Adaptation processes may take place
over many years before a new ecological balance
is achieved. In the case of deep reservoirs for
electricity production, with deep intake structures,
the temperature of water downstream from a dam
usually is much colder than under natural condi-
tions. Daily, seasonal, and annual flows are quite
different than under natural conditions. Conse-
quently, the ecosystem is disturbed, and immedi-
ately below the dam structure, the water cannot be
used for recreational purposes.

Dams reduce sediment load downstream. If a
dam and a reservoir are constructed on a river
close to a seacoast, the estuarial effect (saltwater
intrusion) upstream is expected, that is, there can
be a negative influence of brackish water on native
biodiversity. Due to dam construction, the rate of
deposition of sediments (fines, sand, and pebble)
is reduced. If commercial excavation of sand and
pebbles remains as before, the geometry of the
riverbed drastically changes. If excavation of
sand and pebbles occurred between the dam and
the seacoast, the problem becomes more compli-
cated. Excavated sediments cannot be naturally
replaced; the river bottom becomes deeper and
deeper. As a consequence, the saline water
wedge penetrates upstream much faster. This
effect can lead to declines in native aquatic vege-
tation, fish, and amphibian species. Over time, the
natural balance is disturbed and brackish water
species replace native species. In some cases,

saltwater penetration endangers the quality of
groundwater near riverbanks creating irrigation
and water supply problem.

One of the most serious environmental conse-
quences of dam construction is obstruction to fish
migration. Dams are barriers for migratory fishes,
such as salmon, trout, sturgeon, alewife, skate,
eel, and many others. Construction of fish ways
dates from about the seventeenth century in
France. Presently, dams are widely equipped
with several types of fish ways. These structures
are not effective for all fishes or are only partially
effective. In the case of downstream migration,
mortality of fish passage through power plant
turbines or over spillways is significant [17].

Particular problems appear in the case of
reversible (pumping) power plants. When the
power plant is in pumping regime, fishes can be
sucked in by the turbines and transported through
the pressure tube and headrace tunnel at the upper
compensation reservoir.

Multiple dams along the river considerably
worsen the situation for migratory fishes, but in
the case of dams in the Glomma River system
(Norway), efficient fish ways were constructed at
eight dams along 122 km of river [18]. Four
dams along the Peconic River (USA) have
been equipped with fish ladders. Successful
salmon migration has been studied in the case
of Snake River dams, Lower Granite dams, and
many other locations.

The Iron Gate Dam at the Danube River is not
equipped with “fish ways.” As a consequence, the
caviar productive fish, sturgeon, and skate are
unable to migrate from the Black Sea to the Dan-
ube River. The 11 dam cascades on the Volga and
Kama rivers impede migration north from the
Caspian Sea for several sturgeon migratory spe-
cies including Beluga (Beluga caviar).

Construction of dams can negatively impact
wetland ecosystems. Usually, wetlands are
extremely rich in diversity of flora and fauna.
Reduction of base flow which feeds wetland
areas can lead to declines in aquatic vegetation,
fish, and birds. Many wetlands are temporary
recovery stations for migratory birds. Dam influ-
ence may cause reduction of some bird species;
however, in some cases dam operation can be
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easily adapted to support, or even improve, wet-
land ecosystems.

Dams and Microclimate

As a consequence of damming, estimated total cur-
rent reservoir surface is more than 400,000 km2.
Largest reservoirs are Lake Volta, Ghana,
8502 km2; Aswan Reservoir, Egypt/Sudan,
5250 km2; Itaipu Reservoir, Brazil/Paraguay,
1350 km2; Ataturk Reservoir, Turkey, 817 km2;
and Keban Reservoir, Turkey, 675 km2. Due to
hot weather or strong winds, evaporation from
reservoir surfaces is estimated at about 2 m3/m2

per year.
Exact climatological measurements and ana-

lyses related to reservoir impact are rare. Measure-
ments taken at the reservoirs at Pournari and
Mornos (Greece) and Bileća reservoir (BiH) indi-
cate negligible increase of temperature close to the
reservoir areas. For more precise conclusions,
long-term monitoring of different parameters is
necessary.

According to subjective impressions of local
people, there is some climatological influence. In
karst areas, intensity of deforestation decreased,
and fogs are registered much frequently after dam
and reservoir construction. Impact of the Krasno-
yarsk Dam (Russia) on the Yenisei River reaches
200 km downstream and has an influence on local
climate by increasing freezing fog.

Induced Subsidence (Collapse)

Origin of subsidence can be natural or induced.
Induced subsidence is a consequence of human
activities but mainly due to groundwater extrac-
tion, mining, and dam construction [19–22].

Subsidence development is a common process
as a consequence of dam construction and reser-
voir operation. Induced subsidence is a series of
spatially independent random events created by
reservoir operation. Events such as these are
unpredictable and practically instantaneous. Some
prominent examples are the following reservoirs:
Wolf Creek (USA), Hutovo (BiH), Slano and Vrtac

(Montenegro), Tarbela (Pakistan), Mavrovo (FYR
Macedonia), Perdika (Greece), Hammam Grouz
(Algeria), Kamskaya (Russia), Lar (Iran), Keban
(Turkey), North Dike (Florida, USA),
Samanalawewa (Sri Lanka), Mosul and Haditha
(Iraq), May (Turkey), Horsetooth Reservoir and
Center Hill Dam (USA), La Loteta (Spain), and
Huoshipo Reservoir (China). In some cases
instantaneous seepage can be enormously high.
In the case of the Keban Dam immediately after
collapse occurred, seepage was 26 m3/s.

Subsidence is induced by extensive water level
fluctuation in reservoirs and results in extensive
water leakage. In some cases, subsidence occurred
after many years of successful operation. In the
case of Hammam Grouz (Fig. 4), subsidence
occurred after 17 years and in the case of
Mavrovo, after 25 years.

In some cases, subsidence creates considerable
environmental impact. For instance, the Mavrovo
Reservoir collapse resulted in heavy damage to
local roads and surrounding houses.

In the case of Kamskaye Reservoir (Russia),
after dam construction the dissolution process in
gypsum has intensified in the vicinity of the res-
ervoir [23]. During the period 1956–1961, 11 col-
lapses occurred. Prior to dam construction, in the
same area, only two collapses were registered
during the previous 50 years.

Spring Submergence Due to Dam
Construction

Submergence of large springs by artificial reser-
voirs and the consequences on environment and
reservoir integrity are frequently discussed. After
construction of the 185-m-high Oymapinar Dam
(Turkey), the large Dumanly Spring, Qmin =
35.6 m3/s, was flooded by 120 m of water head
at maximum storage level; the Trebišnjica Spring
(BiH), Qav = 80 m3/s, was flooded by 75 m of
water column; the Neraidha Spring (Greece),
Q = 10 m3/s, was flooded by 40 m of Poliphiton
Reservoir; the 220-m-high Piva Dam (Montenegro),
the large Pivsko Oko Spring, Qav= 25.5 m3/s, was
flooded by 70 m; the Rama spring zone (BiH) was
submerged by 40–60 m of water column; and the
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Yarg Spring (Iran), Qav = 0.7 m3/s, was flooded
after construction of the Salman Farsi Dam (136 m)
by 27 m; Oko Spring (BiH) was flooded after con-
struction of 35-m-high Gorica Dam by 17 m of
water column [24]. The Bel Spring (Sirvan River,
Iran) is submergedmore than 100m by construction
of the 230-m-high Darian Dam. Spring discharge
varies between 0.2 m3/s and 6 m3/s. To keep two
factories for water bottling and water supply of the
local community operational, a very complex struc-
ture was constructed. This structure consists of a
gallery and deep well behind the spring outlet. To
prevent influence of reservoir water and deteriora-
tion of water quality, all natural channels between
reservoir and tapping structure were plugged by
concrete.

The most important questions to be answered
are as follows: Is the water used for water supply
or water bottling; if so, how are quantity and
quality to be kept at acceptable levels? Are water
losses from the reservoir possible? What is the
possible submergence effect on the hydrologic
regime in upstream areas? How could spring sub-
mergence affect induced seismicity in surround-
ing areas? In many analyzed cases, spring
submergence does not increase considerable envi-
ronmental consequences.

The Oko Spring is the only water supply
source for the town of Trebinje (BiH, 20,000
people). After construction of the Gorica Dam,
the tapping structure is above the reservoir level.
Three large-diameter wells were drilled into the
karst channel situated 25 m deeper than reservoir
bottom. Impact of reservoir water to quality of
potable water occurs only during extremely fast
impounding of the reservoir.

Environmental Aspects of Dams in Karst

The complexity of karst presents a great variety of
risk for dams and reservoirs in karst. The crucial
role of dams and tunnels in karst is dewatering of
temporarily flooded karst depressions for water
transfer from one catchment (or political entity)
to another and for electricity production. By dam
construction in karst regions, some temporarily
flooded depressions are changed to permanent
reservoirs or, in other cases, to farmland areas.
By applying different geotechnical measures, the
karstified and pervious riverbeds are transformed
into permanent river flows.

Construction of dams and reservoirs in general
has considerable influence on regime and quality

Dam Engineering and Its
Environmental Aspects,
Fig. 4 Hammam Grouz
Dam, Algeria. Subsidence
occurred after 17 years of
dam operation
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of surface and underground water downstream. In
the case of karst, impacts are sometimes registered
at remote springs at distances of 10–30 km, lead-
ing to local and transboundary environmental and
political problems.

In many cases, the purpose of dam structures is
rerouting and transferring of water from one
catchment to another. These solutions create con-
flicts between owners of the dams (reservoirs) and
users of the springs. This situation is especially
delicate if the reservoir and springs are in different
political regions. For example, by construction
of Grančarevo and Gorica dams at BiH, the aver-
age yearly discharge of Ombla Spring (Croatia)
has been reduced from Qav = 33.8 m3/s to
Qav = 24.4 m3/s. A large part of the water is
transferred through the headrace tunnel toward
the power plant of Dubrovnik located in Croatia.
There was no change in the minimal discharge of
Ombla Spring. By construction of dams, the
karst aquifer was starved of about 4 billion
cubic meters of water annually as a result of
rerouting through the tunnels and paved chan-
nels for power production and drainage of many
swallow holes [24].

Karst underground is very rich with various
fauna. Often, as a result of dam construction in
karst, a large volume of caverns in the aeration
zone are flooded, or temporarily flooded karst
channels become permanently dry. In both
cases, cave habitat for a number of rare and
endemic species is endangered, for example,
Normandy Dam (Tennessee, USA), Melones
Dam (California, USA), Scrivener Dam
(Australia), Grančarevo and Gorica dams (BiH),
and Seymareh Dam (Iran).

A specific example is Popovo Polje in BiH
(Fig. 5). Flooding under natural conditions before
dam construction reached a height of 40 m in the
lowest section of the polje; the polje was under-
water an average of 253 days and was dry after
only 112 days. During maximum flood, 7500 ha
were under water. During dry periods the
Trebišnjica River was dry also because of 65 m3/s
of seepage along the 65 km of riverbed [25]. The
only variety of maize that grows here is called
“hundred-day maize.” In 100 days, it sprouts,
grows, and bears fruit. After dam construction

and the increase in impermeability of the riverbed,
floods were almost eliminated and huge areas of
arable land were created. New infrastructure
(plantations, roads, irrigation canals, and settle-
ments) changed complete environmental proper-
ties of the entire area.

Dewatering of the temporarily flooded Popovo
Polje (BiH) has negative influence for aquatic
organisms that inhabit temporary underground
lakes during the dry period and ephemeral lakes
during flood season. An example is the gaovica
fish (Paraphoxinus ghetaldi) which spends dry
months in numerous siphon lakes and pools of
the underground karst. During flood periods, the
fish leaves the underground through karst chan-
nels and openings of estavelles. For the duration
of inundation, the fish lives in the intermittent
lakes at the surface. For centuries, fishing at open-
ings of estavelles was an important tradition and
food source for inhabitants of Popovo Polje. By
construction of two dams (Grančarevo and Gorica
dams), the water regime has drastically changed;
the gaovica fish lost connections with the surface
in most locations and is now threatened with
extinction. As a consequence of the same project,
the large concentrations of endemic worm
Mariphugia cavatica, mollusk Kongeria, and
cave-dwelling aquatic endemic species Proteus
anguinus, known as “human fish,” are seriously
endangered [26]. Dam and reservoir construction
decreased the activity time and of discharge of a
series of temporary and submarine springs along
the seacoast. The operation of a commercial oys-
ter and mollusk farm has been threatened because
of reduced freshwater outflow through the subma-
rine springs.

One of the richest caves with various fauna in
the world is in the same area, Vjetrenica cave.
Approximately 110 species have been identified
in this cave. More than ten species are known only
from this cave or the immediate vicinity [27].

From an environmental point of view, under-
ground dams and reservoirs in karst have benefits.
The main advantages of these unique structures
are as follows: Arable land is not disturbed, water
is not thermally stratified, water quality remains
high and constant, catastrophic dam failure is not
a possible outcome, and the landscape is not
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disturbed. In the karst regions of China, more than
20 underground reservoirs have been created with
storage capacities between 1 � 105 and
1 � 107 m3. Their purposes are water supply,
irrigation, industry, and electricity production
[28]. According to Yuan [29], in the Xiashi district
(Guizhou Province) 16 underground dams have
been constructed for irrigation of 3624 acres of
farmland [29].

To control concentrated infiltration through the
large ponors (swallow holes), a specific type of
dam is constructed in karst areas – cylindrical
dams. The purpose of cylindrical dams is to pre-
vent natural plugging of large ponors, that is, to
ensure fast dewatering of floodwater from farm-
lands. Some cylindrical dams constructed at Pel-
oponnesus (Greece) in fourteenth century are still
operational (Fig. 6).

Dam Engineering and Its
Environmental Aspects,
Fig. 5 Very pervious
Trebišnjica riverbed
covered by shotcrete. On
the hillside is a visible line
indicating flood level in
natural conditions

Dam Engineering and Its
Environmental Aspects,
Fig. 6 Ancient dam at
Peloponnesus, Greece, to
protect natural plugging of
large ponor (swallow hole)
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In the Dinaric karst area (BiH), cylindrical
dams were used from ancient time until the middle
of the twentieth century for mills. These dams
were constructed above the large ponors at the
riverbanks. Water sinking into the ponor propels
wooden turbines and millstones. Mills were
equipped with simple intake structures and gates
to control quantity of water. Recently, cylindrical
dams were used to prevent leakage from reser-
voirs in the case of large ponors or estavelles in
Chinese karst and at some other locations.

During filling of Salanfe reservoir (52-m-high
dam, Switzerland), new thermal springs appear in
the Val d’Illiez valley, at a distance of 8 km
(1953). Springs are related to the leakage from
Salanfe reservoir. The reservoir has never been
filled completely since the first phase of
impoundment [30].

The large number of failures and subsequent
floods are registered in the case of dams situated in
karstified rocks, particularly in evaporites
(gypsum, salt). For instance the San Juan reservoir
(Spain) failure occurred during test filling (2001).
The flood wave of 3000.000 m3 is transported fare
downstream about 3350 tons of solid material
(Gutierrez at all 2003).

Reservoirs in karst may fail to fill despite an
extensive investigation program and sealing

treatment. Dried reservoirs or reservoirs with
unacceptable heavy leakage are common in
many karst regions of the world: Hales Bar Dam
(USA), Montejaque (Spain), Vrtac (Montenegro),
Lar (Iran), May (Turkey), Perdika (Greece), Wolf
Creek (USA), Apa Reservoir (Turkey), and many
others. A distinctive example is the Montejaque
Dam in Spain. The dam was abandoned because
of huge leakage from reservoir, and cavernous
system downstream from the dam is presently
used as a training area for speleologists (Fig. 7).

Further Directions

Optimal strategies for water resources develop-
ment are a key requirement for socioeconomic
development. With increasing demands on energy,
particularly in many underdeveloped countries,
dams and reservoirs are still necessary structures.
The environment has been modified by dam con-
struction with possible detrimental impacts. In
most instances, impacts are positive: flood control,
irrigation, water supply, power production, infra-
structure improvement, reduction of deforestation,
recreation, fishing, and many secondary benefits.
Some negative impacts cannot be avoided: popu-
lation replacement, inundation of arable land,

Dam Engineering and Its
Environmental Aspects,
Fig. 7 Montejaque Dam,
abandoned due to huge
leakage

Dam Engineering and Its Environmental Aspects 321



historical and cultural monuments, influence on
survival of endemic species and migratory
fishes, deterioration of aquifers, the possibility
of triggered seismicity, collapses, and similar
events.

An important issue is how to keep the balance
between the necessity for development and pres-
ervation of environment. Optimal environmental
protection requires a multidisciplinary approach,
including close cooperation of a wide spectrum
of geologists, civil engineers, biologists, chem-
ists, hydrologists, hydrogeologists, archeologists,
sociologists, and many others. The ultimate aim is
identification of crucial parameters that define
causes and consequences between human activi-
ties (dam construction) and resulting impact on
environment (cause-and-effect relations). Criteria
for determining environmental protection, as well
as regulatory procedures are important elements
in the process.

Particularly, sensitive and complex is construc-
tion of large dams and reservoirs in highly devel-
oped karst because the majority of water flows
through the underground karst conduits. Dam
impacts on environment in karst may be
unpredictable, occur rapidly, and may be unique.
Similar situations are seldom, if ever, repeated. To
“expect the unexpected” should be permanently
kept in the mind as the basic philosophy of dam
construction in karst. The major aims of proper
planning of water resources systems in karst ter-
rain are to minimize negative and to maximize
positive environmental impacts by keeping water
at surface level as much as possible.
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Glossary

Beneficial use Placement or use of dredged mate-
rial as resource materials in productive ways,
which provide environmental, economic, or
social benefits.

Confined disposal facility (CDF) An engineered
structure for containment of dredged material
consisting of dikes or other structures that
enclose a disposal area above any adjacent
water surface, isolating the dredged material
from adjacent waters during placement. Other
terms used for CDFs that appear in the litera-
ture include “confined disposal area,” “con-
fined disposal site,” and “dredged material
containment area.”

Confined aquatic disposal (CAD) This is a
form of dredged material disposal that
involves controlled placement of dredged
material into a subaqueous site with some
form of lateral confinement. The lateral confine-
ment may be provided by a bottom depression
or by subaqueous berms. The contaminated
material is then capped in most instances with
clean sediment to physically separate it from the
overlying environment (commonly called a
CAD cell).

ContaminantA chemical or biological substance
in a form that can be incorporated into, onto, or
be ingested by or harm aquatic organisms,
consumers of aquatic organisms, or users of
the aquatic environment. Contaminated sedi-
ment or contaminated dredged material.

Contaminated sediments or contaminated
dredged materials Those that may cause an
unacceptable adverse effect on human health
or the environment.

DredgedmaterialMaterial excavated from fresh,
estuarine, or ocean waters. The term “dredged
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material” refers to material, which has been
dredged from a water body and disposed in a
disposal site. The term “sediment” refers to
material on the bed of a water body prior to
the dredging process.

Dredging Underwater excavation is called dredg-
ing. “Dredging” is the term given to removal
by digging, gathering, or pulling out materials
from the bed to deepen waterways and to
create harbors, channels, and berths. Dredg-
ing is also conducted for construction pur-
poses, for mining, and for environmental
cleanup and enhancement.

Habitat The specific area or environment in
which a particular type of plant or animal
lives. An organism’s habitat provides all of
the basic requirements for the maintenance of
life. Typical coastal habitats include beaches,
marshes, rocky shores, bottom sediments,
mudflats, and the water itself.

Open-water disposal Placement of dredged
material for the purpose of disposal in rivers,
lakes, estuaries, or oceans via pipeline or sur-
face release from hopper dredges or barges,
without confinement.

Placement of dredged material In this docu-
ment, placement of dredged material is consid-
ered to be for another purpose other than
disposal, such as placement on a beach for
beach nourishment or placement on a wetland
to enhance the ecological functioning.

Sediment Material, such as sand, silt, or clay,
suspended in or settled on the bottom of a
water body. Sediment input to a body of
water comes from natural sources, such as
erosion of soils and weathering of rock, or as
the result of anthropogenic activities, such as
forest or agricultural practices, or construction
activities. The term “dredged material” refers
to material which has been dredged from a
water body, while the term “sediment” refers
to material in a water body prior to the dredg-
ing process.

Suspended solids Organic or inorganic particles
that are suspended in water. The term includes
sand, silt, and clay particles as well as other
solids, such as biological material, suspended
in the water column.

Toxicity Level of mortality or other end point
demonstrated by a group of organisms that
have been affected by the properties of a sub-
stance, such as contaminated water, sediment,
or dredged material.

Toxic pollutant Pollutants, or combinations of
pollutants, including disease-causing agents,
that after discharge and upon exposure, inges-
tion, inhalation, or assimilation into any organ-
ism, either directly from the environment or
indirectly by ingestion through food chains,
will cause death, disease, behavioral abnormal-
ities, cancer, genetic mutations, physiological
malfunctions, or physical deformations in such
organisms or their offspring.

Turbidity An optical measure of the amount of
material suspended in the water. Increasing
the turbidity of the water decreases the amount
of light that penetrates the water column. Very
high levels of turbidity can be harmful to
aquatic life.

Definition of Subject

Underwater excavation is called dredging. Dredg-
ing is the term given to removal by digging, gath-
ering, or pulling out materials from the bed
to deepen waterways and to create harbors, chan-
nels, and berths. Dredging is also conducted for
construction purposes, for mining, and for envi-
ronmental cleanup and enhancement. The complete
dredging activity includes sediment excavation and
removal from the bed and transport from the
dredging site to a disposal area or placement site,
which is located in either an open-water, near-
shore, or upland location.

Operations that cause potential environmen-
tal impacts associated with the dredging process
include (1) the sediment removal process from
submerged excavation at the point of dredging
and (2) the transport and placement for disposal
of the dredged material. Environmental con-
cerns relate to the location of the sediment
removal by dredging and the disposal or place-
ment site. General environmental considerations
include:
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• Physical and ecological impacts due to sedi-
mentation and disposal (i.e., smothering)

• Turbidity in the water
• Resuspension of contaminants
• Acute and chronic toxicity due to chemicals in

the dredged material
• Impacts to marine animals, including endan-

gered species
• Impacts to shore-based wildlife from exposure

pathways from shoreline and upland disposal
• Impacts to and loss of habitat
• Air pollutant emissions from the dredge,

including greenhouse gases
• Other general construction issues, such as

underwater and surface equipment noise
• Quality of life issues (e.g., noise, night lights)

Introduction

Dredges of various designs have been used for
many years to create and maintain navigable water-
ways to move people, goods, and materials. It is
theorized that thousands of years ago, blocks of
stone that make up the pyramids in Egypt were
barged from a distant quarry through a dredged
canal. At that time, the canals were likely dredged
using a barge with people using long-handled dip-
per shovels to raise solids out of a waterway and
then place those solids on a haul barge deck for
disposal elsewhere. Productivity gains likely came
about when animal power was used to increase the
digging power of early dredges. The late 1800s saw
the development of electric and steam power units
(Fig. 1), which enabled the construction of huge
mechanical dredges with bucket ladders, backhoe
dredges, and pipeline dredges with centrifugal
pumps. Hydraulic technology made great advance-
ments in the 1960s, with the result that hydraulic
winches and hydraulic rotary cutter drives using
suction of bottom sediments became a welcome
replacement facilitating the removal of finer-
grained sediment (compared to clunky and ineffi-
cient mechanical drives) [1].

Today, the dredge type can be hydraulic or
mechanical and can be used for a multitude of
purposes and projects. The primary purposes are
navigation, environmental enhancement, and
mining/construction [2].

Navigation Dredging

Most coastal and river ports, harbors, and naviga-
tion channels are not naturally deep enough or
wide enough to support safe passage of vessels.
Navigation channels need to be dredged to create
waterway channels with adequate channel area,
depth, and access to port and harbor facilities.
Nearly all the major ports in the world have at
some time required dredging to deepen and widen
the access channels, to provide turning basins, and
to achieve appropriate water depths to and from
shoreline facilities, such as cargo or cruise ship
terminals.

Virtually, all of the navigation channels created
in rivers and harbors have and continue to require
maintenance dredging, i.e., the removal of sedi-
ments which naturally accumulate on the bottom
of the dredged channel from upstream erosion.
Navigation channel dredging can be categorized
as two types. (1) New work dredging (also termed
capital dredging) is the initial dredging conducted
to excavate a channel with navigable depths
greater than those that naturally exist. (2) Mainte-
nance dredging is the dredging which removes
accumulated sediments from dredged channels
and ensures that the channel continues to provide
adequate dimensions for vessels engaged in
domestic and international commerce as well as
for other types of vessels, such as recreational
boating and commercial fishing.

Environmental Enhancement Dredging

In the last three decades, dredging has been suc-
cessfully used to remove contaminated sediments
from waterways, with the intention of improving
water quality and restoring the health of aquatic
ecosystems. Cleanup dredging (also termed envi-
ronmental dredging) for removal of contaminants
is used in waterways, lakes, ports, and harbors,
usually in highly industrialized or urbanized areas
that are suffering from past toxic waste and waste-
water disposal practices. After removal from the
bed, the contaminated sediments are transported
and disposed under strict environmental controls
(e.g., lined upland confined disposal facilities). In
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some cases, the contaminated sediments may be
treated, and some or all of the sediments are used
for beneficial objectives. Under proper conditions,
a viable alternative to removal is in situ isolation,
i.e., the placement of a cap (i.e., a cover of clean
material or amended materials to enhance isola-
tion) over the contaminated sediments in their orig-
inal location. In some situations, monitored natural
recovery is an approach that allows natural forces
to decrease exposure to contaminated sediments to
acceptable levels.

Reclamation, Mining, and Construction
Dredging

Dredging is an integral tool in many types of
water-related construction projects, such as
emplacement of pipelines or immersed tunnels,
underwater foundations, creating new land (i.e.,
reclamation), and maintaining storage capacity in
water supply and recreational reservoirs. In addi-
tion, dredging is important in mining activities,

with a primary use to provide sand and gravel for
construction and reclamation projects and a more
recent role to remove seabed minerals from the
deep sea, focused upon mining for gold, copper,
manganese, nickel, lead, cobalt, lithium, titanium,
platinum, and zinc.

Dredged aggregates have a wide range of uses,
including:

• Land reclamation: Pressures arising from pop-
ulation growth have created a need to raise the
elevation of low-lying areas for port and infra-
structure development and/or to construct new
land areas. Such pressures are likely to con-
tinue, but loss of marine habitat is an opposing
issue when creating new land.

• Construction materials: An increasing quantity
of aggregate mined from marine and freshwa-
ter borrow sites is used in concrete and fill
construction.

Deep sea mining targets seabed polymetallic
nodules, rich in concentrations of manganese,

Dredging Practices and
Environmental
Considerations,
Fig. 1 US seagoing
suction dredge “Woodbury”
1873 (Photo courtesy of
Corps of Engineers)
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nickel, copper, and cobalt. They are found in
abundance in the Clarion-Clipperton Zone (CCZ),
a great abyssal plain as wide as the continental
United States that lies 4,000 to 6,000 meters
below the surface of the eastern Pacific Ocean.
There, millions of the potato-sized nodules are
scattered on top of or half-embedded within the
muddy bottom of the CCZ. Their exploitation
would probably involve scraping 5–10 cm (2–4
in.) off the top of the abyssal plain, separating the
nodules from the mud, pumping the nodules to a
surface ship bymeans of a giant tube, and returning
the water and ne particles through another tube.
Dredging or some modifications of dredging tech-
nologies are likely to be one of the approaches used
in deep sea mining [3].

Dredging and Dredged Material
Management

Dredging and dredged material management con-
sists of the following three elements:

1. Excavation: The dislodgement and removal of
sediments (clay, silt, sand, gravel, and rock)
from the bed of the water body by a dredge,
either mechanically, hydraulically, or by com-
bination of the two dredging methods.

2. Transport: The transport of excavated material
from the point of dredging to the final disposal
site. This can be accomplished by haul barges
separate from the dredge equipment, by a
dredge equipped with hoppers, by pipeline
from the dredge to the disposal or placement
site, or, in the case of environmental dredging,
by hauling by truck or rail.

3. Disposal or placement: The final disposal or
placement of dredged material. Whether
dredged material is disposed or placed (and
reused for another purpose, such as creation
of a wetland) is determined by a range of
factors. The disposal site factors to be consid-
ered include sediment type to be dredged (e.g.,
grain size), location of the dredging project
versus the disposal site or beneficial use site,
future disposal site utilization, physical and
chemical characteristics of the sediment (e.g.,
is it contaminated?), and available funding.

Dredged material is a resource having a wide
number of beneficial use applications that must be
considered in dredged material disposal manage-
ment. This includes consideration for beach nour-
ishment (e.g., replacing lost sand due to erosion
to widen beaches), shoreline fill, and habitat cre-
ation or restoration. This concept as a resource is
also an important environmental consideration
for environmental dredging. Dredged material
from environmental dredging is usually placed
into well-controlled upland confined disposal
facilities. Clean dredged material is often used
to cap, cover, and isolate contaminated sediment
in waterways.

Dredging

While dredging equipment varies widely in many
sizes and types, dredging is actually accomplished
basically by only two dredge types. They are
mechanical dredges and hydraulic dredges. The
type of dredge is derived from the method of
sediment capture and removal from the bed.

Selection of dredging equipment and the
methods used to perform the dredging depends
on the following factors [4]:

• Physical characteristics of material to be
dredged

• Quantities of material to be dredged
• Depth of material to be dredged
• Method of disposal or placement
• Distance to disposal or placement site
• Physical environment of the dredging area(s)
• Physical environment of the disposal area(s)
• Level of contamination of the material to be

dredged
• Dredge production capability
• Type of dredges available
• Time, environmental, and economic limits of

the project

Mechanical Dredges

Mechanical dredges remove bottom sediment
through the direct application of mechanical
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force to dislodge and excavate the material at in
situ densities. The mechanical dredges (Fig. 2) are
well suited to removing hard-packed material or
debris and to working in confined areas, such as in
environmental cleanup dredging. Cohesive sedi-
ments that are mechanically dredged usually
remain intact, with large pieces retaining their in
situ density and structure through the dredging
and placement process. Sediments excavated
with a mechanical dredge are generally placed
into a haul barge or scow for transportation from
the dredging site to the disposal or placement site.

Mechanical dredges use some form of bucket
to excavate and lift the dredged material from the
bottom, then load it on to a haul barge or scow.
When the haul barge is loaded, a tug or other
attendant vessel will take the barge to the disposal
or placement site. Mechanical dredges are classi-
fied by how the bucket is connected to the dredge.
The three standard classifications include:

• Wire rope connected – barge-mounted crane
(clamshell or cable bucket)

• Structurally connected – articulated fixed-arm
dredge (e.g., backhoe, excavator)

• Chain and structurally connected – bucket ladder

A mechanical dredge is often labeled a clam-
shell dredge. The clamshell is actually a type of
cable-connected bucket used as the digging part of
the overall mechanical dredge and is the most
common type of the mechanical dredges.
Mechanical dredges that have the bucket with
cable connection to the barge-mounted crane use
a number of different bucket designs for differing
sediment characteristics, such as mud, gravel,
rock, or boulders.

An articulated fixed-armmechanical dredge can
be a back-acting (backhoe) excavating machine, an
advance cut (dipper, excavator) excavating
machine, or a bucket (grab) excavating machine.

A bucket ladder dredge is the oldest and the
most common type of mechanical dredge. It is
primarily used for mining applications. A bucket
ladder dredge consists of a large number of buckets
linked together in an endless chain, which is carried
on a ladder that is raised and lowered by hoisting
wires. The buckets dig into the face of the cut, and
the sediment is carried up the ladder and dumped
onto a conveyor belt, which conveys the dredged
material to a waiting barge.

Dredging for environmental cleanup requires
much greater precision than navigation dredging

Dredging Practices and Environmental Considerations, Fig. 2 Mechanical backhoe dredge, New York (Courtesy
of Great Lakes Dredge & Dock Company)
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and can be accomplished using articulated fixed-
arm mechanical dredges, which are similar to
conventional upland excavators placed on a
barge. The rigid arm, as compared to the cable-
connected bucket, provides greater positioning
control in placing the bucket on the bottom.
Bucket dredges hanging from a crane on board a
barge that are designed for a level cut and
equipped to be enclosed after the cut are also
effective in environmental dredging. These
buckets (Fig. 3) minimize the leakage of water
and contaminants during the excavation and
placement of the contaminated material on the
barge for transport [5].

The dragline bucket dredge is similar to the
clamshell dredge. They are effective in excavation
of gravels, sand, and compact silts. The dragline
bucket is not an enclosed bucket and can cause
significant turbidity in the water column. Dragline
buckets can be operated as a dredge from shore or
mounted on a barge. The bucket does not load
vertically. Instead, it is lowered to the bottom and
then loaded by dragging toward the crane.
A dipper dredge is a floating face shovel that
digs forward into the face of the excavation and
is mounted on a spud barge.

Hydraulic Dredges

Hydraulic dredges are identified by two primary
types. They are the pipeline-cutterhead dredge
and the trailing suction hopper dredge. The

hydraulic dredge works by dislodging bed sedi-
ment and hydraulic removal of the sediment from
the bed of the waterway by suction pipe.

The hydraulic pipeline dredge is generally
comprised of the following equipment:

• Cutterhead. The pipeline dredge has an active
cutterhead (Fig. 4) that rotates and dislodges
the sediment from the bed. This allows the
suction, created at the cutterhead by the suction
pipe and pump, to be captured and pulled up
the suction pipe.

• Suction pipe. The pipe that connects the
cutterhead on the bed with the centrifugal
pump in the dredge hull.

• Ladder. The ladder raises and lowers the suc-
tion pipe and the cutterhead.

• Barge hull. The pipeline dredge is a specialty
barge that supports the machinery, pump cable
winches, and other equipment in the hull with a
lever room, anchor booms, and “walking”
spuds on the hull.

• Discharge pipe. The discharge pipe transports
the dredged material slurry from the pump to
the disposal site.

• Dredge pump(s). The dredge pumps are large
centrifugal pumps located on the dredge hull at
the waterline and/or on the ladder near the
suction mouth.

• Spuds/anchor wires. The spuds and anchor
wires are used to anchor the dredge, swing
the dredge across the cut, and move the dredge
forward.

Dredging Practices and Environmental Considerations, Fig. 3 Mechanical dredges: environmental closed buckets
(Courtesy of Cable Arm Company)
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The pipeline dredge (Fig. 5) is not self-
powered. It moves through the cut using the
“walking” spud and then the working spud for
dredging, thereby allowing the dredge to move
forward as it swings the cutterhead from left to
right and return.

The pipeline dredge size is classified by the
size of the discharge pipe inner diameter. These
dredges use hydraulic centrifugal pumps to pro-
vide the lifting force to capture and transport via
pipeline the dredged material in a liquid and solid
slurry, usually about 10–20% solids (dry weight).

Pipeline dredges usually work well in loose,
“unconsolidated” silts, sands, gravels, and soft
clays. In dense consolidated sediments, the
hydraulic pipeline dredge depends on an active
cutterhead and/or waterjets that can break up the
consolidated material at the mouth of the
suction pipe.

The centrifugal pump on the hydraulic dredge
operates at or near the water surface elevation
to pull water into the suction mouth at the
cutterhead. The combination of the vacuum and
atmospheric weight acts to move the bed material

Dredging Practices and
Environmental
Considerations,
Fig. 4 Typical hydraulic
cutterhead dredge
(Courtesy of Ellicott
Dredges Company)

Dredging Practices and
Environmental
Considerations,
Fig. 5 Cutterhead pipeline
dredge (CSD), Texas
(Courtesy: Great Lakes
Dredge & Dock)
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up through the suction pipe to the pump, and then
the pump discharges the slurry into the discharge
pipeline and directly to the disposal site. Because
pipeline dredges pump directly to the disposal
site, they operate continuously and can be very
cost-efficient. A booster pump is used for long
distances to the disposal site (Fig. 6).

Cutterhead pipeline dredges work efficiently
in large areas and in water depths up to
60–70 ft. The dredge production rate is the
most efficient and creates minimum excess turbid-
ity at the cutterhead when the loose sediment cut
depth is equal or near the diameter of the dredge
cutterhead. The dredged material slurry typically
contains about 90% water and 10% solid volume,
and the water must be contained in the disposal
site until the solids settle out. The dewatering is
accomplished typically by discharging surface
water in the disposal site back into the waterway.
If it is contaminated sediment, discharge controls
are required to minimize impacts to the receiving
waters.

The discharge pipe can be a floating pipe on the
surface or a submerged discharge pipe. Typically,
the discharge line is a floating line, and they are
not well suited for work in rough seas, where lines
can be broken apart, or in high-traffic areas, where

the discharge pipeline can be an obstruction to
navigation. The pipeline dredge is not an efficient
dredge plant to work in an open estuary, entrance
channel, or other open-water areas where signifi-
cant wave conditions may occur. Rough waters
with wave heights of significance will cause dam-
age to the cutterhead, spuds, and the dredge hull,
as well as the floating pipeline.

Hopper dredges are ships designed for dredg-
ing (Figs. 7 and 8). The trailing suction hopper
dredge is a self-propelled seagoing ship equipped
with a suction pipe, which trails over the side of
the vessel or through a well in the hull. The
sediment and water slurry is transported through
the pumps just as the pipeline dredge, but when
the sediment and water slurry passes through the
pump to the discharge pipeline, it is discharged
immediately into the hoppers of the dredge. The
sediments settle out in the hopper, while excess
water is separated and discharged over the weir
structure. It can be advantageous to overflow hop-
per dredges to increase the amount of sediment in
the hopper; however, this is not always acceptable
due to water quality concerns near the dredging
site. When the hoppers are full, the sediment and
water slurry are transported by the ship to the
disposal site.

Dredging Practices and
Environmental
Considerations,
Fig. 6 Pipeline booster
pump (Courtesy: Great
Lakes Dredge & Dock)
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A hopper dredge can dispose of the dredged
sediment in two manners. The split-hull hopper
dredge design and the standard hopper dredge
with bottom dump capability will discharge the
dredged sediment to a submerged and acceptable
disposal site. The alternative to bottom dumping
is to pump out of the hoppers to an upland dis-
posal site or to a shallow water area, for which the
vessel draft prevents access.

Hopper dredges are well suited to dredging
sandy sediments. They can maintain operations

in relatively rough seas, and because they are
mobile, they can be used in high-traffic areas.
They are often used at ocean entrances where
wave conditions prevent the use of pipeline
dredges and limit mechanical dredging capabil-
ity. They cannot be used efficiently in confined
or shallow areas. Hopper dredges can move
quickly to disposal sites under their own power.
However, because the actual removal of sediment
from the bed stops during the transit to and from
the disposal area, the operation loses efficiency

Dredging Practices and Environmental Considerations, Fig. 7 Typical hopper dredge (Photo courtesy of Corps of
Engineers)

Dredging Practices and
Environmental
Considerations,
Fig. 8 Hopper dredge,
Liberty Island (Photo
courtesy of Great Lakes
Dredge & Dock Company)
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that can become critical when the haul distance to
disposal is far.

There is a special hopper dredge class called
side casters and pipeline dredges called dustpan
dredges. Both of these dredges are unique within
their family of dredges. They are specialty dredges
used for unusual waterway conditions. They work
best when dredging loosely compacted, coarse-
grained, clean sediment with disposal in areas
close to the dredging activity. They are not
widely used.

Environmental Cleanup Dredges

Dredging of contaminated sediments is poten-
tially very harmful to the local environment dur-
ing dredging and disposal. Contaminants can be
remobilized and/or released into the water column
where they can detrimentally affect aquatic life
and pose a risk to human health. Technological
advances have fostered modification of existing
dredge equipment, and creation of new dredging
equipment to address the environmental issues.
Contaminated sediment dredging focuses on min-
imizing suspension and release of problem sedi-
ments in the water column while increasing the
precision of dredging to reduce overdredging.
Examples of environmental cleanup dredges
include the following:

• Encapsulated bucket lines for bucket chain
dredges

• Closed buckets for backhoes
• Closed clamshells for grab dredges [5]
• Auger dredges, disk cutter, scoop dredges, and

sweep dredges (all modified cutter dredges)

Selection of Dredging Equipment

Selection of dredging equipment and the methods
used to perform the dredging depends on the
following factors [6]:

• Physical characteristics of material to be
dredged

• Quantities of material to be dredged

• Depth of material to be dredged
• Method of disposal or placement
• Distance to disposal site or staging area
• Physical environment of the dredging area(s)
• Physical environment of the disposal area(s)
• Level of chemical contamination of the mate-

rial to be dredged
• Dredge production capacity

Transportation of Dredged Material

Transportation methods generally used to move
clean and contaminated dredged materials are
included in the three basic dredge types: pipelines,
barges or scows, and hopper dredges.

• Pipeline transport is the method most com-
monly associated with cutterhead, dustpan,
auger head, and other hydraulic dredges.
Dredged material may be directly transported
by hydraulic dredges through pipelines for dis-
tances of up to several miles, depending on a
number of conditions. Longer pipeline pumping
distances are feasible with the addition of
booster pumps, but the cost of transport greatly
increases proportionally with each booster
pump added to the discharge line.

• Barges and scows, used in conjunction with
mechanical dredges, have been one of the
most widely applied methods of transporting
large quantities of dredged material over long
distances.

• Hopper dredges are capable of transporting the
material for long distances in a self-contained
hopper. Hopper dredges normally discharge the
material from the bottom of the vessel hull by
opening the hopper doors; however, most hop-
per dredges are equipped to pump out the mate-
rial from the hopper and deliver the sediment
much like a hydraulic pipeline dredge.

Dredged Material Disposal and
Placement Alternatives

Evaluation and design of a proposed dredging
project involves comprehensive assessment of
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alternatives for disposal or placement of the
dredged material. Identification of the specific
disposal site or beneficial use site involves a num-
ber of different considerations, including environ-
mental, technical, and economic factors.

Three major disposal/placement alternatives
are available:

• Open-water disposal at designated disposal
sites in coastal waters, estuaries, rivers, or
lakes, outside the navigation channel

• Confined disposal in open water (confined
aquatic disposal (CAD)), confined disposal in
a CDF along the shoreline, and confined dis-
posal at an upland CDF

• Placement for environmental and beneficial
use

Depending upon local factors, in certain cases
of contaminated sediments and environmental
dredging, treatment of the dredged material after
temporary storage and before final disposal in an
upland CDF may be a necessary approach.

Open-Water Disposal

Open-water disposal means that dredged material
is placed at designated sites in oceans, estuaries,
rivers, and lakes such that it is not isolated from
the adjacent water. Clean dredged materials are
the only acceptable dredged materials for disposal
at open-water disposal sites. The determination
that dredged material is “clean” is based upon a
series of chemical and biological tests, the results
of which must meet national environmental regu-
lations. The disposal of contaminated material can
be considered for open-water disposal but only
with appropriate control measures, such as capping
the contaminated sediments with clean materials to
ensure long-term isolation from the surrounding
environment.

The objective of capped in-water disposal is to
isolate contaminated materials from the environ-
ment by covering the contaminated materials with
clean materials, such as fine to coarse sand. The
contaminated material is placed on a level bottom,
in engineered deep constructed pits, or in bottom

depressions. The cap of clean sediment that is
placed on top must be designed to withstand ero-
sion over time from bottom currents, waves, ves-
sel movement, prop wash, and burrowing bottom
creatures (Fig. 9). Caps should be monitored over
time to ensure their integrity [7].

Confined Disposal Facilities

Confined disposal is placement of dredged mate-
rial within engineered diked nearshore or upland
confined disposal facilities (CDFs) via pipeline
or barge delivery of sediments. CDFs may be
constructed as upland sites, nearshore sites with
one or more sides in water (sometimes called inter-
tidal sites), as island containment areas, or as sub-
aqueous contained capped cells (Figs. 10, 11, 12).

The primary objectives inherent in design and
operation of CDFs are to provide for adequate
storage capacity to meet dredged volume require-
ments, to maximize efficiency in retaining the
solids, and to minimize exposure pathways to
groundwater and wildlife. For facilities receiving
contaminated material, an additional objective is
to provide the efficient isolation of contaminants
from the surrounding area. To achieve these
objectives, depending on the degree of intended
isolation, CDFs may be equipped with a complex
system of control measures, such as surface
covers and bottom liners, treatment of effluent,
surface runoff and leachate monitoring, and man-
agement controls.

Hydraulic dredging adds several volumes of
water for each volume of sediment removed.
This excess water is normally discharged as efflu-
ent from the CDF during the filling operation,
monitored for unacceptable levels of contami-
nants. The amount of water added depends on
the design of the dredge, physical characteristics
of the sediment, and operational factors, such as
the pumping distance. When the dredged material
is initially removed from the bed and deposited
in the CDF, it can and will occupy several times its
original volume. The settling process is a function
of time, with sandy and gravelly sediment
dewatering quickly and silts and clays dewatering
very slowly. Silts and clays will eventually
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consolidate to loose in situ volume or less if des-
iccation occurs. Adequate volume must be pro-
vided during the dredging operation to contain the
total volume of sediment to be dredged, account-
ing for any volume changes during disposal.

Beneficial Use of Dredged Material

Dredged material is increasingly regarded as a
resource rather than as a waste. More than
90–95% of sediments from navigation dredging

Confined Aquatic Disposal (CAD)
Dredging Practices and
Environmental
Considerations,
Fig. 9 Confined aquatic
disposal (CAD) (Courtesy
of Corps of Engineers)
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Dredging Practices and Environmental Considerations, Fig. 10 Types of confined disposal facilities (Courtesy of
Corps of Engineers)

Dredging Practices and
Environmental
Considerations,
Fig. 11 Nearshore CDF
Huelva Estuary, Spain
(Courtesy of Spain
government)
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comprise sediments acceptable for open-water
disposal; in many cases, these are also considered
acceptable for a wide range of environmentally
and economically beneficial uses. The first step in
examining dredged material management options
is to consider possible beneficial uses of dredged
material. Recent decades have seen increasing use
of dredged materials for habitat creation, habitat
restoration, beach nourishment, and coastal pro-
tection (Fig. 13).

Beneficial use is defined as “Utilizing dredged
sediments as resource materials in productive
ways, which provide environmental, economic,
or social benefits” [8]. Broad categories of bene-
ficial uses of dredged material, based on the func-
tional use of the dredged material or site, include:

• Habitat development and restoration
• Parks and recreation
• Coastal protection

– Beach and sand dunes nourishment
– Riverbank and lakeshore protection

• Nearshore placement/littoral zone sediment
management

• Construction and agricultural
– Construction and industrial/commercial de-

velopment (roads, dikes, levees, parking lots)
– Land reclamation/remediation (brownfield

restoration, strip mine reclamation)
– Agriculture, forestry, horticulture, and

aquaculture

Operational feasibility for these projects
includes the availability of suitable material in
the required amount at a particular time and within
the project costs. These are crucial aspects of the
most beneficial uses projects (Fig. 14).

Treatment of Dredged Material

In certain cases of environmental cleanup by
dredging, treatment of the dredged material may
be necessary prior to confined disposal or reuse.
A variety of treatment technologies are available
to reduce the quantity or to reduce the contamina-
tion of the dredged material.

Dredging Practices and Environmental Considerations, Fig. 12 Island CDF at IJsseloog, the Netherlands
(Courtesy of Dutch government)
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Treatment methods range from separation
techniques, in which contaminated sediments are
separated from relatively clean sand, to incinera-
tion. Some techniques are well developed to date,
but others are still in the early stages of develop-
ment. The products of the treatment methods have
a wide array of potential beneficial uses (e.g.,

construction grade cement, lightweight aggregate,
bricks, and manufactured soil). The problem is
that treatment is usually very expensive, thereby
limiting the feasibility of treatment or at least
project scale. As a result, the treatment of small
volumes of contaminated material is more likely
than that of large volumes.

Dredging Practices and
Environmental
Considerations,
Fig. 14 Beneficial use site:
Evia Island bird nesting,
Galveston Bay, Texas
(Courtesy of Port of
Houston Authority)

Dredging Practices and Environmental Considerations, Fig. 13 Deer Island Marsh Creation: Mississippi, USA
(Courtesy of Corps of Engineers)
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Environmental Considerations

The potential environmental effects of navigation
dredging and environmental cleanup dredging are
the result of the actual dredging activity in the water
and the disposal of the dredged material (Fig. 15).

During dredging, effects may arise due to the
excavation of sediments causing resuspension in
the water column, loss ofmaterial during transfer to
the barge, overflow from the dredge while loading,
and loss of material from the hopper dredge and/or
pipelines during transport to disposal. Potential
effects during disposal depend upon the physical,
chemical, and toxicity characteristics of the
dredged material and the selected disposal site
(i.e., open water, nearshore, or upland).

During all dredging operations, the removal of
material from the seabed also removes the
surface-based (benthic) animals living on and in
the sediments (benthic animals). With the excep-
tion of deep-burrowing animals or mobile surface
animals that may survive a dredging event
through avoidance, dredging can initially result
in the complete removal of surface-dwelling
biota from the dredging site. Where the channel
or berth has been subjected to regular mainte-
nance dredging over many years, it is very
unlikely that well-developed benthic communities
will occur in or around the dredged area. The
recovery of disturbed habitats following dredging
ultimately depends upon the nature of the new
sediment at the dredge site, sources and types of
recolonizing benthos, river width and bank line,
and the extent of the disturbance [9].

The environmental issues associated with
dredging and dredged material disposal
include:

• Physical and ecological impacts due to
turbidity and sedimentation

• Ecological and human health impacts:
acute and chronic toxicity due to chemi-
cal contamination, e.g., PCBs, PAHs,
dioxin, and metals, such as lead, cad-
mium, and mercury

• Loss of habitat due to dredging or place-
ment of dredged material

• Impacts to endangered species (e.g., tur-
tles) due to dredging

• Impacts to fish migration and spawning
due to turbidity and exposure to toxic
chemicals from dredging and disposal

• Impacts of noise from dredging opera-
tions upon aquatic living resources

• Others: emissions of air pollutants,
quality-of-life issues (e.g., noise, night
lights)

• Potential for toxicological impacts at
CDFs or upland CDFs: pathways of
exposure are numerous (e.g., groundwa-
ter and exposure to plants and animals at
the CDFs)

All methods of dredging release suspended
sediments into the water column during the
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Dredging Practices and Environmental Considerations, Fig. 15 Environmental risks: at the dredging and disposal
sites (Courtesy of Corps of Engineers)
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excavation itself and during the overflow of
dredging water from hoppers and barges. In
many cases, the locally increased suspended
sediments and turbidity associated with dredg-
ing and disposal are obvious from the turbidity
“plumes,” which may be seen trailing behind
dredges and disposal sites [10]. When disposing
of noncontaminated fine materials (e.g., silts,
clays) in open-water disposal sites, the main
environmental effects are associated with sus-
pended sediments and increases in turbidity.
Effects of dredging and disposal of clean dredged
material include:

• Increases in suspended sediments and turbidity
levels from dredging and disposal operations
may under certain conditions have adverse
effects on marine animals and plants by reduc-
ing light penetration into the water column and
by physical disturbance.

• Increases in suspended sediments can impact
filter-feeding organisms, such as shellfish,
through clogging and damaging feeding and
breathing equipment. Similarly, young fish
can be damaged if suspended sediments become
trapped in their gills, and increased fatalities of
young fish have been observed in heavily turbid
waters. Adult fish are likely to move away from
or avoid areas of short-term high suspended
solids, such as dredging sites, unless food sup-
plies are increased as a result of increases in
organic material.

• In important spawning or nursery areas for fish
and other marine animals, dredging can result
in smothering eggs and larvae. Shellfish are
particularly susceptible during the spring
when spatfall occurs.

• Increases in turbidity result in a decrease in the
depth that light is able to penetrate the water
column, which may affect submerged sea-
weeds and plants, such as eelgrass, Zostera
species, by temporarily reducing productivity
and growth rates.

The magnitude of sediment resuspension and
resulting transport of contaminants during a
dredging operation is influenced by many factors,
including [11, 12]:

• Physical properties of the sediment (e.g., grain-
size distribution, density, organic carbon con-
tent, acid-volatile sulfides (AVS) concentration)

• Vertical distribution of contaminants in the
sediment

• Hydrodynamic regime in the dredging and dis-
posal area (current direction and speed, mixing
rate, tidal state)

• Type of dredge
• Methods of dredge operation
• Skill of operators
• Extent of controls on dispersion of resuspended

sediment (e.g., silt curtains, sheet piling)
• Vertical profile of contaminant concentrations

in sediment relative to the thickness of sedi-
ment to be removed

• Extent of debris
• Water salinity
• Extent of workboat/tugboat activity

Sediments dispersed during dredging and dis-
posal may resettle over the seabed and the animals
and plants that live on and within it. This
blanketing can cause smothering of benthic ani-
mals and plants, may cause mortality, stress, and
reduced rates of growth or reproduction, and, in
the worst cases, the effects may be fatal. Gener-
ally, sediments settle within the vicinity of the
dredged area, where they are likely to have little
effect on the recently disturbed communities,
particularly in areas where dredging is a well-
established activity. However, in some cases, sed-
iments are distributed more widely within the
estuary or coastal area and may settle over adja-
cent subtidal or intertidal habitats possibly some
distance from the dredged area.

At the disposal site, dredged materials will
have a blanketing and smothering effect on ben-
thic organisms in the immediate disposal site. The
continual disposal of maintenance dredging at
disposal sites may prevent the development of
stable benthic communities and the partial or
complete loss of benthic production and habitat.
Recolonization is expected when disposal opera-
tions have been completed, depending on the
characteristics of the dredged material and the
changes to the hydrodynamic conditions at the
disposal site.
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A variety of harmful substances, including
heavy metals, tributyltin (TBT), polychlorinated
biphenyls (PCBs), polycyclic aromatic hydrocar-
bons (PAHs), dioxins/furans, and pesticides, are
in the sediments in certain ports, harbors, and
waterways. These contaminants are often of his-
toric origin and from local or upstream sources.
The highest levels of contaminants generally
occur in industrialized estuaries. Dredging and
disposal can release these contaminants into the
water column, making them available to be taken
up by animals and plants, with the potential to
cause adverse acute and chronic toxicity. The risk
of this occurring depends upon the type and
degree of sediment contamination. If contami-
nants are released into the water column or are in
the sediments at the open-water disposal site, they
may bioaccumulate in marine animals and plants
and transfer up the food chain to fish and sea
mammals, with associated risks to human health.

Dredging can cause direct threats to endan-
gered species, such as sea turtles and their near-
shore marine habitats. Hopper dredges have been
directly responsible for the incidental capture and
the death of hundreds, if not thousands, of sea
turtles in the United States. Development of spe-
cially designed hopper dredge drag heads and
institution of best management practices in areas
of turtle populations has helped alleviate the
majority of the takings of turtles during dredging
operations [13].

Nearshore or upland CDFs are the most com-
monly used disposal technique for contaminated
dredged material. Strict testing requirements are
used to determine the acceptability for open-water
disposal. Confined aquatic disposal has also been
successfully used around the world in many appli-
cations to isolate the contaminants from the sur-
rounding environment.

Pathways for potential exposure to animals/
plants and humans are similar for nearshore and
upland CDFs. Potential pathways include the dis-
charge into receiving waters (e.g., estuary or river)
of the excess water from the dredged material,
contamination of groundwater, and exposure of
birds and animals to the dredged material in the
CDF. Depending upon the level of contamination,
controls can be used to minimize negative

environmental impacts, such as using of impervi-
ous liners for disposal sites receiving dredged
material from environmental dredging.

Environmental Regulation of Dredging
and Dredged Material Disposal/
Placement

The most widely applicable international regula-
tory instrument is the London Convention 1972
and London Protocol 1996 (LC/LP), which is part
of the International Maritime Organization, an
organization of the United Nations. The LC/LP
regulates disposal of wastes into ocean waters,
worldwide [14]. The LC/LP is an international
treaty, which includes over 90 country signatories.
Member countries are required to implement the
conditions of the treaty including the waste
assessment procedures noted below.

The LC/LP Waste Assessment Guidelines for
Dredged Material allow disposal of dredged
material into ocean waters, provided that strict
environmentally protective criteria are met.
A step-by-step process to evaluate a dredging
project, criteria for selection of disposal sites or
placement for beneficial use, and an action list for
judging environmental acceptability of open-
water disposal are specified in the guidelines
[15]. Components of the international guidelines
are shown in Fig. 16.

After an assessment of the need for dredging,
major dredging or disposal projects should have
studies carried out in order to ensure that any
potential adverse effects are identified in advance
and dealt with in an appropriate manner. Such
investigations include characterization of the
dredged material (physical, chemical, and toxic-
ity), an examination of any sources of contami-
nation and the potential to control those sources,
an assessment of disposal or beneficial use place-
ment alternatives, including identification and
characteristics of the disposal site, and design
of post disposal monitoring studies to determine
whether any potential impacts are correctly
predicted.

The environmental impact assessment should
highlight both the positive and negative, short-

342 Dredging Practices and Environmental Considerations



and long-term impacts. Appropriate testing may
be required to determine the physical behavior of
the material at the disposal site. Also, testing and
assessments of potential contaminants of concern

may be required, depending upon existing knowl-
edge of the dredging site and any potential con-
taminant pathways. Where potentially adverse
effects are anticipated, management techniques

Dredging Practices and Environmental Considerations, Fig. 16 International guidelines for assessment of dredged
material (Courtesy of London Convention)
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should be implemented to reduce risks to accept-
able levels. Possible controls for open-water alter-
natives include operational modifications, use of
submerged discharges of dredged material, treat-
ment, lateral containment, and capping or
contained aquatic disposal. Possible controls for
confined disposal facilities include operational
modifications, treatment, and various site controls
(e.g., covers and liners).

An important component in development of
the environmental impact assessment and in iden-
tifying potential impacts and implementing
acceptable measures is the involvement of inter-
ested groups and organizations, consulting with
them, and reaching a consensus early in the pro-
cess of determining the alternatives. It is in the
best interests of the project sponsors and stake-
holders that the decision-making process is
transparent, stakeholders are involved, and the
reasons for the selection of the preferred dredg-
ing and disposal or placement options are clearly
understood.

Control of Upstream Sources of
Sediments and Contaminants

Control of upstream sources of sediments and
contaminants represents a significant part of the
long-term solution to the continuing need for
maintenance dredging of navigation channels
and the continuing issues of contaminated
dredged material. While control of upstream
sources of sediments can contribute to lessening
the need for dredging, sediments play a duel role
in the watershed:

1. Sediments cause water quality problems and
the need for more frequent dredging.

2. Sediments provide shoreline protection and
maintaining habitats, such as marshes.

Sediments are increasingly recognized as
scarce resources that can have costly impacts if
not carefully managed, recycled, and conserved.
Sediment overloading from land and stream ero-
sion causes significant environmental and economic
challenges, i.e., excessive needs for navigation

dredging, and sediment in rivers, reservoirs, and
estuaries may contribute to high turbidity, which
can affect both habitat for aquatic life and human
water uses, loss of flood storage capacity, and
obstructions to waterway navigation and convey-
ance of floodwaters. Yet in other locations, a
shortage of sediment can result in coastal and
streambank erosion, erosion of beaches and shore-
lines losing developed properties and infrastruc-
ture, and loss of wetlands. Many water resource
projects are designed to remedy local sediment
problems, but they must be well planned and
thought out as they can create even larger prob-
lems upstream, downstream, or downdrift along
coastlines of the local project.

Achieving sediment management for source
control usually involves substantial collaboration
and cooperation between a number of organiza-
tions, agencies, and stakeholders. These groups
need to be willing to identify the source and take
measures to reduce or prevent further contamina-
tion of waterways with sediments and chemicals.
Moving stakeholders and authorities together
toward long-term successful outcomes of shore-
line development and environmental protection is
no easy task [16].

Future Directions: Sustainable Dredging
and Dredged Material Management

The global economy and the dependence upon
food and commodities via international trade
require that vessels have sufficiently deep channels
in ports, harbors, and waterways for safe passage.
Other interests include national security, recrea-
tional opportunities, and reduced human and eco-
logical exposure to contaminated sediments.

While sediment controls of upstream sources
will help, the natural erosion process in rivers and
estuaries will continue. Thus, navigation dredging
will continue to be needed over the very long
term. Environmental cleanup dredging will be
needed for decades to come, even as improved
controls are placed upon waste and wastewater
sources. Legacy contaminants already in the sed-
iments will continue to pose aquatic and human
health risks until they are removed or isolated

344 Dredging Practices and Environmental Considerations



from the surrounding aquatic environment. Envi-
ronmental considerations relate to the quality and
quantity of the sediment to be dredged, the poten-
tial environmental risks from the dredging itself,
and what to do with the dredged material.

Over time, dredging and dredged material
management practices will move toward sustain-
ability concepts.

Sediment Management and
Sustainability

Dredging projects should be managed as part of
the overall sediment system in the watershed and
littoral cell, with dredged material being consid-
ered a resource. Opportunities for beneficial use of
dredged material will increase as potential benefi-
cial use projects (e.g., habitat restoration or crea-
tion, beach nourishment and coastal protection,
restoration of brownfields, and construction pur-
poses) and their sponsors are identified early in the
dredging project planning process.

Dredging and other projects affecting or
involving sediment should be undertaken with
awareness of the littoral or fluvial sediment sys-
tem and the effects that proposed projects and
actions may have on other stakeholders. Regula-
tory authorities and stakeholders are becoming
increasingly aware of the necessity to manage
sediments on a system-wide basis, dredging
being one part of the overall river, lake, or coastal
system [17–19].

Principles of Sustainable Sediment
Management [19]

• Recognize sediment as part of a system
and as a valuable resource that is integral
to economic and environmental vitality.

• Strive for balanced, economic, and envi-
ronmentally sustainable solutions to
sediment-related issues through inte-
grated management of sediment from
upland sources to estuaries and within
coastal zones.

(continued )

• Involve external and internal partners
and stakeholders to integrate and balance
objectives and to leverage resources in
implementation.

• In project decision-making, consider the
sediment implications beyond the local
site, including intended and potential
effects, and over long time scales
(decades or more), and be effective stew-
ards of sediment and related resources.

Climate Change and Dredging

Climate change and sea level rise can cause more
erosion in some places and less in others, with
associated changes in the quantities of sediment
needed to be removed by dredging for navigation
purposes. Continued focus upon control of local and
upstream sources of sediment and contaminants will
begin to pay limited dividends by reducing the
frequency of navigation dredging, but increased
precipitation and storminess in some areas may
negate the storm water and erosion control pro-
grams. Improved chemical and toxicological quality
of those sediments will occur as additional environ-
mental controls are put in place to control municipal
and industrial discharges and storm water runoff
from urban and rural areas, including farmlands.
Instituting environmental controls on the disposal
of hazardous waste has helped control runoff from
hazardouswaste disposal sites and over decadeswill
reduce the need for environmental cleanup dredg-
ing. Environmental dredging, such as removal of
PCB-contaminated sediments in the Hudson River,
New York; Fox River, Wisconsin; and Passaic
River, New Jersey, will contribute to improved sed-
iment quality downstream.

Climate change and sea level rise will result in
many more dredging projects, the purpose of
which will be to create or enhance existing sand
dunes and barrier islands. Sea level rise and
increased storminess have the potential to cause
serious flooding and erosion of shorelines with
enormous economic, social, and environmental
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consequences. Thus, coastal communities will be
seeking protection against waves and high water
in building resilient shorelines.

Technological Innovations and
Approaches

Driven by concerns about the potential impacts to
aquatic life and human health, technology will con-
tinue to evolve in dredging hardware, treatment of
contaminated dredged material, and use of dredged
material in beneficial use applications. Innovations
in dredging technology are focused upon dredge
positioning for precision dredging and reduction in
the disbursement of suspended solids and associated
contaminants into thewater column during dredging
and disposal operations.

Further technological innovations in the types
and efficiencies of treatment technologies will
likely identify potential reuse opportunities for
contaminated sediments, such as use as soil, fill,
or aggregates. The barrier to the widespread use of
these treatment technologies to create useful prod-
ucts will continue to be relative high costs.

The science and engineering of confined dis-
posal facility design and use is well established
and will continue. However, the likely trend is to
increase the use of confined aquatic disposal cells,
ensuring the isolation of contaminated sediment
from the aquatic environment.

Other areas of dredging that are likely to see
significant changes include:

1. Electric-powered dredges will contribute fewer
diesel emissions and NOx and SOx in locations
where compliance with air pollution standards
is an issue.

2. Navigation channels will need to be dredged to
accommodate larger ships (deeper channels),
and at the same time, improved channel design
will be necessary due to limited availability of
funding (e.g., narrower channels and institu-
tion of vessel operational controls).

3. In management of contaminated sediments,
instead of environmental dredging to attempt
to remove contaminated sediments to accept-
able levels in the waterway, the use of

monitored natural recovery of contaminated
sediments is likely to increase, as well as
other approaches such as thin layer capping
and enhanced natural recovery. Combina-
tions of these approaches (i.e., removal or
recovery) will be used depending upon
local conditions [20].

Engineering/Building with Nature

The approaches captured in Engineering/Building
with Nature enable more sustainable delivery of
economic, social, and environmental benefits asso-
ciated with water resources infrastructure. Engineer-
ing/building with nature includes the intentional
alignment of natural and engineering processes to
efficiently and sustainably deliver economic, envi-
ronmental, and social benefits through collaborative
processes.

Engineering/building with nature includes stra-
tegic placement of sediments, in combination with
hydrodynamics, and natural transport processes, to
build nearshore habitats. Key concepts [21, 22]:

• Engineering features to focus natural processes
to minimize navigation channel infilling and
to transport and focus sediments for positive
benefits

• Cost-efficient engineering practices for
enhancing the habitat value of infrastructure

• Natural systems, such as wetlands and other
features, to reduce the effects of storm pro-
cesses and sea level change on shorelines and
coasts

• Science-based communication processes to
improve stakeholder engagement and collabo-
ration [23]

Implementation of Regulations

International guidelines (i.e., London Convention/
London Protocol) are in place for protection of
the environment from dredged material disposal
in ocean waters. National and local regulations are
in place in many countries that implement the
London Convention/London Protocol guidelines
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to protect their coastal and ocean waters as well as
for protection of internal country waters. These
regulations are in various stages of implementa-
tion worldwide. Technical cooperation and assis-
tance programs are ongoing to assist developing
countries in their application. For example, low
cost and low technology guidance for field mon-
itoring of dredged material disposal is available
on the London Convention and Protocol
website [24].

One key aspect of the international (as well
as national and local regulations) is the charac-
terization of the dredged material prior to dredg-
ing. Updated procedures for testing sediments
proposed to be dredged are providing better
techniques to assess their acceptability for
open-water disposal or for specific beneficial
uses; these include improved bioassays, inter-
pretive guidance, and the application of risk
assessment in cases where high uncertainties
exist [25]. New guidance on action levels for
the acceptability of disposal of dredged material
into the open water is available on the London
Convention and Protocol website, and guidance
on selection of open-water disposal sites is
being developed by the London Convention
and Protocol [26].

The final trend in the regulatory arena is the use
of mitigation for unavoidable adverse impacts due
to dredging and disposal. This will become more
widespread as one of the tools for regulatory
authorities.
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Glossary

Biota All life forms.
Decommissioning Removal of something from

active status.
Eco-efficiency analysis Analysis of realizing the

concept of creating goods and services with
fewer resources and less waste and pollution.

Exploitation Act of using something (mineral
resources) for any purpose.

Exploration Process of finding mineral resources
for the purpose of mining.

Karst A geological feature in relatively soluble
rocks, e.g., limestone, where sinkholes, caves,
and similar hollows are formed above and
below ground.

Lithosphere The outer rocky shell of planet
Earth, comprising the oceanic and continental
crust and part of the upper Earth mantle.

Long-term effect A change that will last or have
an influence over a long period of time.

Nachhaltigkeit German for “sustainability,” first
used in 1713 in Germany.

Open-pit excavation Process of extracting min-
erals from surface deposits.

Recultivation Making raw mineral soils
(brownfields) fertile again through bioengi-
neering and refertilization.

Rehabilitation Restoring land after some process
has damaged it.

Remediation Removal of pollution or contami-
nants from the environment.

SinkholeA natural depression at the Earth surface
generated by subsurface erosion, particularly
in karst areas.

Slag Partially glassy by-product from smelting
ore, mostly consisting of a silicate matrix
with metal oxides.

Sustainable miningMining method that does not
compromise environmental quality.

Definition of the Subject

The environmental impact of mining is the influ-
ence that mining activities have on the natural
conditions and world in which humans and all
biota live. The impact may involve diverse
forms of environmental change or damage, from
short- to long-term effects and from highly spa-
tially restricted to long-distance consequences.

Just as any kind of human activity, mining has
an inherent and partly unavoidable impact on the
environment. From the first steps of exploration
via exploitation and (ore) processing to the final
stages of decommissioning and rehabilitation,
environmental hazards and risks may be encoun-
tered and need to be addressed. The potential
impacts and long-term aftermath of mining oper-
ations are manifold. Whether in fact and to which
extent the impacts do lead to detrimental conse-
quences in any one of the environmental compart-
ments (atmosphere, hydrosphere, pedosphere,
biosphere, cryosphere, and lithosphere) is difficult
to predict. A thorough investigation of local
conditions – both boundary conditions and
operation-related conditions – is needed to answer
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that crucial question. Modern mines can be operated
in a manner much less detrimental than was the
standard up until only recently. Parallel to themining
industry’s awareness of issues connected with the
environment, however, new challenges appear: The
exploitation of lower concentrations of the valuable
constituents (e.g., minerals or metals) presents most
demanding challenges that deal with difficult condi-
tions and involve a larger footprint of mining and
more complex approaches to beneficiation. Increas-
ing challenges also apply to marine mining, be it
nearshore or offshore; be it for diamonds and
other placer deposits, oil, and gas; or be it for
manganese nodules that are being procured in
increasingly deeper marine environments [1].

Developing and implementing sustainable
mining practices are tasks that have been high on
the agenda of the international mining industry.
These need to become the global standard to cur-
tail the most long-lasting and detrimental impacts
of mining. Although the necessary knowledge
base is rapidly becoming available; there is still a
need for basic research to further establish and
foster sustainable solutions. Due to its exotic
nature and less likelihood to disturb Earth’s imme-
diate biosphere and equilibrium, “extraterrestrial
mining” is not dealt with here.

Introduction: Sustainable Mining – An
Oxymoron?

Environmental impacts of mining appear to be
most well known all over the world – almost
beyond the necessity of further elucidation and
questioning ([2, 3]; Table 1). The mining industry
has recognized its impact on the environment and
has identified the control and restriction of such
impact as one of its key challenges [4, 47].

From a workable standpoint, mining encom-
passes a very large array of activities. Especially
in highly industrialized nations, there is major
resistance of societies against mining activities.
For the building and construction industry, even
aggregate materials from quarries, and sand and
gravel from open-pit excavations are increasingly
under scrutiny in densely populated areas. Gener-
ally, much larger open-pit or underground mines
for rock salt, metalliferous ores, or precious stones

are often no longer perceived as indicators of eco-
nomic well-being and development, but rather
symptomatic of visual, acoustic, and environmen-
tal perturbations with detrimental impact. The
same is certainly true for energy resources, namely
gas, oil, coal, tar sands, and uranium ores, whether
or not these are being mined on land or in marine
shelf areas. Not only the general public, but a
considerable part of the decision makers in both
industry and politics (at least in the western world)
has developed a stance that mining is per se a dirty
business and that its related activities can be left to
(mostly) developing countries.

In the late twentieth century, the idea that “indus-
try and the developed nations would always be able
to buy the necessary commodities” prevailed. Since
the advent of the twenty-first century, this position
has been increasingly under scrutiny, simply
because the growing world population demands
increasing amounts of raw materials. To find accep-
tance and support in society, any future mining
activity will demand a state-of-the-art environmen-
tal management and has to contribute to sustainable
development [5]. Furthermore, the role of the min-
ing industry is set to increase, as technological
advancement demands rapidly increasing supplies
of a rising number of raw materials that have never
before found a significant industrial application,
e.g., rare earth elements (REE) or lithium (Li).

To clarify current environmental issues
connected to mining and to be able to develop
alternatives to practices that are currently widely
used, an understanding of the history of mining is
needed, as well as an overview of the environmen-
tal effects of mining, differentiated by its relevant
phases: exploration, exploitation and processing,
decommissioning, and rehabilitation. Thereby,
potentially negative impacts may be largely
avoided or significantly abated if intelligent and
foresighted precaution is taken. At the end of this
contribution, future perspectives and the pathway
to sustainable mining shall be evaluated.

A Concise Review of Mining History

Mining has been with mankind for much more than
40,000 years already (Paleolithic), when
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commodities were procured from surface and even
underground deposits fromvarious places on several
continents, in order to obtainflint stones for axes and
arrowheads, clay and loam for pottery and construc-
tion (e.g., [6]), or iron oxide (hematite) for cosmetic
purposes [7, 8]. The interest in metals developed
later, as the related human activities in metal work-
ing became so widespread that entire epochs were
named accordingly (Bronze Age, Iron Age, etc.) [9,
10]. With the advent of even more sophisticated
technologies in the Chinese and Roman Empires,
the spectrum of sought-after elements had expanded
and included components such as silver (Ag), arse-
nic (As), gold (Au), copper (Cu), iron (Fe), mercury
(Hg), lead (Pb), and tin (Sn)minerals [11–13]. There
is no doubt that mining has been pursued by man
millennia before the Industrial Revolution and on all
continents (except for Antarctica), and independent
of the global European influences that started with

their conquest in the fifteenth century [14]. Follow-
ing the Industrial Revolution in the late 18th to mid-
19th centuries, this range of elements not only
increased, but new orders of magnitude were
reached in the demand for metals and other com-
modities, including fast-increasing amounts of
nonrenewable energy resources (coal, oil, and
gas – in that sequence). Today, the timing of Peak
Oil is discussed in parallel and just as intensively
as the possible shortage of REE and other metals
that our modern industrial society technologically
and economically depend upon. At the same time,
possible causes for the collapse of historical civi-
lizations are examined, and there is evidence that
mining may have contributed to such human self-
destruction in the past [15].

It was largely not before post-WWII economic
recovery that people in the involved industrial
countries started to look at the environmental

Mining and Its Environmental Impacts, Table 1 Potential (and real) environmental impact of mining on environ-
mental compartments

Compartment Potential environmental impact and spatial extent

Atmosphere Release of (toxic) gases (e.g., SO2 emissions from sulfide ore roasting, CO2 and CFC release from
aluminum processing), dusts, and aerosols: very-short- (local) to long-range transport may
contaminate vegetation cover and other biota, soil, and water. Often, the burning of fossil fuels (e.g.,
from energy generation) has more detrimental effects than the mining operation itself

Alteration of local air humidity: effects on local microclimate and thus biota

Hydrosphere Surface water: water level fluctuations, water losses, floods, direct contamination; accidental
connection of surface water and soluble ore deposits with local to small regional effects

Groundwater: direct contamination via seepage water from aboveground or directly from within the
mine operation; lowering (due to new permeabilities) or rising of water table (due to ground
softening and compression), vertical fluctuations of the water table, causing local underground
erosion and loss of rock stability, hydraulic filling of underground cavities and aquifers after
stopping the water pumping at mine closure – affects the aquifer extension

Drainage and seepage water: saline water, acid water, and alkaline water, each with specific toxins –
affects surface and groundwaters

Coastal and marine waters: direct pollution by spills; placer deposit mining disrupts beach systems;
use of deep-sea deposits threatens (rare) marine life; mostly local effects

Pedosphere Soil loss (open-pit and underground operations) – competition for land use; large volumes of waste-
rock heaps and tailings deposits; soil contamination (and water) by water spills and seepage of
contaminated waters from slag and waste heaps, tailings deposits, improper operation, etc. – local
effects

Biosphere Disturbance of ecosystems, disruption of food chains, eviction of (key) species; silicosis and in
general, inhalation of fibers (asbestos mining) as a health hazard to workers and high ambient dust
concentrations in the vicinity of operations – local to small regional effects

Lithosphere Mine structure (surface: collapse, subsidence; underground: pillar breaking, slab breaking), aquifer
mine operation: surface overloading, surface vibrations and shaking (blasting), mine sludge, mine
tailings, slag heaps – local effects

Anthroposphere Damage to infrastructure (transport, buildings, etc.) due to surface movements and subsidence –
local effects
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impact of these mining activities. Using European
history, the cradle of the Industrial Revolution, as
an example, voices from almost two millennia
back deserve mentioning.

Central Europe was mainly forest-covered
until the advent of the Early Middle Ages. Mining
had remained a rather small-scale business, even
though during Roman times (ca. 300 AD), com-
paratively sophisticated mining and smelting
technology is already known from various places
(e.g., Harz Mountains, Germany [11]). The push
towards the eastern frontier by Gallic and Ger-
manic people under the guidance of Charlemagne
(around AD 800) led to new settlements, a subse-
quent period of significant forest removal and a
new period of mining exploration and exploita-
tion. Cities like Annaberg and Freiberg, Erzge-
birge in Saxony, Germany; Kutna Hora in
Bohemia (Czech Republic); and many others
may serve as examples. There, silver (Ag) was
found, a key resource for coin making and luxury
items – much like today. These successful mining
cities developed, and production increased.
Around the 1500s, most of the higher-elevation
forests had been cut down already, leaving vast
stretches of almost tree-barren landscape – much
of which was used for agriculture.

In 1557, Georgius Agricola (Latinized version
of his name Georg Bauer), a German medical
doctor and early allround scientist from Chemnitz
in Saxony, published the first and most compre-
hensive book (12 volumes) on mining and its
implications, “De re metallica” (about the metal
issues) [46]. His book did not only describe min-
eral exploration techniques (even touching the use
of metallophilic plants), exploitation, and
smelting techniques, but also explicitly intro-
duced the reader to the detrimental side effects
of mining. He reviewed the “bad smokes” and
their effects on biota; he described the barren
land where no plants would want to grow and
the “dead waters” where fish would no longer
live or spawn [16]. Indeed, one has to imagine
such metalliferous provinces in Europe as being
mainly forest-free areas after a few centuries of
steadily increasing mining and smelting activities.
The wood was needed and used both to fuel pro-
cesses and to build support structures and equip-
ment (water wheels, water ducts, etc.) in the mines.

As of the eighteenth century, such evidence on
the effects of mining became evenmore prominent,
and more publications related to these issues
emerged. In 1713, the first book on sustainability
was published to introduce the concept and coin the
term “sustainability” (in German Nachhaltigkeit)
[17, 18]. Hannß Carl von Carlowitz, a Freiberg
mining engineer, was also responsible for the
wood supply for the local mines and noticed the
increasing depletion of this valuable natural
resource. Von Carlowitz wrote that a sustainable
forest management was then urgently necessary to
avoid (and repair) the damage resulting from min-
ing and smelting activities if this business was to
continue. As a matter of fact, those days saw a
significant decline in mine productivity for vari-
ous reasons: an increasing lack of wood, a steadily
increasing demand for more sophisticated tech-
nologies, and permanent wars between the small
states and provinces in Central Europe. Until
those days, mining and smelting were done as
many centuries before, with minor technological
advances. This now changed rather rapidly, with
first the introduction of stipends for gifted young
men (non-aristocrats) to receive a higher educa-
tion in mining and in 1764 with the foundation of
the world’s first mining academy (then named
Bergakademie), today known as the Technical
University (TU) Bergakademie Freiberg.

Soon, new technologies were introduced that
increased the efficiency of mines by reducing the
water and wood (fuel) demand per volume of ore.
At the same time, forestry was developed as a
scientific field, and in 1811–1816, the world’s
first forest academy was founded in Tharandt,
Saxony. Ever since, it serves to educate future
foresters and forest scientists and is today part of
the Technical University Dresden. Today, the Erz-
gebirge is largely forested again (i.e., similar to the
Harz Mountains and the Black Forest in Germany,
and many other historical mining areas) with a
forest cover of about 30%.

Environmental Impacts of Mining

Throughout many historical mining districts, the
less noticeable centuries-old legacy of mining is
still perceptible to the trained eye. It yields many
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helpful lessons on avoiding further environ-
mental damage and developing sustainable min-
ing techniques.

In general, the environmental impact of mining
takes place on many levels and may affect most
environmental compartments – atmosphere,
hydrosphere, pedosphere, biosphere, and litho-
sphere, and under certain aspects even the
cryosphere. Some of the key “priority pollutants”
are metals that are being liberated through mining
and related activities (Table 2).

Mining requires exploration to identify the
exploitation potential of a mineral deposit.
Related investigations may include not only geo-
physical (electric, electromagnetic, gravity, and
seismic investigations) and geochemical work at
the surface (digging of pits, trenches, or rock cuts)

but also drilling activities to verify obtained
results. This enables and supports 3D modeling
of the ore body, a basis for reducing technical and
financial risks. Following a successful exploration
phase, and depending on the decision for above-
ground (open-pit) or underground mining, the
required mining infrastructure will be developed
and ensued by rather large surface excavation or
the construction of shafts and tunnels. In most
cases, extensive above-ground facilities are built
concurrently, which encompass infrastructure for
processing, workshops, storage, and a general
infrastructure of offices, remote control rooms,
transport access from helicopter ports and air-
fields, road and train access to the electrical and
water supply, ore dressing and smelting facilities,
and room for waste rocks and tailings deposits.

Mining and Its Environmental Impacts, Table 2 Priority pollutants: metals from natural and mining-related sourcesa

Ag Native metal (Ag), chlorargyrite
(AgCl), acanthite (Ag2S); Cu, Pb, Zn
ores

Mining Metallic Ag, Ag–CN complexes, Ag
halides, Ag thiosulfates

As Metal arsenides and arsenates,
complex sulfide ores (arsenopyrite,
FeAsS), arsenolite (As2O3), volcanic
gases, geothermal springs

Pyrometallurgical
industry, soil heaps and
tailings, smelting, mine
drainage

As oxides (oxyanions), organo-metallic
forms, methylarsinic acid (H2AsO3CH3),
dimethylarsinic acid ((CH3)2AsO2H)

Cd Zn sulfide ores Mining and smelting,
mine drainage

Cd2+ ion, Cd halides and oxides, Cd–CN
complexes, Cd(OH)2 sludges

Cr Chromite (FeCr2O4) Pyrometallurgical
industry

Metallic Cr, Cr oxides (oxyanions), Cr3+

complexes with organic and inorganic
ligands

Cu Native metal (Cu), chalcocite (Cu2S),
chalcopyrite (CuFeS2), bornite
(Cu5FeS4)

Mining and smelting,
pyrometallurgical
industry, mine drainage

Metallic Cu, Cu oxides, Cu–humic
complexes, alloys, Cu ions

Hg Native metal (Hg), cinnabar (HgS),
degassing from Earth’s crust and
oceans

Mining and smelting,
mine drainage

Organo–Hg complexes, Hg halides and
oxides, Hg2+, (Hg2)

2+, Hg0

Ni Pentlandite ((Fe,Ni)9S8), Ni hydroxy-
silicate minerals

Mining and smelting Metallic Ni, Ni2+ ions, Ni amines, alloys

Pb Galena (PbS) Mining and smelting,
mine drainage

Metallic Pb, Pb oxides and carbonates,
Pb-metal–oxyanion complexes

Sb Stibnite (Sb2S3), geothermal springs Pyrometallurgical
industry, smelting, mine
drainage

Sb3+ ions, Sb oxides and halides

Se Polymetallic base metal sulfide ores Smelting Se oxides (oxyanions), Se–organic
complexes

Tl Polymetallic base metal sulfide ores Pyrometallurgical
industry

TI halides, TI–CN complexes

Zn Sphalerite (ZnS) Mining and smelting,
pyrometallurgical
industry, mine drainage

Metallic Zn, Zn2+ ions, Zn oxides and
carbonates, alloys

aTable modified and focused on mining-related activities after Adriano [49] and Sparks [10]
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Any one of these units must be seen as an integral
part of the mining activity, each with a potential
environmental imprint.

Exploration Phase
In the exploration phase, already and depending
on the previous land use, land has to be cleared
and roads and (minor) infrastructure constructed.
Climatological and local conditions define the
intensity and duration of exploration activities
and thus play a role in the environmental impact.
Largely, exhaust fumes and dust emissions may
influence air quality during this operation [19]. In
general, such works and the related noise emis-
sions have a highly restricted local impact that
will stop or rapidly decrease with the end of the
exploration activities. Water resources can be
impacted during exploration activities by improper
handling of equipment and insufficient control of
exploration drilling (spillage of drilling additives,
oil losses, etc.). Primarily, temporary losses in
aquatic biodiversity result; hence, the shorter the
operation, the easier is the recovery. Yet, related
impacts may remain evident for years and even
decades. Soils have a much longer “memory” for
human activities. The construction of drilling plat-
forms (pressure and surface sealing) and the drill
waste materials (including potentially toxic matter)
may leave imprints for many decades or even
centuries (arctic environments = potential impact
on the cryosphere), albeit again, on a very local
scale. Bio-spheric impact may be of critical
importance since it is directly related to all other
environmental compartments. Here, environmen-
tal impact assessment studies may be helpful prior
to starting with the mining phase. Such assess-
ments do not necessarily impede the progress of
the exploration project and principally depend on
the available ecosystem or site-specific knowl-
edge of biologists or ecologists. These evaluations
are in most cases restricted in time, and recovery is
possible, provided that state-of-the-art operations
and precaution are applied. The crucial and well-
known risks related to immediate accidents
(fatalities and injuries) and health problems dur-
ing the mining process itself are not dealt with
here. Impact on the lithosphere is restricted to
excavations and boreholes themselves and may

pose challenges mainly in unstable surface and
in karst environments, e.g., triggering unwanted
water pathways or rock-mechanical instabilities.
In general, and particularly at locations with
unsuccessful exploration activities, related legacies
of failed prospecting and exploration may impact
future land use much later due to non-documented
activities in the mining phase that may compromise
the free choice of subsequent land use.

While most environmental impacts are small-
scale and short-term in the exploration phase,
incognizant or careless practices can lead to seri-
ous consequences. Therefore, before start-up (and
beyond closure) of each mining operation, respon-
sible exploration activities should include a priori
environmental assessment studies [20]. Related
important work that involves the post-mining oper-
ations, such as reclamation and rehabilitation, is an
essential source of information and a major support
for all subsequent activities, including these post-
mining operations. In many cases, it can be respon-
sibly performed by trained personnel of the mining
company, ideally jointly with local or regional
NGOs and professionals from state agencies who
will also accompany the subsequent phases.

Mining or Exploitation Phase
In principle, similar impacts as described above
may occur with the establishment of a full mining
operation, although these are a lot more extensive
and persistent. In addition, a mining phase could
result in a suite of considerably more hazardous
and long-lasting impacts. For most environmental
compartments, the impact duration is at least as
important as the strength of the impact. Mines
usually have an operating lifetime of at least
10 years to many decades, a period of direct
impact. Such a lengthy span of impact has the
potential to leave legacies for centuries or even
millennia (see section “AConcise Review ofMin-
ing History”).

Atmosphere. Both open-pit and underground
mines generate exhausts and considerable amounts
of dust, even when properly operated [19]. Dust is
generated during aboveground and underground
mining, drilling, blasting, and all processes involv-
ing transferring, dumping, discharging, crushing,
hauling, and processing materials. Depending on
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local heat, humidity, and wind conditions (local
climatology), the impact on the atmosphere may
be comparatively large, covering substantial areas
with mainly mineral dust and furnace residues
(power plants) or even with fine metal aerosols
(from smelter operations). Independent of their
possible direct toxicity, the settling dusts and aero-
sols cover plants and soil surfaces, impeding plant
respiration and altering the local soil chemistry.
Although dusts, aerosols, and other exhausts may
travel airborne for up to several thousands of kilo-
meters away from the source, these usually remain
within a limited “halo” around the operations.
Apart from these, toxic gases may also be released,
e.g., sulfur dioxide from mineral sulfides, a major
precursor for long-range transport species of key
aerosol components (e.g., ammonium sulfate).
Very large operations are known to contribute to a
great extent to hemispheric pollution, e.g., the Sud-
bury smelter in Ontario, Canada [21]; the Freiberg
smelters in Saxony, Germany [22]; and the Nikel/
Zapoljarnyi and Monchegorsk operations on Kola
peninsula, Russia [48]. Apart from direct metal
emissions, their SO2 emissions contributed sub-
stantially to the atmospheric formation of acidic
precipitation and are largely responsible for the
related major air pollution with subsequent soil
and water pollution in the last decades of the
twentieth century [23]. Even the carbon dioxide
balance of the operation comes under close scru-
tiny, since many countries use carbon-trading
schemes in order to benefit from implementing
smart technology and to penalize big energy
wasters. By their very nature, mining activities
and equipment can emit high levels of noise and
vibration. This usually appears to adversely affect
people, including workers, more than most animal
species, while no known related impact has been
determined on plants.

Hydrosphere. Most mining operations demand
comparatively large amounts of energy and water.
For some high-volume, high-mass operations,
such as coal mining, entire power plants are
needed to meet the energy demand of the opera-
tions. In addition to cooling water, a water
resource is needed in very many parts of the
operational stages. The cooling water and its
evaporation in cooling ponds or towers may

influence the local microclimatology, which
involves largely uncritical humidity increases.
Open-pit mines may use very large amounts of
water for the mining process itself (e.g., high-
power water jets, air stripping, machine cooling),
and to safeguard infrastructure (e.g., “constant”
water spraying to suppress dust generated on
haul roads and stockpiles), and particularly for
the ore dressing and smelting process (milling,
classification and transport as slurries, flotation
processes). Additional high water consumption
derives from leaching and bioleaching operations.
For this reason, water demand itself can pose a
major challenge, particularly in dry or semidry
environments. The required lowering of ground-
water levels around the mining operation (to keep
the mine dry, safe, and operable) is another direct
imminent impact within the area that is being
dewatered throughout the era of active mining.
Competition for this water supply with resident
people and with terrestrial and aquatic ecosystems
can be a contentious issue. In consequence, the
water balance at mining sites is altered, and a
persistent lowering of water tables or even dimin-
ishment of aquifers is often encountered. The
described applications lead not only to water losses
but potentially to hazardous water contamination.
The input of polluted waste-water may directly
impact biota – and indirectly, the human body.
Acidic mine waters are another big issue, again
mostly restricted in their spatial impact – and
potentially easy to control. For decades following
the 1970s, considerable attention on and inquiry
into acid mine drainage (AMD) was triggered by
lasting operational and environmental concerns,
making it a hot topic [24, 25]. As a consequence
of this acidic outflow of water, surface waters
(rivers and lakes) and ground-waters may be seri-
ously affected. Sediment pollution needs to be
considered [9, 26, 27] since ample examples exist
of non-retained mining materials traveling (and
contaminating) hundreds of kilometers down-
stream (e.g., Ok Tedi mine, Papua New Guinea)
[28] or of dam failures and subsequent accidents
(e.g., Tysa river, Hungary) [29]. Access to clean
drinking water remains a challenge in many parts
of the world. This issue will remain with us for a
long time to come, with a growing world human
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population exceeding the seven billion humans
mark in 2011, and nine billion around the year
2050. While many waterborne pollutants may
have a rather limited lifetime (e.g., cyanide from
gold mining), persistent organic pollutants (POPs)
from drilling operations, ore dressing, and energy
conversion and potentially toxic metal species that
may reside in aquatic systems for very long periods
of time (decades to centuries) pose a lasting chal-
lenge. Such pollutants require particular attention
and necessitate safeguarding against any kind of
spill, leakage, and loss [30].

Pedosphere. While all mining operations
require an initial removal of the natural unconsol-
idated land surface material (overburden), this is
particularly true for open-pit operations. It is com-
mon practice to remove and store the nutrient-rich
and potentially fertile top-soil separately. The
deeper mineral soil material also is removed to
free the deposit for active mining and stored sep-
arately. This avoids disposal of this subsoil over-
burden (depending on the operation), which may
consist of millions of tons of rock material
(usually soft and permeable). In underground
mining, the equivalent to this requiring storage is
the waste rock from the mining operation. Ore
dressing and smelting operations produce partly
extensive amounts of tailings, slags, and similar
materials that need to be disposed of. Valley filling
still appears to be the most sought-after option. As
a result and independent of surface or under-
ground mining, comparatively large areas that
far exceed the immediate area of the mining facil-
ity may become part of the mining operation and
of its environmental footprint. Valleys filled or
soils covered with such “waste” materials can no
longer provide their useful ecological services.
Their former habitat function has ended too.
While the new morphology and material will
attract new life and new ecological equilibria
may form (over extended periods of time), the
previous ecosystem is no longer functional, and
thus, profoundly and permanently impacted. If in
addition, the deposited materials contain toxic com-
ponents, both from the mined raw materials
and from chemicals added during the beneficiation
processes, these may again further enhance longer-
term environmental degradation. Gold-mining

legacies with related arsenic toxicity serve as an
example [31]. “White mining,” the mining of rock
salt, further illustrates the challenges: large amounts
of impure salt rock debris are being deposited on
spoil tips that will persist for centuries. If not cov-
ered and not equipped with drain controls (effluent
treatment), the easily dissolvable material will
deliver excessive amounts of salt into adjacent
soils, groundwater, and surface waters. The detri-
mental effects of excessive amounts of simple min-
eral salts on plants and many other biota are well
known.

Biosphere. With the discussion on ecosystem
functions in both the hydrosphere and the
pedosphere, it is obvious that the biosphere is
strongly impacted too. The first – and often key
issue – is habitat loss. This is most certainly the
most crucial and critical element of potentially
very long-lasting detrimental consequences of
mining operations. Although life can re-establish
itself even in the most hostile and apparently
devastated environments, previous ecosystems
may never reestablish. Such consequences could
be tolerated if it did not happen at very many
places worldwide and if refuge areas did not
become increasingly scarcer. Options to protect
the biosphere from detrimental impacts are avail-
able but often disregarded or considered exces-
sively expensive or demanding. In detail, again a
very large array of developments and conse-
quences emerges, depending on biome and local
ecosystems. Even if individual species are being
extinguished at a specific location, this loss may
lead to a domino effect on the web of organisms
on all levels – from microbial life via all levels of
plants and insects to molluscs, amphibians, fish,
reptiles, birds, and mammals. Nutrient supply
may become limited due to the mostly fresh
rock and overburden materials; the absence of
fine materials may further inhibit the growth of
higher plants (resettlement). Without further
management options, recovery of such sites
may take centuries.

Cryosphere. Permanent ice cover and perma-
frost environments yield potentially attractive
mineral resources. These do not only occur at
very high latitudes on both hemispheres but also
at higher alpine elevations (e.g., Bolivia, Peru).
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With ongoing global warming, so far mostly inac-
cessible areas mostly in North America, Siberia,
and Greenland as well as in Argentina and Chile
become potentially available and feasible for
exploration and exploitation. Such environments
are extremely sensitive to impacts and will remain
sensitive. Their slow biogeo-chemical cycles retain
negative imprints for very long periods of time, and
recovery is accordingly extremely slow. Although
ice or frozen ground may be compromised, mining
will impact exceedingly on the water cycle, the
soils (generally very shallow), and the low biodi-
versity (this low abundance characterizes the rather
extreme vulnerability of such environments).

Lithosphere. Even the lithosphere itself can
experience a lasting impact, detrimental to future
use. Mining subsidence, sinkholes, and drying-up
of aquifers are among the most prevalent potential
environmental impacts of mining. It is well
known that sinkholes may form at the surface
over former underground mining operations and
that mining subsidence can affect areas of hun-
dreds of square kilometers in size. A notable
example (also for a major impact on regional
aquifers) is the very densely populated Ruhr area
(Ruhrgebiet) in western Germany, where deep
coal mining leaves its legacy [32].

Decommissioning and Recultivation Phase
In most modern mines, recultivation commences
long before production ceases and the mine is
abandoned. An intelligent long-term advance
planning may even turn environmental legislation
demands into profits. Planning recultivation and
handling of environmental issues are key prior to
any action. Impressive positive examples can be
taken from lignite open-pit mines in the Lusatian
basin in Germany (e.g., [33, 34]) and various other
places. However, there are still regions where
recultivation starts only after decommissioning –
if it starts at all. Ever so often, mining companies
claim bankruptcy at the end of the operation to save
the necessary costs related to recultivation. As
leading mining companies, joined in the Global
Mining Initiative (GMI; [35]), actively demon-
strate their responsibility, a certain fraction of the
global mining enterprises still follows a different
route – and contributes to the above-mentioned

notion of mining being a dirty business. In most
countries with a well-developed mining sector,
mining companies are forced to put aside funds
(usually into trust funds managed by government
regulators) that will suffice for recultivation and
clean-up of facilities during decommissioning, so
that future land use is not compromised. Once the
active mining has stopped, all facilities and infra-
structures need to be dismantled, removed, and,
wherever possible, recycled. Theoretically, the
landscape should be returned to its original state
prior to the mining-related activities. Water, soils,
and biota should be able to recover rapidly. In this
phase, however, disturbances are unavoidable,
albeit moderate as comparedwith the activemining
phase. The slightly suboptimal reality should be
countered by a discussion of some important
aspects, namely on the dimensions of scale. An
unusual and generally very positive example can
be taken from the German superfund site of the
Wismut operations, which was a “secret” Russian
uranium mining and processing operation in for-
mer East Germany. This was one of the world’s
largest mine closures and remediation projects,
“including five underground mines, and more
than 3,700 ha of contaminated areas with
ca. 500 million m3 of solid, radioactively contam-
inated material” [36].

Mining enterprises and related activities range
from spatially highly restricted small-scale
(or artisanal) mining, usually run by local people
and often without appropriate training, to very
large projects, mostly run by national and interna-
tional companies with access to highly sophisti-
cated equipment and technology. Such variety
cannot be discussed on the same level. Some-
times, small-scale mining may be considerably
less environmentally friendly by unit, but if the
enterprise remains highly localized, this size
restriction at the same time reduces the ecological
footprint. At the other end of the scale, a very large
operation that manages the site with state-of-the-
art techniques may still be making an unsus-
tainably large footprint, simply because of its
sheer size. For this reason, it also appears obvious
that the boundary conditions of any mine’s loca-
tion play a crucial role in realistically assessing the
true impacts of the operation.
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The Bottom Line
Mining per se must not be a devastating enterprise
as it is ever so often perceived – and undoubtedly
often with reason. Only if a comprehensive and
open-minded environmental impact assessment is
professionally performed from the very beginning
and if related recommendations are followed, then
the mining operation and its surrounding related
activities could be regarded as a rather sustainable
enterprise. A skeptic will immediately point out
the related assessment costs that may well sup-
press any entrepreneurial activity and increase
financial risks beyond feasibility. That would be
a valid argument only if certain boundary condi-
tions are not seen and met.

First and foremost, it has to be acknowledged
that the twenty-first century marks the very first
human generation that is capable of “seeing the
global consequences” of its own activities. Prior
to the development and employment of remote-
sensing technologies, this awareness was outright
impossible. Still, most people only perceive their
immediate habitat and often make far-reaching
decisions based on that limited worldview. In
2011, the world human population is the largest
ever and is predicted to reach nine billion by 2050.
This population increase is but one of the many
global change challenges: climate change, soil
and biodiversity loss, water scarcity, etc., mark a
few other hotspots.

Without mining, however, the growing
human population would neither be able to
improve its standard of living nor maintain its
well-being due to the shortage of primary raw
materials essential for developing technology
and building houses and infrastructure of any
kind. One has only to consider the technological
demands of modern medicine. The need for new
materials emerges only with scientific and tech-
nological advancement. Mining will remain a
necessity, since even the very best recycling
rates cannot provide the amounts needed of var-
ious commodities. To avoid or at least drastically
curb the damaging side effects of mining and
related activities, a different approach deems nec-
essary and paramount – the approach of sustainable
mining.

Future Directions – Sustainable Mining

What Is Sustainable Mining?
The strictly regulated mining industry worldwide
may strive for but can never attain a completely
sustainable mining scenario. Still, when looking
at related publications from the mining industry
and authorities (e.g., [20, 37–40]), the notion of
sustainable mining has taken a stronghold and
increasingly focuses on the social and environ-
mental issues. Sustainability has been clearly
defined as having the social, the economic, and
the environmental perspective in view [41]. Yet,
there is a need for a strong practical bias towards
environmental issues when thinking about sus-
tainable mining. Without a “healthy” environ-
ment, there would be a rather grim future for
both social and economic issues. Rajaram et al.
[42] provide a helpful discussion in this respect
while shying away from a distinct definition.

Simply spoken, sustainable mining is the kind
of mining activity that does not compromise the
future long-term well-being of people on or near
sites of earlier mining. There may be a discussion
on what constitutes “well-being.” Hence, a prag-
matic, less philosophical approach is suggested by
defining “well-being” as the state of a human
being where basic social and health needs are
met. Since these demand a healthy environment,
this three-part perspective is essential to sustain-
ability. How difficult this may be in detail, how-
ever, has been addressed by Marker et al. [43]
with various multi-scale examples, particularly
from the developing world. They argue for a con-
cept of an “ideal sustainability model as one that
minimizes negative environmental impact and
maximizes benefits to society, the economy and
regional/national development.” They also
acknowledge the long-term character of such an
approach, if taken seriously and if broad accep-
tance is to be achieved.

As a result, the near future will most likely see
both conventional mining and also emerging new
methods and technologies. These may include
phyto-mining and the use of microbial assemblies
to access and bring forth desired commodities
without large rock and material movement. It
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will include in situ leaching and in situ processing
of ores and will avoid the buildup of waste-rock
piles and tailings deposits. It will also see a chang-
ing approach from the focus on a single or limited
commodity to a broader and more long-term view
that avoids producing “wastes” and rather safe-
guards and leaves future options open. At the
same time, however, more surface operations
that exploit increasingly lower concentrations of
the commodities – with all potential risks
involved – are seen. Both underground and sur-
face (open-pit) mining can be done without
compromising the environment for future genera-
tions. To understand such a claim, an even more
complex vision needs to be developed.

The Complete Budget
The term “waste” is purposely accentuated here in
quotation marks in order that those unneeded
materials not be regarded as waste in the literal
sense but rather as a potential future resource. It
may be equally necessary not only to look at the
entire mining business as an enterprise that will
deliver commodities but also to address the issue
in a much broader context.

Just like a water reservoir can be seen as a
constructed body for the provision of drinking
water or water for industrial purposes alone, it
can also be seen as a multifunctional construct
that potentially provides hydro energy, flood pro-
tection, fish-farming, recreation, and more oppor-
tunities and services. Obviously, these additional
services may deliver a significant benefit to soci-
ety. Can mining be seen and interpreted in a sim-
ilar fashion? It can, although such a perspective
demands a rather radical redefinition of the role of
mining.

The paradigm change needed demands a com-
plex and holistic long-term view, where a mining
company plays a role as a service provider for
society at large and not just as an independent
private business. As a consequence, a much closer
and partnership-based relation would be devel-
oped between all stakeholders: the company, the
government (local, regional, or national), and the
regional populace. A strategy developed by the
chemical industry that serves as an example

(however, which would need to be adapted to
the mining sector) is the concept of eco-efficiency
analysis [44, 45]. Adapted for use by the mining
industry, a company would benefit from deliver-
ing additional services up to the decommissioning
and possibly the rehabilitation phases. It would
earn its money not only through selling a com-
modity to the global market but also through the
complex added values, hence improving the
socioeconomic situation in the region (which is
often done already). It might develop post-
enterprise industrial activities to ensure the subse-
quent benefit for the region, and could plan and
establish the rehabilitation activities, based not on
the minimum but the maximum possible require-
ments. This includes looking at mining wastes as a
potential future commodity that needs to be
safeguarded for easy, energy-efficient, and safe
retrieval at a later time. All of these added activ-
ities generate additional costs, although if done
properly, these may save a lot of future costs that
are paid by the tax payer and easily excel the
monetary benefit of the mining operation itself.
One visionary example further illustrates this
point where a back-end approach is taken. It is
the complex knowledge of an ore body or reserve
and its setting that drives the planning for
exploiting the mine. The planning is not driven
by momentary market prices (that contradict max-
imum resource efficiency) but by the objective and
longer-term necessities and requirements for an
efficient, safe, and complete utilization of all com-
modities in that deposit. “Waste” could be used as
construction and building materials, and all toxic
components could be extracted as by-products,
recycled, or stored in a safe manner to serve future
generations as a secondary resource.

Thus, the aim is to establish a long-term partner-
ship and win-win situation for the benefit of all – the
company, the employers and residents, and the
environment – and to further the development of
the region. It basically turns from a single business
economy approach to a long-term perspective of
political economics. With the most likely future
political developments (long-term perspective) in
mind, this will translate to international political
economy rather than national economy.
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The downside, at least as it may be perceived by
a company, clearly means a much longer planning
phase, the demand for early and truly open com-
munication with all stakeholders (including risk
communication), and the necessity of a much
more transparent operation throughout as com-
pared to the prevalent current standards. There are
quite a few “walls to surmount” and even more
prejudice and traditional concepts to overcome.
Particularly, the mining industry is still largely
characterized by a rather conservative approach.

The benefits are obvious: mining companies
and related enterprises can no longer be perceived
as obscure omnipotent malevolent entities, inter-
ested in basically nothing but the provision of
industry with commodities, but as badly needed
and responsible partners. Sustainable mining
operations will be involved not only in the neces-
sary acquisition and refinement of raw materials
but also in the recuperation and delivery of the
exploited area to future generations without
compromising that future.

Such a vision is nothing short of revolutionary.
Yet, it may need truly revolutionary attempts to
successfully face the global challenges and to
support a still growing human population – with-
out waging wars and without turning a blind eye
to extreme socioeco-nomic disparity.
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Glossary

Earthquake fault The fault which produces an
earthquake

Ground motions The movement of ground
induced by earthquakes and they involve dis-
placement, velocity and acceleration of ground

Engineering structures Structures built by engi-
neers for a given purpose and they generally
involve buildings, civil engineering structures
such as bridges, tunnels, dams, pylons etc

Damage physical harm impairing the normal
function of a given object

Definition of the Subject and Its
Importance

Ground motion characteristics, deformation,
and surface breaks of earthquakes depend
upon the causative faults. Their effects on the
seismic design of engineering structures are not
considered in the present codes of design although

there are attempts to include in some countries
(i.e., the USA, Japan, Taiwan). This chapter
describes ground motions and the effect of surface
ruptures associated with earthquake faulting on
response and stability of engineering structures.

Introduction

Earthquakes are known to be one of the natural
disasters resulting in the huge losses of human
lives and properties as experienced in the recent
earthquakes. Since there is no way to prevent the
occurrence of earthquakes in earthquake-prone
countries such as Turkey, Japan, the USA, and
Taiwan, the design of structures and residential
and industrial developments must be done
according to possible types of earthquakes. It is
well known that ground motion characteristics,
deformation, and surface breaks of earthquakes
depend upon the causative faults [1–13]. While
many large earthquakes occur along the subduc-
tion zones, which are far from the land, and their
effects appear as severe shaking, the large inland
earthquakes may occur just beneath or nearby
urban and industrial zones as observed in the
recent great earthquakes (Fig. 1).

The seismic design of engineering structures is
generally carried out by considering the possible
shaking characteristics of the ground during earth-
quakes in a given region. It is a fact that the
residual (permanent) relative displacement of the
ground is not considered in any seismic code all
over the world, except for very long linear struc-
tures such as pipelines. This problem is currently
considered to be beyond the capability of seismic
design concept for structures in the earthquake
engineering, although it must be dealt with some-
what [1, 2].

In this chapter, the author first describes
ground motions and deformations in view of lab-
oratory experiments on rock samples and record-
ings in earthquake having different faulting
mechanism. Then the effects of surface ruptures
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and deformations due to earthquake faulting on
the response and stability engineering structures
through observations in recent great earthquakes
are presented and discussed.

Ground Motions

It is observationally known that the ground
motions induced by earthquakes could be much
higher in the hanging-wall block or mobile side of
the causative fault as observed in the recent earth-
quakes such as the 1999 Kocaeli earthquake
(strike-slip faulting), the 1999 Chi-chi earthquake
(thrust faulting), the 2004 Chuetsu earthquake
(blind thrust faulting), and the 2000 Shizuoka
earthquake and L’Aquila earthquake (normal
faulting) [7, 10, 12–15]. Figure 2 illustrates the
effect of hanging-wall effect on the maximum
ground accelerations observed in 1999 Chi-chi
earthquake (Taiwan), 1999 Düzce earthquake

(Turkey), and 2001 Geiyo earthquake (Japan)
with different faulting mechanisms [9].

The recent advances in measuring, monitoring,
and logging technologies enable us to measure
and to monitor the dynamic responses of
geomaterials during fracturing and slippage.
Therefore, the studies concerning the dynamic
responses of geomaterials during fracturing and
slippage can now be easily undertaken as com-
pared with that in the past. Such studies have been
recently undertaken [1, 6–9, 16–19]. The experi-
ments have been performed on geomaterials rang-
ing from very soft materials to hard rocks such as
siliceous sandstone by using different loading
schemes and loading frames and specially
designed stick-slip experimental device.

Aydan and Ohta [3] and Ohta and Aydan [9]
reported some tests on samples of various rocks
such as Ryukyu limestone, tuff, granite, porphyrite,
andesite, and sandstone. Two examples are Fuji-
TV No.1 and Mitake Sandstone 107 MS2 (Fig. 3).

NORMAL FAULTING THRUST FAULTING STRIKE SLIP FAULTING

Earthquake Faulting: Ground Motions and Deformations, Fig. 1 Fault types [1]
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Fuji-TV No.1 granite is a prismatic sample 108
(100x100x200mm) and is quoted here. The accel-
eration responses start to develop when the applied
stress exceeds the peak strength and it attains the
largest value just before the residual state is
achieved as seen in Fig. 3. Another important
aspect is that the acceleration of the mobile platen
is much larger than that of the stationary platen.
This is a common feature in all experiments. In
another words, the amplitude of accelerations of
the mobile part of the loading system is higher than
that of the stationary part.

It is well known that the ground motions are
generally smaller than those at ground surface.
Nasu [20] carried out first instrumental studies
on tunnels during the aftershock activity follow-
ing 1924 Izu earthquake with a 2.4 m offset.
Kanai and Tanaka [21] measured ground accel-
eration in underground caverns and at the
ground surface. These measurements indicated
that the surface acceleration was generally twice

or greater than twice of that at depth as expected
theoretically.

Figure 4 shows the records of accelerations at
the ground surface and at bedrock 260 m below at
Ichinoseki strong motion station (IWTH25) of
KIK-NET [22] strong motion network of Japan
measured during the 2008 Iwate-Miyagi earth-
quake. The strong motion station was located on
the hanging-wall side of the fault, and it was very
close to the surface rupture. As noted from the
figure, the ground acceleration of the UD compo-
nent was amplified by 5.67 times that at the bed-
rock. This record is also the highest strong motion
recorded in the world so far.

Figure 5 shows the acceleration records mea-
sured on the ground surface (GSA) and under-
ground gallery (GSG) during the 2009 Mw 6.3
L’Aquila earthquake [14, 23]. The GSA station is
at Assergi, and the GSG station is located in an
underground gallery of Gran Sasso Underground
Physics Laboratory of Italy. Both stations are
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founded on Eocene limestone with a shear wave
velocity of 1 km/s. Although the epicentral dis-
tances and ground conditions are almost the same,
the acceleration at ground surface is amplified
almost 6.4 times that in the underground gallery.

There are many empirical attenuation relations
for estimating ground motions [24–28]. Including
the next generation attenuation (NGA) relations, all
these equations are essentially spherical or cylin-
drical attenuation relations, and they cannot take
into account the directivity effects. As it is shown in
the beginning of this section, ground motions such
as maximum ground acceleration (AMAX) and
maximum ground velocity (VMAX) have strong
directivity effects in relation to fault orientation.

Furthermore, these relations are generally far
below the maximum ground acceleration, and
they are incapable of obtaining the maximum
ground acceleration (AMAX) or the preferred
term “peak ground acceleration (PGA).”

Aydan and Ohta [4] proposed an attenuation
relation by combining their previous proposals
[5, 25, 26] together with the consideration of the
inclination and length of earthquake fault using
the following functional form (Fig. 6):

amax ¼ F1 Vsð Þ�F2 R, y,f,L�ð Þ�F3 Mð Þ (1)

where Vs, y , f , L�, andM are the shear velocity
of ground and the angle of the location from the
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strong motion station
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strike and dip of the fault (measured anti-clockwise
with the consideration of the mobile side of the
fault) and earthquake magnitude. L� (in km) is a
parameter related to the half of the fault length.

The following specific forms of functions in
Eq. (1) were put forward as:

F1 Vsð Þ ¼ Ae�Vs=B (2a)

F2 R, y,f,L�ð Þ ¼ e�R 1�D sin yþEsin 2yð Þ 1þF cosfð Þ=L�

(2b)

F3 Mð Þ ¼ eM=G � 1 (2c)

The same form can be also used for estimating
the maximum ground velocity (Vmax). The con-
stants of the functions for maximum ground accel-
eration and velocity for intraplate earthquakes

without consideration of faulting sense are given
in Table 1.

For interplate and slab earthquakes, the value
of constantG is only different, and it has the value
of 1.05, while other parameters remain the same.

L�, which is approximately associated with the
half of the fault length, is related to the moment
magnitude in the following form:

L� ¼ aþ becMw (3)

This parameter easily accounts the effect of
fault length, and the similar form was initially
proposed by Aydan et al. [18] for the effects of
earthquake faults on underground structures.
However, it should be noted that the attenuation
characteristics of the Earth’s crust varies de-
pending upon the location and the sense of
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faulting. The values of coefficients of Eq. (3) are
given in Table 2.

Equation (1) takes into account the location
of observation points with respect to earthquake
fault and ground conditions, which are funda-
mentally the main causes of scattering of obser-
vational data seen in spherical models for
attenuation of ground motions including NGA
relations [24–28].

The attenuation relation given by Eq. (1) was
used to evaluate the maximum ground accelera-
tion and ground velocity of 2011 Great East Japan
Earthquake (GEJE) and 1999 Kocaeli earthquake
and compared with actual observation data in
Figs. 6 and 7. The same equation is used to eval-
uate the areal distribution of maximum ground
acceleration and velocity for the Kocaeli earth-
quake and compared with observational data in
Fig. 8. For large earthquakes, the application of
Eq. (1), the estimations based the segmentation of
faults, may bemore appropriate. Aydan andOhta [4]

compared the estimated maximum ground accel-
erations for the single and double source models
for the 2008 Wenchuan earthquake as shown in
Fig. 9. They concluded that it would be more
appropriate to utilize multiple source models
based on segmentation of the causative fault for
better estimations.

Strong ground motions including permanent
ground deformations may also be obtained
through numerical methods incorporating the
fault and its rupturing process. Such an analysis
was reported by Iwata et al. [29], who investigated
the strong motions induced by the 2014 Nagano-
Hokubu earthquake. The model is based on 3D
FEM version. Figure 10a shows the fault param-
eters, and Fig. 10b shows the 3D mesh of the
earthquake fault and its vicinity. Figure 11a
shows the time histories of surface acceleration
at distances of 1 and 2 km from the surface rupture
in 3D FEM model. Rupture time is about 7–8 s.
The maximum acceleration is higher in the east

Earthquake Faulting: Ground Motions and Deformations, Fig. 6 Comparison of estimated attenuation of maxi-
mum ground acceleration and ground velocity with observations for the 2011 Great East Japan earthquake [4]

Earthquake Faulting: Ground Motions and Deforma-
tions, Table 1 Values of constants in Eq. (5) for intraplate
earthquakes

A B(m/s) D E F

G(M)

(Ms) (Mw)

Amax 2.8 1000 0.5 1.5 0.5 1.11 1.16

Vmax 0.4 1000 0.5 1.5 0.5 1.11 1.16

Earthquake Faulting: Ground Motions and Deforma-
tions, Table 2 Values of constants in Eq. (3)

Faulting type a b c

Normal faulting 30 0.002 1.35

Strike-slip faulting 20 0.002 1.40

Thrust faulting 30 0.003 1.45
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side (hanging wall) than that in the west side
(footwall), which is close to the general trend
observed in strong motion records. Nevertheless,
the computed accelerations was less than the mea-
sured accelerations. Figure 11b shows the time
histories of surface displacement at distances of
1 and 2 km from the surface rupture. The east side
of the fault moves upward with respect to the
footwall together with movement to the north
direction, and the vertical displacement of the
east side is larger than that of the footwall, and
the computed results are close to the observations.
However, the utilization of finer meshes would

result in better simulations of ground accelera-
tions, which would definitely require the use of
the supercomputers.

Ground Deformations

The fault is geologically defined as a discontinuity
in geological medium along which a relative dis-
placement took place. Faults are broadly classified
into three big groups, namely, normal faults, thrust
faults, and strike-slip faults, as seen in Figs. 1 and 12.
A fault is geologically defined as active if a
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relative movement took place in a period less than
2 million years. It is well known that a fault zone
may involve various kinds of fractures and it is a
zone having a finite volume [30]. In other words,
it is not a single plane. Furthermore, the faults may
have a negative or positive flower structure as a
result of their trans-tensional or transpressional
nature and the reduction of vertical stress near
the earth surface [2]. For example, even a fault
having a narrow thickness at depth may cause a
broad rupture zones and numerous fractures on
the ground surface during earthquakes. The
appearance of ground breaks is closely related to
geological structure, characteristics of sedimen-
tary deposits, their geometry, the magnitude of
earthquakes, and fault movements.

It is well known that the earth’s crust is rup-
tured and contains numerous faults and various
kinds of discontinuities and it is almost impossible
to find a piece of land without faults. During the
construction of structures such as tunnels, dams,
power plants, roadways, railways, power trans-
mission lines, bridges, elevated expressways,
etc., it is almost impossible not to cross a fault or
faults. Therefore, one of the most important items
is how to identify which fault segments observed
on ground surface will move or rupture during an
earthquake. It is well known that a fault zone may
involve various kinds of fractures as illustrated in
Fig. 13 and it is a zone having a finite volume
[30]. In other words, it is not a single plane.
Furthermore, the faults may have a negative or

Earthquake Faulting: Ground Motions and Deformations, Fig. 9 Comparison of single and double source models
for maximum ground acceleration for the 2008 Wenchuan earthquake [4]

Earthquake Faulting: Ground Motions and Deformations, Fig. 10 Fault model and 3D FEM mesh [29]
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positive flower structure as a result of their trans-
tensional or transpressional nature and the reduc-
tion of vertical stress near the earth surface as shown
in Fig. 14. For example, even a fault having a narrow
thickness at depth may cause a quite broad rupture
zones and numerous fractures on the ground surface
during earthquakes. Furthermore, the movements of

a fault zone may be diluted if a thick alluvial deposit
is found on the top of the fault (i.e., 1992 Erzincan
earthquake [31]).

The recent global positioning system (GPS)
also showed that permanent deformations of the
ground surface occur after each earthquake
(Fig. 2). The permanent ground deformation

Earthquake Faulting: Ground Motions and Deformations, Fig. 11 Computed acceleration (a) and displacement
(b) responses [29]

Earthquake Faulting: GroundMotions and Deformations, Fig. 12 Some examples of faulting. (a) Normal faulting
(b) Strike-slip faulting (c) Thrust faulting
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may result from different causes such as faulting,
slope failure, liquefaction, and plastic deforma-
tion induced by ground shaking [18]. This type
of ground deformations will have limited effect on
small structures as long as the surface breaks do
not pass beneath those structures. However, such
deformations may cause tremendous forces on
long and/or large structures. The ground deforma-
tion may induce large tensile or compression

forces as well as bending stresses in structures
depending upon the character of permanent
ground deformations. As an example, the ground
deformations reported by Reilinger et al. [32] are
shown in Fig. 15, which were caused by a strike-
slip fault during the 1999 Kocaeli earthquake in
Turkey. Blind faults and folding processes may
also induce some peculiar ground deformations
and associated folding of soft overlaying sedi-
mentary layers. Such deformations caused tre-
mendous damage on tunnels during the 2004
Chuetsu earthquake although no distinct rupturing
took place.

Effects of Surface Ruptures on Structures

In this section, typical examples of damage to
various structures induced by the fault breaks
observed in recent large earthquakes since 1995
are presented, and details can be found in the
quoted references [1, 2, 11, 33–51].

Roadways and Railways
The Trans-European Motorway (TEM) was dam-
aged at three different locations by the earthquake
fault caused by the 1999 Kocaeli earthquake. The
motorway with east and west bounds having three

P

R'

R

T

Earthquake Faulting: Ground Motions and Deforma-
tions, Fig. 13 Fractures in a shear zone or fault [30]

Negative Flower Structure Positive Flower Structure

III IIIIII
II I
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IV IIIIIIIII III

Earthquake Faulting: Ground Motions and Deformations, Fig. 14 Negative and positive flower structures due to
trans-tension or transpression faulting (Modified from [2, 11, 30])
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lanes each was slightly elevated through embank-
ments in the earthquake-affected region. The sur-
facing of the motorway was damaged by rupturing
and buckling as seen in Fig. 16. The railways were

also built on the existing ground surface. The rail-
wayswere buckled near Tepetarla stationwhere the
earthquake fault crossed the railways at an angle of
50–550 with well-known “S” shape (Fig. 17).
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Earthquake Faulting: GroundMotions and Deformations, Fig. 15 Permanent ground deformations and associated
straining induced by the 1999 Kocaeli earthquake
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Bridges and Viaducts
Along the damaged section of the TEMmotorway
mentioned above, there were several overpass
bridges. Among them, a four-span overpass
bridge at Arifiye junction collapsed as a result of
faulting (Fig. 18). The fault rupture passed
between the northern abutment and the adjacent
pier. The overpass was designed as a simply
supported structure according to the modified
AASHTO standards, and girders had elastromeric
bearings. However, the girders were connected to

each other through prestressed cables. The angle
between the motorway and the strike of the earth-
quake fault was approximately 15�, while the
angle between the axis of the overpass bridge
and the strike of the fault was 65�. The measure-
ments of the relative displacement in the vicinity
of the fault range between 330 and 450 cm. There-
fore, an average value of 390 cm could be
assumed for the relative displacement between
the pier and the abutment of the bridge. The
Pefong Bridge collapsed due to thrust faulting in

Earthquake Faulting: Ground Motions and Deformations, Fig. 16 Buckling of roadway surfacing

Earthquake Faulting:
Ground Motions and
Deformations,
Fig. 17 Buckled railways
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the 1999 Chi-chi earthquake, which passed
between the piers near its southern abutment as
seen in Fig. 19.

Dams
The Shihkang dam, which is a concrete gravity
dam with a height of 25 m, was ruptured by the
thrust type faulting during the 1999 Chi-chi
earthquake (Fig. 20). The relative displacement
between the uplifted part of the dam was more

than 980 cm. Liyutan rockfill dam with a height
of 90 m and a crest width of 210 m, which was
on the overhanging block of Chelungpu fault,
was not damaged even the acceleration records
at this dam showed that the acceleration was
amplified 4.5 times of that at the base of the
dam (105 Gal). The deformation zone of
faulting during the 2008 Wenchuan earthquake
caused some damage at Zipingpu dam with con-
crete facing.

N

S

Earthquake Faulting:
Ground Motions and
Deformations,
Fig. 18 The collapse of the
overpass

Earthquake Faulting:
Ground Motions and
Deformations,
Fig. 19 Collapse of
Pefong Bridge at Arifiye
(Note the uplifted ground
on RHS)
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Tunnels
The past experience on the performance of tunnels
through active fault zone during earthquakes indi-
cates that the damage is restricted into certain
locations [18, 42–44]. Portals and the locations
where the tunnel crosses the fault may be dam-
aged as it occurred in the 2004 Chuetsu, 2005
Kashmir, and 2008 Wenchuan earthquakes
(Fig. 21). A section nearby Elmalık portal of
Bolu Tunnel collapsed (Fig. 22). This section of
the tunnel was excavated under very heavy
squeezing conditions [52]. The well-known
examples of damage to tunnels at locations,
where the fault rupture crossed the tunnel, are
mainly observed in Japan. The Tanna fault rup-
tured during 1930 Kita-Izu earthquake caused
damage to a railway tunnel, and the relative dis-
placement was about 100 cm [53, 54]. The 1978
Izu-Oshima-Kinkai earthquake induced damage
to Inatori railway tunnel [55, 56]. Similar type
of damage with a small amount of relative

displacements due to motions of Rokko, Egeyama,
and Koyo faults to the tunnels of Shinkansen and
subway lines through Rokko mountains were also
observed [34]. During the 1999 Chi-chi earthquake,
the portal of the water intake tunnels was ruptured
for a distance of 10 m as a result of thrust faulting.
Except this section, the tunnel was undamaged for
its entire length.

Jiujiaya Tunnel is a 2282-m-long double-lane
tunnel. It is 226.6 km away from the earthquake
epicenter, and it is about 3–5 km away from the
earthquake fault of Wenchuan earthquake. The
tunnel face was 983 m from the south portal at
the time of the earthquake. The concrete lining
follows the tunnel face at a distance of approxi-
mately 30 m. Thirty workers were working at the
tunnel face, and one worker was killed by the
flying pieces of rock bolts, shotcrete, and bearing
plates caused by intense deformation of the tunnel
face during the earthquake [17, 18]. The concrete
lining was ruptured and fallen down at several

Earthquake Faulting: Ground Motions and Deformations, Fig. 20 Failure of Shihkang dam due to thrust faulting

Earthquake Faulting: Ground Motions and Deformations, Fig. 21 Examples of damaged portals of tunnels
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section (Fig. 23). However, the effect of the
unreinforced lining rupturing was quite large and
intense in the vicinity of the tunnel face. The
rupturing of the concrete lining generally occurred

at the crown sections although there was rupturing
along the shoulders of the tunnel at several places.
Furthermore, the invert was uplifted due to buck-
ling at the middle sections.

Earthquake Faulting: GroundMotions and Deformations, Fig. 22 Collapse of Bolu Tunnel during the 1999 Düzce
earthquake

Earthquake Faulting: Ground Motions and Deformations, Fig. 23 Earthquake damage at Jiujiaya Tunnel due to
permanent deformations [18]
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The Kumamoto earthquake on April 16, 2016,
caused heavy damage to several tunnels in the
vicinity of Tateno and Minamiaso Villages. Dam-
ages to Tawarayama Roadway Tunnel and Aso
Railway Tunnel andMinamiaso Tunnel were pub-
licized [57]. The damage to Tawarayama Tunnel
occurred at two locations (Fig. 24). The first dam-
age occurred approximately 50–60 m from the
west portal of the tunnel, and the concrete lining
was displaced by about 30 cm almost perpendic-
ular to tunnel axis. The heaviest damage occurred
for a length of 10 m about 1600 m away from the
west portal and about 460 m from the east portal.
The angle between the relative movement and
tunnel axis was about 20�–30�. At this location,
the non-reinforced concrete lining collapsed for a
length of about 5 m. Although the tunnel is
located about 2 km away from the main fault,

the tunnel was damaged by secondary faults asso-
ciated with the trans-tension nature of the earth-
quake fault.

Subways
The behavior of subways in active fault zones is
basically quite similar to that of tunnels. The Daikai
station of the subway line in Kobe was caused by
the lateral strike-slip movement of Egeyama fault
just beneath this station although some tried to
associate the collapse of the station with the inten-
sity of shaking (Fig. 25). The investigation of the
collapse of this station by the first author showed
that the collapse was not due to shaking as the
central columns of the station were subjected to
torsional failure due to the permanent ground dis-
placement, which was consistent with the lateral
strike-slip movement of Egeyama fault [34].

Earthquake Faulting: Ground Motions and Deformations, Fig. 24 Views of damage and their locations at
Tawarayama Tunnel [57]
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Power Transmission Lines
Power transmission lines generally consist of
pylons and power transmission cables. The design
of pylons and cables is generally based on the
wind loads resulting from typhoons or hurricanes.
The cables do not fail during earthquakes unless
the pylons are toppled due to faulting, shaking, or
slope failure. During the 1999 Kocaeli earth-
quake, only one pylon was damaged nearby
Ford Otosan automobile factory at Kavaklı district
of Gölcük town. At this site, a normal fault, which
is a secondary fault to the main lateral strike-slip
faulting event, crossed through the foundations of
the pylon and its vertical throw was about 240 cm.
One of the foundations of the pylon was pulled out

of the ground and was exposed as seen in Fig. 26a.
Some of its truss elements were slightly buckled.
Similar types of damage to pylons straddling the
Nojima fault break in the 1995 Kobe earthquake
(Fig. 26b) and the Chelungpu fault during the
1999 Chi-chi earthquake were observed as
shown in Fig. 26c.

Pylons are generally earthquake resistant due
to their flexibility against ground shaking. Never-
theless, many pylons were damaged by the Kuma-
moto earthquake on April 2016 due to permanent
deformation of their foundations as a result of
ground movements induced by faulting and
slope failures. Figure 27 shows several examples
of damage to pylons. Although the earthquake did

Earthquake Faulting: Ground Motions and Deformations, Fig. 25 The collapse of Daikai station

Earthquake Faulting: Ground Motions and Deformations, Fig. 26 Damage to pylons due to faulting. (a) 1999
Kocaeli earthquake (b) 1995 Kobe Earthquake (c) 1999 Chi-Chi Earthquake
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not cause the toppling of the pylons, they were
either tilted or deformed, and some segments
became loose due to rupture of the bolts.

Line-Like and Tubular Structures
Tubular structures may be specifically designated
as petrol and gas pipelines, water pipes, and sew-
age systems. They can be also classified as line-
like structures. These structures may fail either by
buckling or separation during a faulting event. Five
such incidents were observed during the 1999
Kocaeli earthquake (Fig. 28). One of the incidents
involved the separation of a ductile iron pipe as a
result of faulting near the collapsed overpass
bridge. The second incident took place at the
pumping facility of the Seka papermill plant at
Sapanca Lake. The third incident occurred near
Tepetarla village where the railways were buckled.
The fourth and fifth incidents took place at Arifiye
and nearby Başiskele. The fifth incident was quite
important since the fault caused a heavy damage to
the main water pipe having a diameter of 2 m.
Similar type of failures took place in the sewage
pipe networks whenever faulting breaks were
observed. The natural gas pipeline lines crossing
the İzmit Gulf between Yalova and Pendik were
undamaged. Some brittle asbestos water pipes
were also damaged in Kaynaşlı and Fındıklı due
the fault rupture of the 1999 Düzce earthquake.

Buildings
Many buildings along the earthquake faults of the
1999 Kocaeli, Düzce, and Chi-chi and 2008
Wenchuan earthquakes behaved in various man-
ner. During the site investigation of the 1999
Kocaeli earthquake, one could see either totally
collapsed, severely damaged, or intact buildings
just on or next to the traces of the fault breaks. The
examples are many and it is quite difficult to quote
all of them. Two typical examples are given and
briefly discussed. Nevertheless, this topic
deserves more thorough investigations. The first
example is a single story reinforced concrete
house with a raft foundation in Fındıklı village.
The fault passed just underneath the building
(Fig. 29a). The relative displacement of the fault
break was about 200 cm with a 100 cm down-
throw. The building was tilted, but no damage to
this building was observed. A very peculiar
behavior of an apartment complex consisting of
eight five-story apartment blocks was observed in
Kullar village as shown in Fig. 29b. Seven apart-
ment blocks failed in a pancake mode, while one
apartment block remained self-standing. One of
the failed apartment blocks just crossed by the
fault break which has a relative horizontal dis-
placement of 240 and 20–25 cm vertical throw
(north side down). The ground surface was slop-
ing to the north. One of the two apartment blocks

Earthquake Faulting: Ground Motions and Deformations, Fig. 27 Views of damage to pylons [57]
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on the southern side was damaged, while the other
one collapsed toward the east in a pancake mode
in accordance with the movement of its founda-
tion. The five blocks on the northern side
completely collapsed in a pancake mode toward
the west in accordance with the direction of shak-
ing. Except for the apartment block over the fault
break, the failure of five blocks on the northern
side of the fault break may be considered to be
purely due to shaking. The Bailu secondary
school-reinforced concrete building survived the
Wenchuan earthquake even though the surface
rupture of the thrust fault passed underneath the
building (Fig. 29c). Although the intensity of
shaking on the southern side of the fault break
should be the same, the damaged self-standing
apartment block should deserve some special con-
sideration. Whatever the reason is, it is of great
interest that the most vulnerable buildings may

also survive within a distance of 5–6 m to the
fault break during the inland earthquakes.

Landslides and Rockfalls
The recent large earthquakes caused mega-scale
slope failures and rockfalls particularly along the
surface ruptures on the hanging-wall side of the
fault. The slope failure induced in Beichuan town
during the 2008 Wenchuan earthquake [41, 51] is
of great interest. In association with the sliding
motion of the earthquake fault, NW- or SE-facing
slopes failed during this earthquake. There were
two large-scale slope failures (landslides) in
Beichuan town, which destroyed numerous build-
ings and facilities. The NW-facing landslide
(Jingjiashan) involved mainly limestone, while
the SE-facing landslide (Wangjiaya) involved
phyllite (it is mudstone according to some) rock
unit (Fig. 30). Limestone layers dip toward the

Earthquake Faulting: Ground Motions and Deformations, Fig. 28 Damage to pipes in the 1999 Kocaeli and 1999
Düzce earthquakes
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valley side with an inclination of about 30�. Fur-
thermore, there are several faults dipping parallel
to the failure surface within the rock mass. The
angles of the lower and upper parts of the failed
slope are 60� and 30–35�, respectively. The exis-
tence of several faults dipping parallel to the slope
with an inclination of about 60–65� creates a
stepped failure surface.

The SE-facing slope (Wangjiaya landslide)
may involve a slippage along the steeply dipping
bedding plane (fault plane?) and shearing through
the layered rock mass. In other words, it may be
classified as a combined sliding and shearing slid-
ing [58]. The angles of the lower and upper parts

of the failed slope are 40–45� and 30–35�, respec-
tively. The layers dip at angle of 40� toward the
valley and shearing plane are inclined at an angle
of 20�.

Future Directions

The characteristics of ground motions and defor-
mations associated with earthquake faulting are
presented in this chapter. Furthermore, the
response and damage to structures due to surface
ruptures are illustrated through actual observa-
tions in recent great earthquakes.

Earthquake Faulting: Ground Motions and Deformations, Fig. 29 The behavior of reinforced concrete buildings
over surface ruptures. (a) Düzce earthquake (b) Kocaeli earthquake (c) Wenchuan earthquake

Earthquake Faulting: Ground Motions and Deformations, Fig. 30 Views of landslides in Beichuan
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The advanced strong motion attenuation rela-
tions by Aydan and Ohta [4] seem to explain the
wide range of observational data, which are con-
sidered to be scattering when spherical or cylin-
drical symmetric attenuation relations are used.
Multi-segment or multisource model may be
used if surface ruptures due to earthquakes are
relatively long.

Numerical models incorporating the earth-
quake faults and capable of simulating the rupture
process can estimate both transient and permanent
ground deformation as a natural output of compu-
tations. Although the displacement response
could be more easily simulated, acceleration
response simulation requires fine meshes, which
undoubtedly require the use of supercomputers. It
should be also noted that FEM models could
easily simulate both permanent displacements in
addition to strong ground motions.

Case histories including those of the 2016
Kumamoto earthquakes indicated that the damage
to rock engineering structures might be classified
as shaking-induced damage, and permanent
ground deformations induced damage. Permanent
ground deformation-induced damage is generally
caused either by faulting or slope movements.
However, the present seismic design only con-
siders the effect of shaking, and there is an urgent
necessity to include the effect of permanent
straining in the seismic design.

The GPS measurements of ground deforma-
tions during earthquakes (M > 6) clearly indi-
cated that permanent ground deformations do
occur. The overall deformation response involves
both coseismic and time-dependent components.
The permanent ground deformation may result
from different causes such as faulting, slope failure,
liquefaction, and plastic deformation induced by
ground shaking. They may cause tremendous
forces on long and/or large structure underground
structures such as tunnels, powerhouses, and under-
ground storage facilities of oil, gas, and nuclear
wastes. Therefore, the current seismic design
codes must be revised to include these effects.

As a conclusion, it is almost impossible for
mankind to prevent the damage to structures if a
fault break happens to be just passing underneath
the structures. Nevertheless, the adverse effects of

fault breaks on structures can be minimized to a
negligible level in view of findings from the actual
examples presented in this chapter. The following
suggestions may be put forward for developing the
seismic codes for structures in active fault zones:

1. Roadways and railways should not be ele-
vated, and they should be constructed on the
existing ground surface in active fault zones. In
doing so, the recovery of roadways and rail-
ways to be damaged by fault breaks in the
event of the earthquakes would very rapid. As
a result, the effective rescue and rehabilitation
works would become possible.

2. Bridges and viaducts should be constructed as
redundant structures and simply supported
structures should be avoided. Although pre-
stressing can be used to increase the confine-
ment of girders along the longitudinal axis of the
bridge, the structures should not be wholly pre-
stressed in order to prevent domino action in the
event of failure. Furthermore, T-type piers must
not be used as they constitute top-heavy situa-
tions which are undesirable in case of faulting as
well as shaking caused by earthquakes.

3. Dams should never be built on active faults
defined in engineering sense as they have
severe impacts on structures and residential
areas in downstream. For some reasons, if
they have to be built, their height should be
kept to a minimum, and the type of dams
should be rockfill.

4. Observations and studies on various under-
ground openings showed that they are strong
against shaking. Nevertheless, the existence of
discontinuities makes them vulnerable to col-
lapses particularly in case of shallow under-
ground openings. This may have some
important implications on areas where shal-
low abandoned mines, underground shelters,
and old tunnels exist. As the damage to tun-
nel linings due to fault breaks would be local-
ized, there is no need for extra precautions at
those locations. Underground openings, cross-
ing faults, and fracture zones may be enlarged
to accommodate relative slips along faults and
fracture zones. The lining of the openings
should be ductile to accommodate permanent
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ground deformations at such zones. Further-
more, the brittle linings of the existing under-
ground structures should be lined with ductile
thin plates or fiber-reinforced polymers
together with rock bolts at fracture and fault
zones, where permanent ground deformations
may occur.

5. Tubular structures should be designed with the
use of flexible joints to accommodate relative
displacements with the consideration of likely
relative displacement of the ground.

6. Buildings should be designed as rigid boxlike
structures with the use of shear walls. Walls
with fragile hollow bricks having no struc-
tural strength must not be allowed to be used
in building construction. If the brick walls are
to be used, the walls should be constructed
before the construction of columns and beams
in order to attain the structural integrity of the
structure, and they should be light, resistant,
and ductile.

7. Vertical accelerations of inland earthquakes
could be 0.65–0.75 times the maximum hori-
zontal accelerations. Sometimes, they may
exceed even the maximum horizontal acceler-
ation. The effect of vertical accelerations must
be considered in structural design.

8. The structures of great importance should be
sited on the rock foundations rather than on
loose alluvial ground since the amplification
of the loose ground may be several times that
of the rock foundation. Therefore, the failure
risk of structures during earthquakes could be
drastically reduced by such a selection. The
nuclear power plants and even arch dams
built on rock foundation performed very well
without any damage during the recent great
earthquakes.

9. Global, regional, and local geological and
geotechnical maps of cities and towns for
residential and industrial developments in
seismically active fault zones should be pre-
pared. Furthermore, the detailed geological
and geotechnical investigations should be
required before any new development so
that it may be possible to reduce the seismic
risks to structures during earthquakes in
active fault zones.
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Glossary

Basement Igneous or metamorphic rocks, often

Precambrian, that unconformably underlie
unmetamorphosed sedimentary strata [75]

Baseline pressureA starting point of pressure for
comparisons [37]

Bottomhole The lowest point in a well [37]
Fault A fracture along which rocks have been

displaced in a horizontal, vertical, or oblique
sense [75]

FormationA body of rock strata that consists of a
certain lithology or combination of lithologies;
a lithological unit [73]

Hypocenter The point within the earth where an
earthquake rupture starts. Also commonly
termed the focus [38]

Injection interval A formation or aquifer “used
for the injection of fluids for any purpose,
including artificial recharge and waste dis-
posal” [73]

ReservoirA highly porous and permeable mass of
rock that is able to hold or transmit fluids [75]

Storativity The volume of water an aquifer
releases from or takes into storage per unit
surface area of the aquifer per unit change in
head. It is equal to the product of specific
storage and aquifer thickness [18]

Definition of the Subject

Induced seismicity due to fluid injection is a phe-
nomenon observed scientifically beginning in the
1960s. Since 2009, the USA has experienced a
significant increase in seismicity in the mid-
continent region, also known as the Central and
Eastern United States (CEUS). The increase in
earthquakes is associated with recent changes in
hydrocarbon production methods. Fluid-induced
earthquakes are generated when a fault is exposed
to an increase in pressure from fluids, typically
wastewaters, which are injected into a nearby
disposal well. Research is continuing to determine
the best management practices to avoid these
events. This topic does not include seismicity
generated by other anthropogenic sources nor
injection seismicity due to geothermal or carbon
sequestration sources.

Introduction

A combination of advancements in the hydrocar-
bon recovery process and an increase in magni-
tude of industrial fluid injection during the early
twenty-first century has played a role in the
increase in US seismic activity, primarily within
the Central and Eastern United States (CEUS)
zone [28, 67]. To address the concerns of in-
creased seismicity within these areas, it is first
important to describe the origin and effects of
industrial fluid processes and how they relate to
induced seismicity.
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Hydraulic Fracturing
Hydraulic fracturing, also referred to as fracking,
is a technique used to enhance the production of
natural resources, predominately natural gas.
Hydraulic fracturing was first introduced as a
new technique in the USA in the 1940s
[35]. Hydraulic fracturing is a method used to
stimulate or treat production wells in unconven-
tional reservoirs [27, 35, 37]. Traditionally, oil and
natural gas are trapped in large pockets of sedi-
mentary rock layers, where the resource accumu-
lates in “pools” within the reservoir. In
unconventional reservoirs, the oil and natural
gas are trapped within the pore spaces of sedimen-
tary rocks, such as shale and porous limestone.
Hydraulic fracturing is a nontraditional method
allowing the extraction of natural gas otherwise
inaccessible by traditional drilling methods [27].

The hydraulic fracturing process begins with
drilling a borehole into the subsurface and stop-
ping when a natural gas-bearing rock formation is
reached, which can be anywhere from 2 to 4 km
(1 to 2.5 miles) beneath the surface on average.
After drilling, the borehole is lined with a casing
typically consisting of cement and steel piping.
Using a perforation device with explosive charges,
small holes and fractures are created through the
casing and the targeted rock formation [27]. This
completes the well establishment process.

Large volumes of pressurized fluids are
pumped into the completed well to generate frac-
tures to yield hydrocarbons in the formation. The
fluids used in the process contain a mixture of
water, granular solids (typically sand), and chem-
ical additives. The numerical percentage of the
fluid, that is, water, sand, or chemical additive
varies depending on the type and depth of the
well and the type of rock formation in which the
hydraulic fracturing is occurring [85]. The water
works as a transport mechanism to get the sand
into the newly created fractures. Also, the water is
pressurized, so it can extend into both the newly
created fractures and naturally occurring weak-
nesses in the formation. The sand is referred to
as a proppant or propping material, which is crit-
ical to the hydraulic fracturing process as it props
open the newly formed fractures allowing natural
gas to flow out of the rock once the fluid is

removed [36]. The purposes of chemical additives
within the water are extensive, including but not
limited to corrosion inhibitors to protect the cas-
ing, acids to dissolve minerals, polymers to main-
tain viscosity as temperature increases, gels to
thicken the water and suspend the proppant, and
surfactant to reduce surface tension and improve
fluid recovery [27]. The operators pump a percent-
age of the water back to the surface before the
natural gas is collected, referred to as flow back.

Although hydraulic fracturing began in the
1940s, recent advances in technology have signif-
icantly increased the number of well sites using
the technique in the last 20 years [28]. In a process
known as horizontal drilling, the borehole is
extended horizontally into the targeted formation
for an additional 1–2 km (1 mile). Horizontal
drilling, using advanced GPS and drilling tech-
nologies, allows industries to pinpoint the exact
location within the formation most conducive to
production, increasing productivity. Industries dril-
ling for natural gas are able to reduce the number of
well sites by drilling horizontally within the forma-
tion, which lowers the impact at the surface. More
than 82,000 hydraulically fractured wells are cur-
rently operating in the USA [66].

Industrial Wastewater
There are many terms used in reference to the
waters used in the hydraulic fracturing process.
Hydraulic fracturing fluid is water treated with the
proppant and chemical additives and injected into
the well. Produced wastewater is the fluid mixed
with formation minerals after injection, which
returns to the surface through the well after the
production of natural gas. Produced wastewater
contains chemical and metallic contaminants from
the formation, which may be harmful to the envi-
ronment [28]. Contaminated water is produced
through drilling site preparation, drilling itself,
operation, and the use of the hydraulic fracturing
technique [28]. Commonly, the original water
used in the process is fresh water retrieved from
lakes, streams, or municipalities [86]. The work to
utilize saline fluids as an alternative is referred to
as slick water fracking. The selection between
fluids is often determined based on availability
and economics.
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A maximum of 75% of the injected fluid is
retrieved in the hydraulic fracturing process
[27]. Flewelling and Sharma [19] found physical
constraints prevent the upward migration of
hydraulic fracturing fluid; therefore, the
remaining 25% of original fracturing fluids are
trapped in the fractured formation. After well
operators retrieve wastewaters from the well, it
must either be treated or disposed.

Energy companies have implemented several
strategies to address produced wastewater.
According to Hammer and VanBriesen [28], there
are five basic strategies for managing the chemi-
cally treated wastewater retrieved in the process:
(1) minimizing the produced wastewater, (2) recy-
cling, (3) treatment, (4) beneficial reuse, and (5) dis-
posal. Minimization of wastewater production is
implemented at the well site. Advanced technolo-
gies and mechanical blocking devices are minimi-
zation methods, but these methods are not as
popular with oil and gas companies because the
technology is still being developed and the effects
are uncertain [28]. Wastewater can be reused out-
side of the hydraulic fracturing process as water
for livestock, vegetable cultures, irrigation, and
fire control [1]. Treatment and recycling methods
are more commonly used for managing wastewa-
ter. Within recent years, some oil and natural gas
companies have begun creating facilities and/or
management procedures regarding the treatment
or recycling of wastewater. Chesapeake Energy
Corporation has designed water filtration pro-
cesses for eight different formations across the
country to help reduce the amount of contami-
nants [77]. Devon Energy has constructed a
water recycling facility to treat and reuse waste-
water within the hydraulic fracturing process. The
recycled fluids will be reused until the level of
chlorides reaches 30,000 parts per million. Waste-
water with this level of chlorides may clog the
well, which makes it hazardous to the process, and
it must be disposed [78]. When industrial waste-
water is too contaminated or too costly to treat and
reuse, it must be disposed. According to the US
Environmental Protection Agency’s (EPA)
Underground Injection Control (UIC) section of
the Safe Drinking Water Act (SDWA) of 1974,
using a Class II injection disposal well is the safest

option for disposing wastewater or storing hydro-
carbons produced from the oil and natural gas
production process in order to protect the environ-
ment and public drinking water [14].

Injection Seismicity
The US National Research Council (NRC) [53]
identified 48 locationswithin theUSAwith observed
occurrences of human-influenced or human-induced
seismicity. The seismicity within these locations is
linked to industrial fluid processes, such as hydro-
carbon storage, retrieval, or wastewater disposal
[53]. TheUSGeological Survey (USGS) announced
in 2014 the locations of 14 areas that may be linked
to these industrial fluid processes [60]. Three addi-
tional areas were added to the USGS list in 2015,
making a total of 17 seismic areas “at risk” for
industrially induced seismicity [61]. The USGS-
identified potentially induced seismic areas (PISAs)
stretch across eight states. The names and loca-
tions of these specified potentially induced seis-
mic areas, or PISAs, are shown in Fig. 1.

In all 17 PISAs, peer-reviewed literature indi-
cates the increase in seismicity is likely associated
with subsurface injection disposal wells. Sixteen
of the 17 locations have peer-reviewed literature
attempting to determine the origin of seismic
onset (research within the remaining unstudied
location is ongoing). The radial movement of
injection fluid from the center location of a dis-
posal well, as it crosses naturally occurring
faults in the subsurface, can cause earthquakes
[2, 29–31, 34, 49, 54]. Research in some of the
USGS-identified PISAs has confirmed induced
seismic events, such as the earthquakes in
Rangely and Rocky Mountain Arsenal in Colo-
rado [29, 65].

Not all research has been successful with linking
injection wells to local seismic activity with high
levels of scientific certainty. Keranen, Savage,
Abers, and Cochran [40] explained hydraulic data
such as reservoir pressure, formation permeability,
and injection fluid volume are needed to conclu-
sively link Oklahoma’s seismic activity to subsur-
face fluid injection. Similarly, results in the Dagger
Draw Oil Field, New Mexico, indicated a lack of
data regarding surface pressures, fluid injection, and
earthquake data to be able to conclusively verify
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induced seismicity [70]. Researchers investigating
increased seismicity in Brewton, Alabama,
explained the difficulty identifying induced seismic-
ity without knowing the fluid properties, movement
of subsurface pressure, and material properties [25].
The lack of hydrogeologic data remains a consistent
theme among these induced seismicity investiga-
tions. Ellsworth [13] emphasizes the lack of
hydrogeologic data, stating more subsurface for-
mation properties are needed to enhance induced
seismicity research. McGarr et al. [50] further
support this claim, adding the importance of locat-
ing faults and identifying subsurface formation
properties as crucial to managing injection-induced
earthquakes. Barnes and Halihan [4] provide a sys-
tematic review of the uncertainty in the links
between injection well activity and seismicity.

The 17 USGS-identified PISAs were excluded
from the 2014 US National Seismic Hazard Map
for the final analysis due to the anthropogenic

influence (Fig. 1). In 2016, the USGS attempted
to quantify the seismic hazard within these areas
by evaluating earthquake patterns, rates, and
ground motion data. However, the USGS does
not attempt to address the cause of seismicity
and acknowledges there are many gaps in the
scientific research, such as fault locations and
orientations, hydrogeologic characteristics, and
incomplete records of injection and formation
pressures, rates, and volumes [62, 87].

Injection Disposal Wells

The purpose of an injection disposal well is to
prevent the upward migration of contaminants
into groundwater or surface water; therefore, the
injection well targets a porous, permeable rock
formation for which the fluids are confined
[14]. Several classes of disposal wells exist, but

Induced Seismicity, Fig. 1 The locations of the 17 areas
removed from the USGSNational Seismic HazardMap are
indicated with red (nondeclustered) and blue (declustered)

polygons. Red (2014), green (2013), and blue (2012) dots
indicate earthquake epicenters. (Image from Petersen et al.
[61])
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in the USA, a Class II well exclusively targets
wastewater and hydrocarbons resulting from oil
and natural gas production [14]. The management
and regulation of these wells is generally passed
from the federal to state government in the US
state organizations such as the Texas Railroad
Commission and the Oklahoma Corporation
Commission regulate and monitor each Class II
injection well within their region. Injection dis-
posal wells are created in a process similar to
traditional oil and natural gas wells, except the
goal is to drill into a porous, permeable rock
formation where the injected wastewater will be
contained [14]. In some cases, the wastewater can
by injected back into an existing production well
after the hydrocarbon resources are exhausted.

There are over 11,000 active and inactive injec-
tion wells currently in the US state of Oklahoma,
which contains the two largest PISAs in surface
area [56]. Over 55,000 injection wells are located
in the state of Texas, which includes five of the
17 PISAs [64]. As of 2012, there were over
150,800 Class II injection disposal wells in the
USA [44]. Not all regions of the USA are condu-
cive to injection disposal wells. For example,
there are only eight disposal wells in the entire
state of Pennsylvania [46], even though hydrauli-
cally fractured wells are common in this state.
This is because Pennsylvania does not have sig-
nificant confined permeable injection intervals
capable of preventing the vertical migration of
wastewater fluids. When using a Class II injection
disposal well, the injected wastewater extends
in all directions throughout the rock formation
with no artificial barriers containing the fluids.
Although natural gas retrieval companies must
follow state and federal standards for disposing
wastewater, there is always the threat of con-
tamination or other harmful environmental
impacts when dealing with chemically treated
water, whether by accident or ignorance.

Environmental Balance of Wastewater
Disposal

Wastewater disposal is a balance between eco-
nomics and societies desire for fossil fuels and

environmental impacts to water quality or induc-
ing seismicity. This section looks at these compet-
ing issues around wastewater disposal.

Economic Impact
Natural gas retrieved from the hydraulic fractur-
ing process (i.e., shale gas) is one of the fastest-
growing energy sources in the USA, accounting
for over 60% of the US gas supply [83]. Ameri-
cans consumed 22,467 billion cubic feet of natural
gas in 2011 [82]. Natural gas consumption
increases each year, with a total of 27,474 billion
cubic feet consumed in 2015 [82]. Because Amer-
icans are increasing their consumption of natural
gas, there is a demand to maintain a national
supply. According to an IMPLAN model devel-
oped by Miller and Blair [51] for the state of
Pennsylvania, the shale gas industry in 2008 was
responsible for “$2.2 billion in economic activity,
the creation of 29,284 jobs, and the payment of
$238.5 million in state and local taxes within the
commonwealth of Pennsylvania” [42]. Oklahoma’s
oil and gas industry supports 364,300 jobs,
employing a quarter of the state’s population,
and the oil and gas industry contributes $50 bil-
lion of Oklahoma’s $150 billion economy
[58]. The oil and gas industry in Texas generates
over 315,000 jobs and established a “Rainy Day
Fund” of over $2.2 billion, which helps statewide
shortfalls in education, health insurance, child
protective services, and disaster recovery pro-
grams just to name a few [59]. In 2011, the nation-
wide employment in the oil and gas industry
consisted of over 5% of the total employment.
The oil and gas industry generated over $550
billion dollars, which was 8% of the US total
economy [3]. Despite the economic value, resis-
tance to hydraulic fracturing and wastewater dis-
posal exists in the USA due to health and safety
concerns.

Societal Impact
If natural gas is unattainable by traditional
methods in the quantities required, hydraulic frac-
turing is critical to maintaining stores of natural
gas for US consumption. However, there is public
opposition and confusion regarding hydraulic
fracturing. A survey of Americans in 2012 found
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only 26% of Americans were well-informed about
the hydraulic fracturing process, 35% had heard
nothing at all, and for those who had heard of it,
35% were opposed to its use [63]. Boudet,
Clarke, Bugden, Maibach, Roser-Renouf, and
Leiserowitz [8] found 39% of Americans had
heard nothing at all regarding the hydraulic
fracturing process and only 9% of Americans
were well-informed. Additionally, 22% of Amer-
icans were strongly opposed to hydraulic fractur-
ing, and 20% of the population supported it,
regardless of how well-informed they were about
the process [8]. Boudet et al. [8] found those who
opposed tended to be more informed about the
process and referenced environmental impacts of
hydraulic fracturing. Several organizations main-
tain websites advocating against the process of
“fracking” for oil and natural gas extraction:
americansagainstfracking.org, nyagainstfracking.
org, artistsagainstfracking.org, dangersoffracking.
com, californiansagainstfracking.org, dontfrack
withus.org, nationalgrassrootscoalition.org, and
many more. According to these anti-fracking
websites, social anxiety over fracking stems from
the environmental issues surrounding the hydraulic
fracturing process or, more generally, hydrocarbon
production techniques.

Little to no peer-reviewed research exists
examining perceptions of induced seismicity.
Misconceptions and inaccuracies regarding induced
seismicity are reported throughmedia outlets, which
exacerbate public confusion [67]. Commonmiscon-
ceptions include all earthquakes are caused by
hydraulic fracturing (only a small percentage),
there would be no wastewater disposal without
hydraulic fracturing techniques (nearly all pro-
duction wells produce wastewater), and all
injection wells create earthquakes (most do not
[67]). Despite addressing common misconcep-
tions among the public, there remain genuine
concerns regarding impacts to the environment.

Environmental Impact
A major environmental concern with hydraulic
fracturing is the large volume of water required
for the process. For example, approximately
3,800,000 gallons of water per well is needed to
complete the hydraulic fracturing process while

drilling in the Marcellus Shale, which is a large oil
and natural gas retrieval location in northeastern
USA [86]. The use of millions of gallons of fresh
water for hydraulic fracturing could be a concern
in areas with water scarcity [86]. For reference,
the amount of fresh water used in the hydraulic
fracturing process includes approximately 4% of
the total estimated uses of US fresh water
[45]. Other uses of fresh water include public
supply at 12%, irrigation for agriculture at 33%,
and thermoelectric power at 45% (Fig. 2 [45]).

The multiple ways of creating wastewater also
provide multiple opportunities for contamination
of the surrounding environment. Hydraulic frac-
turing can require hundreds of semi-truckloads to
transfer the millions of gallons of water to each
well site and then to treatment facilities or injec-
tion well locations, which can increase carbon
emissions. Well operators and truck drivers may
accidentally spill the wastewater onto the land
surface at the well site, in transit to disposal
wells, or in transit to other destinations such as
water treatment facilities [28]. Any locations
where wastewater is transferred at the surface
can become a source area.

Groundwater contamination can occur when
the induced fractures are hydraulically connected
to a fresh water reservoir or through improperly
plugged wells [26]. Air pollution is another envi-
ronmental concern, as hydraulic fracturing releases
dust, diesel fumes, methane, and other particulate
matter into the atmosphere [26]. Other contamina-
tion possibilities arise through the hydraulic fractur-
ing process: secondary pollution due to transferring
wastewater from production site to storage facility,
loss of land use due to extreme salt contamination,
impacts of water withdrawals, and improper sealing
of abandoned wells [28].

According to the EPA [15], the oil and natural
gas industry is exempt from the SDWA of 1974.
Diesel and the disposal of wastewater through
injection disposal wells are the only aspects of
hydraulic fracturing held accountable by the
SDWA and the EPA [15]. This means tracing
contaminants found in local water sources back
to hydraulic fracturing sites would be difficult,
since the industry does not have to disclose any
chemicals (except for diesel) used in the injected
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fluids. However, the Resource Conservation and
Recovery Act (RCRA) does give individual states
the authority to require disclosure of harmful
chemicals. There are currently 23 US states dis-
closing their industrial chemicals on FracFocus.
org. Oklahoma passed fracking disclosure rules
forcing natural gas industries to post all of the
chemicals used in their hydraulic fracturing fluids
[47]. The Oklahoma Department of Environmen-
tal Quality and Oklahoma Corporation Commis-
sion list the regulations regarding monitoring
hydraulic fracturing sites and well water on their
websites. Air and water quality monitoring at
well sites consists of sampling 2–3 days apart or
averaging within a 24-hour period, which tests
for a broad spectrum of common environmental
concerns [55, 57]. Some of the chemicals used
in the hydraulic fracturing fluid are not found
naturally. This means water quality regulators
could trace harmful chemicals found in drinking

water sources back to hydraulic fracturing sites
if pathways exist.

The connection between wastewater disposal
and induced seismicity from fluid injection led
researchers to investigate closely the relationship
between these two components. Holland [32] cor-
related the intense pressure of fluid injected into a
subsurface fault during the process of hydraulic
fracturing to shallow earthquakes with magni-
tudes of 0.6–2.9, which are sometimes felt at the
surface but not strong enough to cause damage.
Although Holland linked earthquakes directly to
hydraulic fracturing, the low risk factor encour-
ages scientists to focus on induced earthquake
sources capable of causing seismic damage. As
stated earlier, increased seismicity within the
CEUS has been linked to injection disposal wells.

The disposal of wastewater through injection
disposal wells has likely induced seismicity in all
of the 17 PISAs, with each location containing

Induced Seismicity, Fig. 2 Artist depiction of a typical hydraulic fracturing well implementing horizontal drilling. This
image also shows natural gas flowing through the man-made fractures. (Image source: EPA [16])
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various degrees of scientific certainty based on
evidential support [4]. Earthquakes have in-
creased in Alabama, Arkansas, Colorado, Kansas,
Ohio, New Mexico, Oklahoma, Texas, and Vir-
ginia, where the epicenters, or earthquake location
at the surface, have all been at or near injection
disposal well sites [13].

Damage to structural property and residents
has been reported in Oklahoma and Texas [23,
40]. To begin investigating induced seismicity,
it is important to discuss the mechanism of
earthquakes and how earthquakes are located
and measured.

Induced Seismicity

Natural vs. Induced Earthquakes
Natural earthquakes typically occur along faults in
regions classified as tectonically active. An earth-
quake is a sudden release of slowly accumulated
stress at a fault [5]. Seismologists measure earth-
quakes with three basic scales: Richter, moment
magnitude, and Mercalli Intensity [84]. The Rich-
ter scale measures earthquake magnitude, which
is a combination of the amplitude of earthquake
waves and duration of event. The Mercalli scale
uses human observations and surface destruction
to categorize intensity. The Mercalli scale only
considers the human impact, and the Richter
scale does not measure strong earthquakes accu-
rately [84]. The USGS often uses the Modified
Mercalli Intensity Scale to depict the strength of
earthquakes to the general public. However, the
most common measurement method used by seis-
mologists for earthquakes is the moment magni-
tude scale. The moment magnitude scale combines
the Richter and Mercalli scales to measure earth-
quakemagnitude and intensity. Calibrated seismom-
eters placed in several locations throughout a region
can triangulate moment magnitude. The moment
magnitude is a logarithmic scale, increasing by
10 each time the magnitude is increased by one.
Most seismologists, geologists, and other scientists
studying seismicity use the moment magnitude as
the scale for peer-reviewed research [84]. Through-
out this chapter, magnitude values are assumed as
moment magnitude unless otherwise denoted.

Although earthquakes with moment magni-
tudes of 3.0 or higher typically occur along tec-
tonic plate boundaries, earthquakes are possible
along faults in the continental interior due to high
shear stress [60, 81]. Areas with high shear stress
are at or near the strength limit of the crust. This
strength limit means any distress, large or small,
applied to a critically stressed fault can trigger an
earthquake [49, 54, 60]. In the USA, naturally
occurring earthquakes with moment magnitudes
of 5.0 or greater are rare east of the Rocky Moun-
tains. However, from 2008 to 2011, the annual
number of earthquakes in the Oklahoma region
was 11 times greater than the annual average
number of earthquakes from 1976 to 2007
[40]. Rubenstein, Ellsworth, McGarr, and Benz
[68] claim a 40-fold increase in earthquakes in
the CEUS since 2001. At peak seismic activity
in 2015, Oklahoma experienced 904 felt earth-
quakes, with a background rate of 1.6 per year.

Distinguishing between natural events and
induced seismicity is difficult. There are some dif-
ferences between the two, which recently have been
revealed due to the ongoing research in induced
seismicity. Induced seismic earthquakes may tend
to have lesser magnitudes than naturally occurring
earthquakes [48]. Induced earthquakes often occur in
swarms and at shallower depths than natural earth-
quakes [25, 72]. Ground-shaking patterns are often
more intense with induced seismicity due to the
shallowhypocenter locations, but additional research
is required to confirm these conclusions [62]. Ells-
worth [13] visualizes the changes in the number of
earthquakeswithin theCEUSwithmagnitude of 3 or
higher, by comparing the projected seismic rate ver-
sus the actual seismic rate from 1967 to 2012.

Induced Seismicity
There are four known anthropogenic processes
capable of inducing a felt earthquake: reservoir
loading, mining, geothermal activity, and fluid
injection [13, 74]. Reservoir loading is the addi-
tion or removal of a large volume of water, which
changes the ground stress levels quickly and dras-
tically (Fig. 3). The underground excavation in
mines leads to the removal of large masses of
rocks from beneath the surface and is often
accompanied by removal of groundwater mass,
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thus weakening the formation integrity. Geother-
mal energy extraction induces earthquakes by
removing large volumes of fluids from beneath
the surface. This extraction process has similar
affects as fluid injection with a different measure-
ment system. To correlate geothermal energy
extraction and seismic events, one must quantify
the net volume of produced fluid, as opposed to
only quantifying the volume of injected fluid
[13]. Fluid and gas injection into subsurface rock
increases the pore pressure within the formation,
thus decreasing effective stress and increasing the
formation pressure. The increase in overall forma-
tion pressure affects physical structures (i.e., frac-
tures and faults) within the injected region [74].

Certain conditionsmaymake faultsmore suscep-
tible for an induced seismic event, such as high shear
stress or increasing pore pressure [54]. The Mohr-
Coulomb failure equation is used to determine the
critical stress most likely to trigger a seismic event.
Mohr-Coulomb failure is expressed by the follow-
ing equation:

tcrit ¼ tu þ msZ
“where tcrit is the critical shear stress required to
cause slip on a fault, tu is the frictional stress on

the plane of slip, m is the coefficient of friction,
and sZ is the normal stress acting across the fault”
[54]. An increase in fluid pressure on a fault can
trigger Mohr-Coulomb failure by reducing the
critical threshold within the surrounding rock
structures. Nicholson and Wesson [54] were
among the first researchers to supply suggestions
for deep fluid injections outlining considerations
such as site location, distance from faults, stress
estimate, and the natural seismicity of the region
before the establishment of an injection disposal
well. Current researchers reference Nicholson and
Wesson [54] frequently to validate induced seis-
micity findings. For example, Ake et al. [2] corre-
lated the seismic events at Paradox Valley,
Colorado, to the fluid injection rates at a nearby
injection disposal well through criteria supplied
by Nicholson and Wesson [54].

Davis and Frohlich [11] published criteria for
rationally assessing whether an event is a natural
event or induced seismicity. The article provided a
starting point for determining whether an event is
natural or induced. The authors describe seven
questions to ask after a specific seismic event
occurs. These questions help evaluate the likeli-
hood of induced seismicity. The authors provide

Induced Seismicity, Fig. 3 Depiction of three induced seismicity mechanisms. Note in the fluid injection depiction the
fluid does not have to reach the fault to trigger an earthquake [52]. (Image after portions of Ellsworth [13])
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examples of earthquake events, which they sub-
mitted through their questionnaire to see if the
questions were valid. For example, the authors
ran both the Rangely and Rocky Mountain Arse-
nal cases (both locations were established as seis-
mically induced) through the questionnaire, and
the results indicated induced seismicity [12]. The
most important question in the questionnaire is:
Do earthquakes occur naturally in the region?
Other questions within this research include
parameters such as location of the earthquake
epicenters, fluid pressures, and correlation of seis-
mic event to fluid injection [11]. The authors
explained how these questions, if results indicate
induced seismicity, were not an absolute indicator
of induced seismicity. Although many of the
established induced seismic events in literature
align with the questionnaire results, further
research at each site is necessary to provide evi-
dentiary support. These questions can guide seis-
mologists and other researchers to pursue induced
seismicity research or find alternative sources for
the onset of an earthquake.

Ellsworth [13] encourages constant seismic
monitoring around injection disposal wells to bet-
ter understand the hazards of induced seismicity.
Current monitoring regulations for Class II injec-
tion disposal wells only cover fracture pressure,
total injection volume, and average injection pres-
sure [13]. Ellsworth [13] compares the magnitude
of natural earthquakes to induced earthquakes.
Hazards for major seismic events include lique-
faction, landslides, surface rupturing, and tsu-
namis if located in or near an ocean. Bird and
Bommer [6] explain these hazards may occur
with any ground-shaking event, specifically a
magnitude of 3 or greater. Ellsworth [13] con-
cludes induced seismic events can have magni-
tudes as high as 6. Keranen et al. [40] claim this
number should be increased due to the 5.7, which
hit Prague, Oklahoma, in 2011. An earthquake in
San Salvador, El Salvador, with the same magni-
tude as the Prague earthquake in 2011 affected
over 110,000 residents, including the deaths of
over 1500 people [13]. Although the likelihood
of human death or injury in this range is low in
areas with modern buildings, there are areas in the
USA where some buildings are not constructed

with earthquake standards and could cause signif-
icant damage if subjected to an earthquake with a
moment magnitude of 6.

Classifying earthquakes and discovering the
triggering mechanism for each event are part of
the seismological aspect of induced seismicity.
Structural geology helps identify critically
stressed faults and their orientations, which is
important for locating and determining potential
hazards of induced seismicity. Locating hypo-
centers, determining the stress load of nearby
critical faults, and mapping distances to injection
disposal well locations are all common practices
in induced seismicity literature. Hydrogeology of
the injection interval has not been as prevalently
addressed in the current literature as the structural
and seismological components of induced seis-
micity. Researchers recognize their claims need
further hydrogeological data to support their find-
ings beyond a reasonable doubt [25, 40].

Hydrogeologic Parameters

Increasing pore pressure near a critically stressed
fault can produce earthquakes [12], and fluid
injection increases subsurface pore pressure
[65]. Earthquakes can be induced by the increase
in pressure alone, meaning the fluid itself does not
have to reach the fault [52]. In order to calculate
the distance pressure will travel over time, the
hydrogeologic characteristics of the injection
interval are needed.

When investigating an area of potentially
induced seismicity, it is critical to correlate the
injection rate to the location of earthquake hypo-
centers [88]. Injection rate is important because it
indicates how fast the fluid is being pushed into
the injection interval. How quickly the fluids
move through the injection interval is dependent
on the hydrogeology, which is comprised of rock
properties (grain size, orientation, porosity, and
permeability) and fluid characteristics (density
and viscosity [18]). Hydraulic conductivity is the
ability of rocks to transmit water, also known as
the coefficient of permeability, and is affected by a
number of parameters. The property of the rock
that is governed by the size of openings available
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for fluid movement is the intrinsic permeability.
Fluid density and viscosity also affect the migra-
tion [18]. Fluid viscosity changes with tempera-
ture: viscosity increases as temperature decreases.
Fluid density is altered with pressure, tempera-
ture, or added minerals. For example, salt water
has a different fluid density than fresh water. The
intrinsic permeability of a rock is dependent on
primary openings formed as the rock was formed
and secondary openings formed after rock forma-
tion. Typically shales have low hydraulic conduc-
tivity (10�9–10�13 m/s) and are often used to line
solid waste disposal sites due to the difficulty of
fluids to move through [18]. Chemically precipi-
tated rocks, such as limestone or dolomite, can have
high hydraulic conductivity (10�3–10�5 m/s).
These types of rocks are often the target for injec-
tion disposal wells, as long as they have a confin-
ing layer, such as a shale bed, above and below.
Additionally, limestones and dolomites are sus-
ceptible to secondary openings caused by disso-
lution. Crystalline rocks, such as igneous basement
rock, typically have very low hydraulic conductivity
(10�9–10�13 m/s). Secondary openings within these
rocks can increase fluid flow by orders of magni-
tude [18]. The majority of injection disposal wells
within the PISAs investigated inject into crystal-
line basement or limestones and dolomites lying
directly above basement rock [2, 22, 29, 33, 34,
40, 41, 70, 72, 88]. This is why it is crucial to
know the extent of fractures and fluid pathways in
these systems to discover how quickly and over
what distance fluid pressure pulse can migrate.

The most rational approach for discovering
hydraulic pathways to a critically stressed fault is
to calculate the rate of pressure migration based on
injection rate and hydrogeologic characteristics of
the injection interval. Davis and Pennington [12]
used the Theis equation to determine fluid migration
rates. With slight adjustments to accommodate
site-specific conditions, the Theis equation has
been used to calculate the propagation of pressure
waves in the subsurface [10, 17, 43, 71]. The
Theis equation is used for transient or unsteady-
state conditions [79]. For steady-state conditions,
the Thiem equation is appropriate [80]. Both
equations assume a uniform interval with an infi-
nite extent and equal hydraulic properties in all

directions being injected at a constant rate. These
equations can be used in a variety of circum-
stances and across a wide range of geologic set-
tings. By using the Theis or Thiem equation as a
basis to estimate the pressure migration radiating
from injection wells, it is critical to obtain the fol-
lowing parameters: injection interval thickness,
hydraulic conductivity, storativity, and injection
rates. Additionally, pressure measurements
should be obtained throughout the injected reser-
voir. Davis and Pennington [12] explain although
bottomhole pressures at the injection site are
important, these measurements are not typically
helpful when used in isolation. The pressure anal-
ysis for the injection interval could be inaccurate.
Useful pressure measurements include data fur-
ther from the well and throughout the injected
formation to gain a better understanding of pres-
sure migration.

Review of Potentially Induced Seismic
Areas

A thorough investigation into a PISA would
include data sets from structural geology, seis-
mology, and hydrogeology. These three disci-
plines are not always equally represented within
induced seismicity investigations. The follow-
ing section provides an overview of the
17 PISAs, including descriptions of the location
and significant findings.

Rocky Mountain Arsenal, Colorado
Healy et al. [29] published one of the first inves-
tigations of induced seismicity directly linking
fluid injection to earthquake events. In 1961, the
Rocky Mountain Arsenal installed an injection
disposal well for chemical waste, and fluid injec-
tion began in 1962. There were two seismometers
located in the Denver, Colorado metropolitan area
measuring earthquakes in 1962. The authors, in
collaboration with the USGS, installed several
more to record the increased seismic activity.
The increase in earthquakes began 7 weeks after
fluid injection began. All of the earthquakes clas-
sified within the Denver earthquake sequence
originated within a radius of 65 km (40 miles) of
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the injection disposal well. The authors explained
the probability of a natural earthquake sequence
originating in the same area as the injection dis-
posal well and occurring simultaneously with the
onset of fluid injection was 1/2,500,000. In other
words, it is highly unlikely the earthquake
sequence in Denver from 1962 to 1967 was a
naturally occurring seismic event. Earthquakes
continued in the Denver metropolitan area even
after the termination of the disposal well in 1966.
The largest earthquake of the series occurred over
a year after the well’s termination in 1967, with a
magnitude of 5.0. The researchers explained the
wastewater beneath the surface continued to radi-
ate outward from the well and increase stress on
the surrounding faults, long after the injection
ceased [29].

Rangely, Colorado
The Denver, Colorado, earthquake sequence
(correlating injection fluid to earthquakes) sparked
interest in researchers to conduct further testing. If
fluid injection causes earthquakes, and humans con-
trol fluid injection, can earthquake sequences be
controlled? Raleigh et al. [65] tested this question.
Experiments could not be conducted on the closed
injection disposal well from Rocky Mountain Arse-
nal. The researchers needed to maintain control of
stress factors and fluid pressure within the area, have
the ability to locate the origin of earthquakes, and
minimize the risk of inducing a damaging earth-
quake. The researchers collaborated with the Chev-
ron Oil Company to conduct research with four
injection disposal wells in the Rangely Oil Field,
which had no record of seismicity prior to the exper-
iment. In 1969, the researchers began pumping fluid
into the designated injection disposal wells at
Rangely and measured the seismicity. One year
later, the researchers stopped pumping and began a
period of flow back (fluid retrieval) for 6 months.
The researchers recorded over 900 earthquake
events from 1969 to 1970, with over one-third of
the earthquakes originating 1.0 km (0.6 miles) away
from one of the four designated injection dis-
posal wells. During the 6-month flow back
period, the pressures measured in the formation
dropped significantly, and the earthquakes averaged
approximately one earthquake per month. In 1972,

the oil company turned the wells back on, and
pressure within the formation began to increase.
From1972 to 1973, therewas an average of 26 earth-
quakes per month. The company shut the wells
down in 1973, and earthquakes in the region have
now ceased [65]. From this research, the authors
discovered a critical piece of information: seismic
activity dramatically increased after disposal wells
reached an injection pressure of 3727 psi (25.7 MPa
[65]). All subsequent research targets this injection
pressure (also referred to as bottomhole pressure) as
a factor for induced seismicity.

Paradox Valley, Colorado
The injection disposal well in Paradox Valley was
used to dispose excess salt water from the Colo-
rado River. Recognizing that Colorado had expe-
rienced earthquakes previously due to subsurface
injection, this well was a government project to
see if they could economically and environmen-
tally dispose of the excess salt water while mini-
mizing the earthquake hazard. Seismicity began
4 days after initial injection occurred in 1991
[2]. A seismic swarm occurred in 2013, which
was within 6–8 km (4 to 5 miles) of the injection
well and 4.1 km (2.5 miles) in depth [7]. With
little to no background seismicity, the increase in
seismicity at Paradox Valley was determined as
induced [2, 7]. The authors used the locations of
earthquakes to discover the pressure migration
from injection wells. They concluded calculating
the pressure pulse provides a reliable estimate
of how fast and far the pressure will travel, to
help prevent the pressure from reaching a criti-
cal fault. Additionally, the pressure propagation
could identify the maximum rate to inject within
a location [2].

Greeley, Colorado
As of May 2016, there is no peer-reviewed
research in the area of Greeley, Colorado, regard-
ing induced seismicity. Yeck et al. [89] presented
preliminary findings at the American Geophysical
Union in 2014 and described a recent increase in
seismicity within this location. With the occur-
rence of a 3.2 magnitude earthquake in proximity
to injection disposal wells, the researchers deployed
additional seismic stations to begin consistent
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monitoring of Greeley. Additional aftershocks in-
cluding a 2.6 magnitude earthquake occurred
3 weeks after the seismic stations were deployed.
The Colorado Oil and Gas Corporation Commis-
sion (COGCC) recommended an immediate
cease of injection for the first time in its history
[89]. Additional research is necessary in this
area to support scientific certainty of induced
seismicity.

Raton Basin, Southern Colorado, and
Northern New Mexico
The Raton Basin lies across the borders of Colo-
rado and New Mexico. The Oil and Conservation
Division of the Energy, Minerals, and Natural
Resources Department of New Mexico is respon-
sible for regulating the injection disposal wells
in New Mexico. No injection data prior to 2006
are available through this entity. Therefore,
researchers in this area relied heavily on available
data provided through the COGCC. There are
several injection disposal wells within the Raton
Basin, with over 20 on the Colorado section alone.
Rubinstein et al. [68] completed a statistical anal-
ysis regarding the increase of seismicity in the
Raton Basin since 2001. They calculated a 3%
probability earthquakes would happen naturally
in this area. They were able to make spatial and
temporal correlations between earthquakes and
wells with high injection rates and volumes. The
authors attempted to associate high rate and vol-
ume injection wells to the increase in seismicity.
Unfortunately, they could not determine whether
rate or volume was more important in determining
if or when earthquakes will occur [68].

Dagger Draw, New Mexico
As previously stated, there are no injection
records prior to 2006 in the state of New Mexico.
Sanford et al. [70] claimed there were no surface
pressures and fluid injection data and lacked
earthquake numbers and strengths to make suit-
able correlations to injection activities. Dagger
Draw has experienced previous seismicity due to
a large magma body at approximately 19 km
(12 miles) depth near this location. With a lack
of data and a history of seismicity, the authors
could not establish a clear connection to induced

seismicity. There was a temporal correlation
between onset of injection and onset of earth-
quakes. From 1999 through 2004, the seismicity
activity in NewMexico almost doubled [70].With
additional data, it is possible clearer correlations
can be made in the Dagger Draw PISA.

Brewton, Alabama
Brewton, Alabama, experienced a 4.9 magnitude
earthquake in 1997. Gomberg and Wolf [25]
described two injection wells within 5.0 km
(3 miles) of the main shock having a focal depth
of approximately 4.5 km (2.8 miles). The injec-
tion wells reached a depth of 2.1 km (1.3 miles)
into a sandstone and shale formation. The volume
of extraction and injection of fluids was used to
determine if correlations exist between industrial
processes and seismicity. The authors could not
find a spatial-temporal relationship between vol-
umes, pressures, and earthquake occurrence.
However, injection rates were not evaluated in
this study. The authors recognize this relationship
is difficult to quantify without fluid properties, an
idea of pressure migration, and injection interval
material properties.

Ashtabula, Ohio
In the 1980s, earthquakes began shaking the town
of Ashtabula, Ohio. Ashtabula is not a seismically
active area. Similar to the induced seismic events
in the Rocky Mountain Arsenal near Denver,
researchers directly correlated earthquakes in
Ashtabula to an injection disposal well. Seeber
et al. [72] discovered the earthquakes originated
from one of two major faults, which lie within
5.0 km (3 miles) of an injection disposal well. The
researchers concluded the wastewater injected
into the well acted as a lubricant to facilitate
fault movement and trigger earthquakes. The larg-
est earthquake in the Ashtabula, Ohio sequence
occurred after the termination of the injection
disposal well [72].

Youngstown, Ohio
Research in Youngstown, Ohio, began when over
100 earthquakes affected this area with no natural
background seismicity. Kim [41] explained Ohio
has a natural earthquake zone called the Anna
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Seismic Zone. However, in the area of Youngs-
town, there is no record of earthquakes prior to
2011. After 2011 (onset of fluid injection), earth-
quakes began occurring near the injection dis-
posal well site and radiated outward over time.
The researchers clearly mapped a radial pattern of
earthquakes with the disposal well in the center of
the circle. Kim [41] concluded the increase in pore
pressure in the subsurface is due to wastewater
injection spread outward from the disposal well,
inducing earthquakes in the affected region.
Again, the earthquakes did not stop entirely
after the disposal well shut down: seismicity
continued to decrease steadily over the follow-
ing months [41].

Azle, Texas
In 2013, seismic activity increased near Azle,
Texas. Multiple injection wells were used to dis-
pose wastewater into the Ellenberger formation,
which is comprised of dolomite lying directly
above the crystalline basement rock. Hornbach
et al. [33] emphasize the importance of obtaining
baseline pressure (bottomhole), and permeability
values, while constantly monitoring fluid rates
and volumes throughout the injection process.
The authors explain the Texas Railroad Commis-
sion does not keep a record of bottomhole pres-
sures; therefore, they attempted to model the
changes in subsurface pressure in the Azle area.
The authors validated pressure increases within
the area capable of producing an increase in seis-
micity through subsurface pressure modeling.

Fashing, Texas
Frohlich and Brunt [21] published research on
earthquakes originating in the Eagle Ford Shale
in Texas near the city of Fashing. The Eagle Ford
Shale is an unconventional reservoir containing
large amounts of oil and natural gas; thus, well
operators implement fracking to release the
resources. The authors examined 14 hypocenters
of a specific earthquake sequence and found a
correlation between 10 of the hypocenters and
injection disposal wells. However, there was no
correlation between four of the hypocenters and
injection disposal wells. This led to mixed results.
The authors concluded a possible correlation

between earthquakes and wastewater injection
exists, but the four uncorrelated earthquakes caused
doubt [21]. The authors concluded the earthquakes
in Fashing were induced but through fluid extrac-
tion and not injection. It is possible the injection
process contributed to the overall increase in seis-
micity, but the subsurface pressure reduction from
the extraction process exceeded injection pressure
[21]. The authors recognized a detailed analysis of
subsurface hydrogeologic parameters would help
support their findings.

Cogdell, Texas
Saltwater disposal has occurred in the Cogdell Oil
Field since 1956 [12]. The seismicity near Snyder,
Texas, and within the Cogdell Oil Field was deter-
mined induced, even though seismic swarms did
not occur until 20 years after injection com-
menced [12]. In 1971, industries started injecting
CO2 into the same Canyon Reef limestone used
for saltwater disposal. Gan and Frohlich [24]
found gas injection could be responsible for
increased seismicity for the first time. These
researchers suggest extensive modeling of sub-
surface stress and hydrogeology would help
explain why the Cogdell Oil Field experiences
earthquakes while surrounding regions are not.
Gan and Frohlich [24] researched injection dis-
posal wells with rates equal to those correlated
to seismic events that did not have earthquake
hypocenter within 5.0 km (3 miles) of the well.
Gan and Frohlich concluded these wells were
not in the near vicinity of a fault. However, the
author did not have enough data of the subsur-
face structure to be able to definitively support
this hypothesis [24].

Dallas/Fort Worth, Texas
Frohlich [20] conducted a correlation study in the
Barnett Shale, an unconventional oil and gas
retrieval location in Texas. In the Barnett Shale
study, Frohlich [20] examined 24 hypocenters
occurring near the Dallas/Fort Worth International
Airport. This study found all 24 were within
3.5 km (2 miles) of injection disposal wells.
From this research, Frohlich [20] determined
wastewater injection into the Barnett Shale caused
the 24 seismic events. Additionally, a critical
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injection rate of 150,000 B.P. (24,000 m2/
month) was correlated to each major seismic
swarm. Frohlich [20] acknowledges the critical
rate will depend on site-specific subsurface
properties.

Timpson, Texas
A 4.8 magnitude earthquake occurred near
Timpson, Texas, in 2014. The earthquake caused
damage to several houses and woke up residents
as far as 50 km (31 miles) away from the epicen-
ter. With two high volume injection wells within
3.0 km (2 miles) of the earthquake swarm,
researchers began investigating the cause of the
Timpson seismicity. They found although suffi-
cient evidence exists to correlate injection to the
increase in seismicity, they could not rule out
natural causes within this location [23]. The
authors recognize a more complete understanding
of subsurface properties such as hydrogeology
and stress conditions would provide a better
understanding of the connection between seismic
events and fluid injection [23].

Central Oklahoma
Keranen et al. [40] closely examined a specific
earthquake sequence from 2011 in Oklahoma.
The sequence included three earthquakes with
moment magnitudes of 5.0 or greater, the largest
being a 5.7. The largest event caused structural
damage at the epicentral region and two human
injuries. At least 17 states felt the earthquake. The
5.7 earthquake near Prague, Oklahoma, is the
largest induced seismic event in US history
(as of March, 2016). Oklahoma has experienced
a 200-fold increase in earthquakes since 2009
[87]. Most of the research for this event was
retroactive, meaning the authors used aftershocks
to locate the focus of each major earthquake. The
researchers deployed seismometers 24 hours after
the initial 5.7 earthquake affected the area. Data
from over 1000 aftershocks provided the location
for the earthquake hypocenters within the
Wilzetta fault zone. The Wilzetta fault zone lies
within the Wilzetta Oil Field, and the three major
earthquakes originated within 5 kilometers of an
injection disposal well. The wastewater injection
into the injection disposal well began in 1993,

which is 17 years before the first noted earthquake
occurred in Oklahoma. Using the Davis and
Frohlich [11] criteria for induced seismicity, the
authors concluded the cause of the 2011 major
seismic event in Oklahoma was most likely, but
not definitively, wastewater injection into Class II
injection disposal wells [40].

An opposition statement from the state of
Oklahoma exists regarding the Prague, Okla-
homa, earthquake sequence. Keller and Holland
[39], as representatives of the Oklahoma Geolog-
ical Survey and in collaboration with the Okla-
homa Corporation Commission, issued a brief
statement on the Prague earthquakes. The authors
explain how the Wilzetta fault zone has a history
of earthquakes: swarms of earthquakes, such as
the Prague event, are natural to the area. The
authors declare fluid injection began in 1955 pre-
venting the correlation of fluid injection to the
earthquake swarm. Keller and Holland [39] con-
clude the earthquake swarm in Prague was no
more than a naturally occurring event, but contin-
ued monitoring would provide more insight into
this event.

Sumy, Cochran, Keranen, Wei, and Abers [76]
conducted an additional study on the Oklahoma
earthquakes. The researchers looked at the inten-
sity of the earthquakes and the Coulomb failure
criteria of the Prague, Oklahoma, earthquake
sequence. The team concluded the three earth-
quakes with magnitudes of 5.0 and higher resulted
from Mohr-Coulomb stress failure within the
adjacent rock structures and triggered several
additional earthquakes. Results from the team’s
research imply the seismic hazard, or risk assess-
ment, for induced seismicity may be greater than
previous estimates.

Northern Oklahoma and Southern Kansas
Research with the region of Northern Oklahoma
and Southern Kansas is still in progress. The Mis-
sissippi Limestone (directly above crystalline
basement) is the target injection interval for this
region, which lies across the Kansas and Okla-
homa border. Kansas started experiencing earth-
quakes in 2013. Rubinstein, Ellsworth, Llenos,
andWalter [69] suggested the earthquakes in Kan-
sas might not be natural in origin. The USGS and
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Kansas Geological Survey have deployed addi-
tional seismic stations and are currently locating
earthquake hypocenters [9]. Monthly saltwater
injection data are not available for Kansas
[87]. Walsh and Zoback [87] provided injection
rate and earthquake correlations among several
locations in Northern Oklahoma. They con-
cluded earthquakes in this region are likely
associated with industrial activities, and pre-
existing geological conditions may be more
indicative of predicting seismic magnitude
than pore pressure [87].

Guy-Greenbrier, Arkansas
In Arkansas, Horton [34] published research
findings from yet another recent earthquake
sequence. Unlike the other research articles,
Arkansas has a strong history of earthquakes.
The name of this active region is the New
Madrid Seismic Zone (NMSZ). The NMSZ is
the most seismically active region east of the
Rocky Mountains. Evidence of ancient lique-
fied soil and sediments called paleoliquefaction
in the region indicates earthquakes with magni-
tudes of 7 or higher occurred within the last
1100 years. After a 98% increase in earthquakes
appeared within 6.0 km (3.7 miles) of disposal
wells, the researchers began investigating the pos-
sibility of induced seismicity. The researchers
measured seismicity before and after the installa-
tion of new disposal wells in the area in order to
determine whether earthquakes were natural or
induced. Due to known injection formation prop-
erties, such as rock type and fault lines, they knew
the formations were directly connected to base-
ment rock. The Arkansas Oil and Gas Commis-
sion ordered an emergency shutdown of the
observed disposal wells after hundreds of small
magnitude earthquakes appeared within 28 days
of initial injection. The researchers verified
induced seismicity by correlating initial injection
with earthquakes and by the significant reduction
of earthquakes after the emergency shutdown.
Earthquakes continued to shake the region even
after the shutdown, mimicking the research from
the Rocky Mountain Arsenal and Rangely Oil
Field [34].

Future Directions

Each of the PISAs included within this research
has experienced an increase in seismicity. Some of
these locations are confirmed induced seismic
areas, while others lack enough data to make
scientific conclusions. The process of hydraulic
fracturing includes a large volume of produced
wastewater, which must be treated or disposed
for public health and safety. Since subsurface
injection is one of the most inexpensive options
and is accepted by the EPA, it is the most often
used disposal method by the industry. Hydraulic
fracturing and wastewater disposal can cause sev-
eral environmental issues, which are troublesome
among concerned citizens. However, these indus-
trial processes are beneficial to producing states
and to the overall US economy. If the USA is to
continue supplying the national demand for natu-
ral resources such as natural gas, then it is imper-
ative to find an environmentally and economically
feasible solution the public can accept. Regulatory
agencies and other monitoring entities must find a
way to mitigate or even prevent seismic activity in
regions of injection disposal. Additional data are
required in structural, seismological, and
hydrogeologic disciplines in order to make realis-
tic decisions on how to manage seismic hazard.
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Glossary

Earthquake prediction It is a branch of earth-
quake science concerned with the prediction of
the time, location, and magnitude of earthquakes

Geoengineering It fundamentally refers to engi-
neering on/in the earth crust and it is a hybrid
discipline of civil engineering, mining engineer-
ing, petroleum engineering, and earth science

Geoscience It is a branch of science concerning
the mechanism of formation of geological pro-
cesses, earthquakes, mountain ranges and
ocean basins and the movements of continental
plates of the earth

Infrared imaging It is an imaging technique uti-
lizing thermographic cameras to detect radiation

in the long-infrared range of the electromagnetic
spectrum and to produce images of that radia-
tion, called thermograms

Rockburst It is a spontaneous, violent fracture
and detachment of rock. It occurs in under-
ground excavations subjected to high stress
condition and it is also reported to occur on
surface excavations such as high slopes and
foundation of dams

Definition of the Subject and its
Importance

The prediction of earthquakes in geoscience and
the prediction of the failure of structures in
geoengineering are the long-desired goals of
geoengineers and geoscientists. Furthermore,
infrared thermographic imaging technique could
be a tool for the maintenance purpose of structures
in geoengineering. The entry explores the possi-
bility of the utilization of infrared thermographic
imaging technique for such purposes.

Introduction

Earthquakes are known to be one of the most
destructive natural disasters resulting in the huge
losses of human lives and properties as experi-
enced in the past and recent earthquakes. As there
is no way to prevent the occurrence of earth-
quakes, the prediction of earthquakes is of great
importance for mankind.

Rockbursts under high stress environment in
mining and civil engineering are of prime con-
cerns during excavations of underground as
well surface structures. Therefore, the predic-
tion of real-time stability of underground exca-
vations in geoengineering is also of great
importance.

The maintenance of various structures is also
of prime importance for engineers. When mate-
rials constituting structures deteriorate, their ther-
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mal properties and heat absorption characteristics
change, which may be important elements for
determining their deterioration state.

The utilization of the infrared thermographic
imaging (IRTIT) was explored by the author
through an experimental and monitoring program
for assessing the real-time stability of underground
excavations against rockburst in underground
excavations, thermomechanical responses of dis-
continuities, and fault gouges in relation to heat
release during shearing process, whichmay be also
of great value in earthquake prediction [1–3]. This
entry explores the possibility of applying the infra-
red thermographic imaging technique in geo-
engineering and geoscience. First, the principles
of thermographic imaging by infrared camera are
briefly explained. Then, the experimental results of
a series of laboratory tests on rock specimens and
large rock blocks having a circular hole are tested
under compression environment in relation to the
deformation and rupture processes; discontinuities
subjected to dynamic shearing are presented. Later,
some observations that were carried out at the
actual structures are presented. Finally, the possi-
bility of applying the infrared imaging in
geoengineering and geosciences is presented and
discussed.

Principles of Thermographic Imaging by
Infrared Camera

Temperature variations can be measured through
thermographic imaging technique utilizing infra-
red cameras [4–8]. The wavelength of infrared
rays used in the infrared cameras ranges from
0.7 mm to 14 mm, and the focal plane arrays
were one-dimensional initially, and they become
two-dimensional. Infrared thermography technol-
ogy has been recently advanced, and it is possible
to measure temperature variations with a sensitiv-
ity of 0.1 mK at a sampling rate of 380 Hz. With a
lower resolution, the sampling interval can be
much smaller. The infrared thermographic imag-
ing technique utilizes long-wave infrared rays
(LWIR), medium-wave infrared rays (MWIR),
and short-wave infrared rays (SWIR). Infrared
cameras can be of cooled or non-cooled type.

It is also well known that temperature variations
do occur during loading of geomaterials and their
amplitude depends upon the rate of loading. Weber
[9] was first to recognize the temperature variations
during the loading of solidmaterials. Kelvin was the
first to formulate the effect of temperature in thermo-
elasticity [10]. The fundamental reasoning to those
variations can be simply explained through the
energy conservation law of the continuum mechan-
ics, which is given below (see, e.g., [11]):

rc
@T

@t
¼ �∇ � qþ s � _«� Q (1)

where r, c,T,q,s, _«,Q are density, specific heat,
temperature, directional derivative operator, heat
flux, stress, strain rate, and heat production
(or sink), respectively. The second term on the
right-hand side of Eq. 1 corresponds to mechanical
work done during deformation process per unit
time. This term corresponds to the energy variation
during deformation. During plastic deformation of
rocks or slippage along discontinuities, some part
of dissipated mechanical energy would also be
transformed to heat, which would induce temper-
ature increase on rocks. These temperature varia-
tionsmay bemonitored using the infrared cameras,
and this type of monitoring may be designated as
“passive monitoring.” When heat environment is
almost constant, the variations of temperature
would be almost very small so that the thermo-
graphic images could not be distinct to observe the
deteriorated state of surrounding materials for
maintenance monitoring purposes. It should be
also noted that if the body is externally excited by
mechanical actions, for example dynamic forces
such as cyclic loading, impacts etc., one should
also expect some temperature variations.

When Eq. 1 is reconsidered, steady-state or
transient temperature variations may be observed
depending upon the characteristics of heat source
or heat fluxes and dynamic passage of waves.
These variations would depend upon heat absorp-
tion or desorption characteristics of constituting
materials in view of their density and specific heat
constants. Thermographic imaging by infrared
camera using external excitation sources, such as
electrical heating (induction, conduction), optical
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heating (intense light, lasers), mechanical loading,
vibrations (high-power ultrasound), or convective
heating, may be designated as “active monitor-
ing.” In this entry, two types of infrared thermo-
graphic imaging are experimentally investigated
in the first part, and then their possible applica-
tions in geoengineering and geosciences are pre-
sented in the remaining part.

Uniaxial Compression and Brazilian
Experiments on Minerals, Rocks, and
Fault Gouges

Experimental Setup, Devices, and Materials
The experiments were first carried out at the rock
mechanics laboratory of Aydan, when he was
associated with Tokai University (TU) until the
end of October 2013 [1, 2]. The loading machine
used by the author is a low-stiffness machine with
a loading capacity up to 100 kN. The loading was
manually performed so that the environmental
electrical and electronic noises due to the loading
system were absent as seen in Fig. 1. The applied
load and induced displacement were automati-
cally measured and stored on the hard disk of a
laptop computer. The acceleration responses of
the samples during fracturing were measured by
Yokogawa WE7000 measurement station using

the AR-10TF-type accelerometers of TOKYO
SOKKI, which can measure three components of
accelerations up to 10G with a frequency range of
0–160 Hz. The accelerometers were either
attached at top and bottom platens. However, if
the sample was large enough, the accelerometers
were attached directly onto samples. The acceler-
ations were measured in the direction of loading
and in two mutually perpendicular directions to
the loading direction.

As expected from the energy conservation law
of continuum mechanics given by Eq. 1, the ther-
mal response of geomaterials would be observed
as some of the mechanical energy is transformed
into heat during deformation and fracturing. The
author and his group have first attempted to mea-
sure temperature variations using contact-type
temperature measurement setups as well as infra-
red thermographic imaging technique in the past
(i.e., [12]). Recently, the infrared thermographic
imaging technique is greatly improved, and the
author reused this technique to observe the thermal
response of minerals and rocks in compression and
Brazilian tensile experiments and compression of
quartz fault gouge. The infrared cooled camera
used in experiments is produced by FLIR, and its
type is SC5500 (Fig. 1). It has an image resolution
of 320 x 256 pixels for a frame rate of 380 Hz. It
has InSb focal plane area, and the wavelength of

Infrared Thermographic Imaging in Geoengineering and Geoscience, Fig. 1 Views of experimental devices and
setups

Infrared Thermographic Imaging in Geoengineering and Geoscience 415



infrared rays ranges between 3 and 5 mm. In the
experiments the first 12 tests were conducted with
a resolution of 160 x 128 pixels and a frame rate
200 of Hz. The rest of the five experiments were
performed using a resolution of 160 x 128 pixels
and a frame rate 500 of Hz.

Experiments on Minerals
Several crystals such as quartz, orthoclase, tour-
maline, calcite, aragonite, and gypsum were
selected, and experiments were conducted. Dur-
ing experiments, high strength minerals such as
quartz and tourmaline failed in a mode of explo-
sion, while gypsum, rocksalt, and aragonite failed
in a very ductile manner. In this section, the exper-
iments on quartz and gypsum are only presented.

Quartz
Responses of several measurable parameters such
as stress, strain, electric potential, and cumulative
AE are shown in Fig. 2 together with views of
quartz crystal before and after the failure. The
failure mode of the quartz crystal was like an
explosion, and the remains of the sample after
the experiment were powderized as seen in the
same figure. The maximum acceleration was
13 times the gravitational acceleration. Distinct
variations of various measurable parameters such
as electric potential and acoustic emission besides
load and displacement were observed during
deformation and fracturing processes.

An infrared thermographic image and tempera-
ture response along the selected line of the quartz
crystal sample during the initiation of failure is

shown in Fig. 3. The maximum temperature was
observed almost at the center of the top surface of
the crystal, and the temperature differencewas about
16 �C from the ambient temperature. Furthermore,
one can easily notice the ejection trajectories of
some fragments from the failing quartz sample.

Gypsum
Gypsum crystal failed in a very ductile manner.
Figure 4 shows responses of several measurable
parameters such as stress, strain, and cumulative
AE that are shown together with views of gypsum
crystal before and after the failure. As noted from
Fig. 4, the gypsum crystal failed in the mode of
buckling existing cleavage system in the crystal,
which cannot be distinguished from the visual obser-
vation. Themaximumaccelerationwas only 16 gals,
and it is 0.0163 g times the gravitational accelera-
tion, which is extremely small as comparedwith that
observed during the failure of quartz mineral.

An infrared thermograph image and tempera-
ture response along the selected line in the
observed outer surface of gypsum crystal sample
during the initiation of failure is shown in Fig. 5.
The maximum temperature rise of the sample was
only 0.85 �C, which is very low compared with
that observed during the experiment on the quartz
crystal.

Rocks
Observations on real-time infrared thermographic
responses of some typical rocks ranging from soft
mudstone to quartzite were carried during the
deformation and fracturing processes. Rocks

Infrared Thermographic Imaging in Geoengineering and Geoscience, Fig. 2 Multiparameter responses of quartz
crystal sample and its view before and after failure
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were mudstone from Seyitömer (Turkey), shale
from Donghekou (China), tuff and andesite from
Sinop (Turkey), chert from Balakot (Kashmir),
sandstone from Ehime (Japan), marbles from

Kuşini (Selçuk, Turkey) and Muğla (Turkey),
porous basalt from Mt. Fuji (Japan), granite from
Inada (Ibaraki, Japan) and Kaore (Gifu, Japan),
and rhyolite from Kaore (Gifu, Japan). Most of

Infrared Thermographic Imaging in Geoengineering
and Geoscience, Fig. 3 (a) An infrared thermograph
image of the quartz crystal during failure and temperature

rise along the selected line, (b) sequential infrared thermo-
graphic images during fracture process

Infrared Thermographic Imaging in Geoengineering and Geoscience, Fig. 4 Multiparameter responses of
gypsum crystal sample and its view before and after failure
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experiments were carried out under uniaxial com-
pression loading condition, and two Brazilian
tests were carried out on granite and rhyolite sam-
ples. In this section, we present results of some of
these experiments and discuss their implications.

Uniaxial Compression Tests

Low Strength Rocks
Experimental results on mudstone sample from
Seyitömer open-pit lignite mine and tuff sample
from Sinop Peninsula of Turkey are presented
herein. Figure 6 shows an example of infrared
thermographic image of Seyitömer mudstone
and temperature distribution along the line indi-
cated in the image. It is also interesting to note that
a thermal band, which coincides with fracture
zone, is observed. This may be of great value for
identifying the possibility of rockburst and their
locations in rock engineering and earthquake
faults in geoscience.

Figure 7 shows the multiparameter response
of the mudstone sample from Seyitömer. It is of
great interest that acceleration waves with lower
amplitude occurred when the macroscopic crack
initiation started to occur at the peak strength
while the maximum acceleration observed during
the failure state as noted in previous experiments

reported by Aydan et al. [13] and Ohta and Aydan
[14]. Furthermore, the maximum acceleration is
about 120 gals.

The next example of rock is a tuff sample
from Sinop Peninsula. Figure 8 shows a view of
the sample after experiment, infrared thermal
image of the sample during fracturing, and its
associated temperature distribution along the
fracture plane and stress-strain relation. It is of
great interest that the temperature distribution is
higher along the fracture plane. The first sudden
drop in strain-stress relation is associated during
the splitting crack in the middle of the sample.
Then, the sample again continued to sustain a
higher load.

Medium Strength Rocks
Although a number of experiments were carried
out on medium strength rocks, experiments on
two examples are described herein. The first
example is a marble sample collected from Kuşini
antique underground quarry (Selçuk, Turkey)
[15]. The antique underground marble quarry,
which was, at least, exploited about 2000 years
ago, was used in building the structures and mon-
uments in Phrygian Efes (Ephesus) antique city.
Figure 9 shows an example of infrared thermo-
graphic image of Kuşini marble and temperature

Infrared Thermographic Imaging in Geoengineering and Geoscience, Fig. 5 Infrared thermograph image of the
gypsum crystal during failure and temperature rise along the selected line

418 Infrared Thermographic Imaging in Geoengineering and Geoscience



distribution along the line indicated in the image
during fracturing. The temperature inferred
reached about 34.5 �C compared to the ambient
temperature of about 29–30 �C.

Figure 10 shows the multiparameter response
of the marble sample from Kuşini antique under-
ground quarry. There are several important obser-
vations in the figure. As the load was manual,

Infrared Thermographic Imaging in Geoengineering and Geoscience, Fig. 6 Actual view and infrared thermo-
graph image of Seyitömer mudstone together with temperature distribution along the chosen line

Infrared Thermographic
Imaging in
Geoengineering and
Geoscience,
Fig. 7 Multiparameter
responses of Seyitömer
mudstone

Infrared Thermographic Imaging in Geoengineering
and Geoscience, Fig. 8 Actual view and infrared ther-
mograph image of Sinop tuff together with temperature

distribution along the chosen line and strain-stress
response during the experiment
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some load reduction occurred during the loading
steps. In particular, it is interesting to notice that
Kaiser effects known in the acoustic emission
technique for in situ stress inference are clearly
observed at two stress levels as indicated in
Fig. 10. It is also interesting to note that electric
potential decreases during relaxation or reduction
of load, which was also noted in previous studies
by Aydan et al. [12, 16]. In this example, it is also
of great interest that the maximum acceleration is
observed during the failure state as noted in pre-
vious experiments reported by Aydan [17] and
Ohta and Aydan [14]. As rock becomes stronger,
the maximum acceleration was about 3391 gals
and the wave formwas asymmetric with respect to
time axis as noted previously by Aydan [17].

A sandstone sample from Ehime Prefecture
(Japan) with a uniaxial compressive strength of
62 MPa was tested. The views of the sample
before and after experiment and an infrared

thermograph image together with temperature dis-
tribution along the selected line are shown in
Fig. 11. The sample failed along two conical con-
jugate fracture planes as seen in the figure. The
temperature difference obtained from the infrared
observation was about 33 �C. As noted from the
figure, temperatures are much higher in the vicin-
ity of fracture planes.

Hard Rocks
An andesite sample from Sinop Peninsula (Turkey)
was tested. Views of the sample before and after
experiment and an infrared thermographic image
together with temperature distribution along the
selected line are shown in Fig. 12. The sample
failed in a violent manner with too many fracture
planes as seen in the figure. The temperature dif-
ference obtained from the infrared observation was
about 42 �C. As noted from the figure, tempera-
tures are much higher in the sample just below the

Infrared Thermographic
Imaging in
Geoengineering and
Geoscience,
Fig. 10 Multiparameter
responses of Kuşini marble

Infrared Thermographic Imaging in Geoengineering and Geoscience, Fig. 9 Actual view and infrared thermo-
graph image of Kuşini marble together with temperature distribution along the chosen line
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mobile loading platen. The ejection trajectories of
rock fragments in space were also observed.

Inada granite from Ibaraki Prefecture of Japan
was selected as another example of hard rocks.
Figure 13 shows a view of the failed sample, and
an infrared thermograph image together with tem-
perature distribution along the selected line is
shown in the figure. The temperature difference
was more than 47 �C at the time of initiation
measured by the infrared thermal camera. The tem-
peratures were higher at the corners where crack
initiation started. The sample failed in a violent
manner, and the trajectories of fragments of the
rock sample together with a powder cloud are
easily noticed from the image. From the images it
is also possible to obtain ejection velocities, which
may be of great importance for assessing the pos-
sible ejection distance as well as destruction poten-
tial of the rockbursts in actual constructions.

Brazilian Tests
Observations by infrared thermal camera were
done in Brazilian tensile strength experiments
on Inada granite and Kaore rhyolite samples.
Figure 14 shows the sample after experiment and
the infrared thermograph image together with
temperature distribution along the chosen line
shown in the same figure. As noted from the
figure, high-temperature bands coincide with the
fracture planes. Furthermore, the crack initiation
locations coincide with highest temperature spots.

A view of the rhyolite sample from Kaore
underground powerhouse (Gifu, Japan) after
experiment and its infrared thermograph image
together with temperature distribution along the
chosen line are shown in Fig. 15. As noted in
previous experiments, high-temperature bands
appear along some zones before rupture and these
high-temperature bands eventually constitute the

Infrared Thermographic Imaging in Geoengineering
and Geoscience, Fig. 11 Views of the sample before
and after the experiment and infrared thermograph image

of Ehime sandstone together with temperature distribution
along the chosen line

Infrared Thermographic Imaging in Geoengineering
and Geoscience, Fig. 12 Views of the sample before
and after the experiment and infrared thermograph image

of Sinop andesite together with temperature distribution
along the chosen line

Infrared Thermographic Imaging in Geoengineering and Geoscience 421



major fracture zones. The temperature rise of the
rhyolite sample was higher than that of the granite
sample. In other words, temperature is higher if
rock becomes harder and fails in a brittle manner.

Gouge
Two experiments were carried out to see the ther-
mal response of gouge material (granular quartz-
ite) sandwiched between plates of steel (GE-S)
and quartzite (GE-Q) during compression. The
main purpose was to study possible temperature
variations along shear zones and fracture/fault
zone in actual circumstances. In this section, the

observations on the experiment denoted QE-Q
(Gouge Experiment 2) are reported herein.
Figure 16 shows the infrared thermograph
image, temperature distribution along the chosen
line, temperature variation with time, and strain-
stress response during experiments. Although
temperature variations were somewhat less than
those expected, very interesting observations
were done. As gouge material was granular
quartz, temperature distribution fluctuates along
the chosen line. Lower temperature is expected at
those grains a little behind from those where tem-
perature is higher. Another important observation

Infrared Thermographic Imaging in Geoengineering and Geoscience, Fig. 13 View after the experiment and
infrared thermograph image of Inada granite together with temperature distribution along the chosen line

Infrared Thermographic Imaging in Geoengineering and Geoscience, Fig. 14 Views of the granite sample after
the experiment and its infrared thermograph image and temperature distribution along the chosen line
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Infrared Thermographic Imaging in Geoengineering and Geoscience, Fig. 15 Views of the rhyolite sample after
the experiment and its infrared thermograph image and temperature distribution along the chosen line
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Infrared Thermographic Imaging in Geoengineering and Geoscience, Fig. 16 Infrared thermograph image of
quartz gouge together with temperature distribution along the chosen line and strain-stress response during the experiment
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is the temperature rise in relation to the imposed
load on the gouge material. When stress and strain
increase, temperature increases. However, if the
load is kept constant, temperature tends to
decrease. All these responses can be directly
explained if the energy conservation law is
taken into account.

Experiments on Rock Discontinuities
during Dynamic Shearing

The first set of experiments was carried out on the
schistosity plane of metamorphic quartzite in
2014, and similar experiments are recently
repeated on discontinuities in andesite, green
schists, diorite, granite, gabbro, basalt, limestone,
and quartzite. The results are fundamentally sim-
ilar. In this part, the experiments on the schistosity
plane of quartzite are presented.

Experimental Setup
The experimental setup consists of a shaking
table, Testo 885 or 890–2 infrared cameras, accel-
erometers, non-contact displacement measure-
ment acquisition system, and a specimen. In
addition a contact-type temperature sensor is
attached next to the discontinuity plane on the
upper block. The shaking table is utilized to
induce cyclic shearing on the discontinuity
planes. The stroke of the shaking table is 30 mm
with a maximum speed of 240 RPM, and its speed
can be adjusted at any desired level.

The shearing motions are monitored using
accelerometers and non-contact laser transducers
produced by KEYENCE. A stand-alone-type
accelerometer QV3-OAM-SYC or TOKYO
SOKKI is attached to the shaking table to measure
imposed accelerations, which may also be used to
evaluate the other dynamic motion parameters.

The specimen consists of lower and upper
blocks. The lower block is attached to the movable
shaking table, while the upper block is attached to
the unmovable support as illustrated in Fig. 17. The
reason to attach the lower block to the shaking table
was to prevent rotational movements during shear-
ing. Figure 18 shows a view of a typical experimen-
tal setup.

A contact-type temperature sensor was also
fixed near the discontinuity plane in the first
experiment. As the measured responses by contact
gauges were not as accurate as those from the
infrared camera, it was decided not to use it in
the rest of experiments.

Some experiments were also carried out using
Testo 880 IR camera. However, the sensitivity of
the camera and the resolution of IR images were
much lower than Testo 885 or 890–2 IR cameras.
Furthermore, the continuous recording was not
possible due to limitations of the Testo 880 IR
camera. Therefore, the experiments done using
the Testo 880 IR camera are not reported herein.

Experiments
Geometrical dimensions and mechanical and fric-
tional properties of blocks are given in Tables 1, 2,
and 3. Schistosity planes are chosen as shearing
planes. Schistosity planes also include somemica-
ceous minerals such as muscovite.

The number of cyclic shear tests was five, and
the normal stress was varied in each test. Table 4
gives the normal stress levels in a respective cyclic
shear test. Although the level of normal stress is
lower compared with those used in the conven-
tional shearing test, these normal stress levels
should be appropriate if distinct heating response
is achieved. There is no doubt that the heating
would be higher if normal stress level and/or
shearing velocity becomes higher. Although the
normal stress level is comparatively small, the
maximum shearing velocity was about 1 mm/s
in all experiments. Furthermore, the duration of

Infrared Thermographic Imaging in Geoengineering
and Geoscience, Fig. 17 An illustration of experimental
setup
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shearing is another factor influencing the thermal
responses. The responses and results of experi-
ments are numbered CST-2, CST-3, and CST-5.

Cyclic Shear Test 2 (CST-2)
Figure 19a, 19b shows the acceleration applied to
the shaking table and temperature response of the
point with the highest temperature rise during the
experiment. The maximum surface temperature
rise was 1.4 �C at the point where the highest
temperature was observed. The maximum ampli-
tude of the acceleration was 1346 gals. Surface
temperature of the sample during three selected
time steps (namely, 0 s, 30 s, and 60 s) is shown in
Fig. 19c. Although the discontinuity plane is
apparently almost planar, surface temperature dis-
tribution of the specimen was not uniform. The
highest temperature rises apparently occur at con-
tact areas over the discontinuity plane. In other
words, the temperature rise or heat release would
be higher at asperities of rock discontinuities dur-
ing the shearing process. It is also interesting to
note that temperature rise is much steeper in rela-
tion to the increase of amplitude of acceleration.

Cyclic Shear Test 3 (CST-3)
Figure 20a, 20b shows the applied acceleration to
the shaking table and temperature response of the
point with the highest temperature rise during the
experiment. The maximum amplitude of the accel-
eration was almost the same as that of the previous
experiment. The maximum surface temperature rise

Infrared Thermographic
Imaging in
Geoengineering and
Geoscience, Fig. 18 A
view of experimental setup
and instrumentation

Infrared Thermographic Imaging in Geoengineering
and Geoscience, Table 1 Geometry and weight of
blocks

Block
Length
(mm)

Width
(mm)

Height
(mm)

Weight
(gf)

UB 73.1 49.7 14.8 134

LB 90.4 60.8 14.2 197

Infrared Thermographic Imaging in Geoengineering
and Geoscience, Table 2 Material properties

Unit
weight
(kN/m3)

UCS
(MPa)

Elastic
modulus
(GPa)

P-wave
velocity
(km/s)

S-wave
velocity
(km/s)

24.9–25.2 194 196 4.86 2.47

Infrared Thermographic Imaging in Geoengineering
and Geoscience, Table 3 Friction properties

State Fresh surface Worn surface

Friction angle 23–26 21–23

Infrared Thermographic Imaging in Geoengineering
and Geoscience, Table 4 Test names and normal
stresses

Test name Normal stress (kPa)

CST-1 0.37

CST-2 2.05

CST-3 3.73

CST-4 5.87

CST-5 11.37
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was 1.8 �C at the point where the highest tempera-
ture was observed. The increase in the temperature
rise in this experiment compared to that in the pre-
vious experiment is directly associated with the
increase in normal stress level.

Surface temperature of the sample during three
selected time steps (namely, 0 s, 25 s, and 55 s) is
shown in Fig. 20c. Surface temperature distribu-
tion of the specimen was not uniform, and the
highest temperature rises apparently occurred at
contact areas (namely, asperities) over the discon-
tinuity plane. It is also interesting to note that
temperature rise is also much steeper, while the
amplitude of acceleration is increasing. On the
other hand, if the shearing speed is constant, the
heat release or temperature rise increases at a
constant rate. A drop in time-temperature rise
response is probably due to external causes related
to temperature fluctuations in the vicinity of the
testing environment.

Cyclic Shear Test 5
The normal stress level increased and it was
almost twice that of the experiment denoted cyclic
shear test 5. Figure 21a, 21b shows the applied
acceleration to the shaking table and temperature
response of the point with the highest temperature
rise during the experiment. The maximum ampli-
tude of the acceleration was slightly lower than
that in other experiments, and its maximum ampli-
tude was 1186 gals. The maximum surface tem-
perature rise was 3.6 �Cwith a fluctuation range of
� 0.3 �C. The initially selected point moves in
space during shaking, while the selected point in
the thermographic image remains the same. Nev-
ertheless, the maximum temperature rise is twice
that of the experiment denoted cyclic shear test
3. The increase in the temperature rise in this
experiment compared to that in the previous
experiment is directly associated with the increase
in normal stress level. Regarding the temperature
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rise, it is again worth to notice that temperature
rise is much steeper, while the amplitude of accel-
eration is increasing. On the other hand, if the
shearing speed is constant, the heat release or
temperature rise increases at a constant rate.

Surface temperature of the sample during
three selected time steps (namely, 0 s, 25 s,
and 50 s) is shown in Fig. 21c. It is also noted
that the surface temperature distribution of the
specimen was not uniform, and the highest tem-
perature rises apparently occurred at contact
areas (namely, asperities) over the discontinuity
plane. Compared to the contact areas in the
previous experiments, the number of contact
areas increased due to higher normal stress
applied in the experiment. After the experi-
ments, it was noted that a thin powder layer
accumulated on the surface of discontinuity sur-
faces as seen in Fig. 22. In other words, asper-
ities were partially worn out and the damage to

asperities of the lower mobile block was higher
than that of those at the stationary upper block.

The responses of temperature rises for all exper-
iments are plotted in Fig. 23. As noted from the
figure, the temperature rise is highest for the exper-
iment denoted cyclic shear test 5, while it is lowest
for the experiment denoted cyclic shear test 1. The
temperature rise is higher during the increase of
shearing rate, and temperature increase becomes
linear as the shearing rate becomes constant. The
temperature rise is also related to the duration of
shearing. The temperature becomes higher as the
duration of shearing increases.

Laboratory Experiments on Rockburst
Phenomenon by Infrared Imaging

An experimental setup which consists of a com-
pression testing device with a capacity of 2000 kN
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was used and three prismatic rock blocks with a
size of 200 x 250 x 90 mm having a circular
opening with a diameter of 40 mm subjected to
uniaxial compression. Rock samples were obtained
fromTaru-Toge Tunnel, which is being constructed
using drilling-blasting technique as a part of the
expressway project connecting Shin-Tomei
Expressway and Chuo Expressway at the bound-
ary of Shizuoka and Yamanashi Prefectures in
Central Japan [18]. The cores obtained from the
rock blocks were tests for obtaining their uniaxial
strength. The uniaxial strength of rocks ranged
from 26 MPa to 110 MPa, implying that the rock
strength could be quite anisotropic with respect to
bedding plane orientation (BP). During experi-
ments, the rock blocks were attached with acceler-
ometers and acoustic emission sensors in addition
to displacement transducers and load cell to mea-
sure the dynamic response of rock blocks during
deformation and fracturing processes (Fig. 24).

An infrared camera X8400sc/X6500sc pro-
duced by FLIR was used to observe infrared ther-
mographic imaging. Frame rate was 100/s during
observations (Fig. 25). Figures 26, 27, 28, 29, 30,
and 31 show the multiparameter responses of rock
blocks and associated infrared images together
with visual images at several time steps for each
block. The temperature of infrared thermographic
images ranges between 30 �C and 33 �C for all
experiments except the test numbered TGT2–2;
the blocks failed in a violent manner. Although the
appearance of tensile fractures at the roof, which

is expected from the stress state induced by the
applied loading and boundary conditions, was not
clearly observed, spalling started to occur at side
walls as expected. While visible spalling is
observed at 80–85% of the total load level, AE
occurrences started at 35–40% of the total load
level, which roughly corresponds to the antici-
pated yielding stress level at the sidewalls.

Before the macroscopic failure of samples, the
ejection of fragments from the side wall of the
openings induces vibrations. These vibrations are
clearly noted at acceleration responses. When
rock blocks fail, the amplitude of accelerations
reaches the level of 3 to 4.5 times the gravitational
acceleration. The acceleration response is also not
symmetric with respect to time axis as noted pre-
viously by Aydan [17], Ohta and Aydan [14], and
Aydan et al. [19], previously. If the experiment
terminated before the total failure, the acceleration
level is much less and it is about 240 gals. Never-
theless, it should be noted that the measured accel-
erations are measured at the top and bottom of the
sample near loading platens. In other words, accel-
erations at the points where the ejection of frag-
ments occurred should be much greater than those
measured at the top and bottom of the sample.

As noted from infrared thermographic images
shown in Figs. 27, 29, and 31, high-temperature
bands are observed at locations where plastic
straining and cracks occurred. These high-
temperature spots grow, and ejected fragments
appear as high-temperature spots. Once large

Infrared Thermographic
Imaging in
Geoengineering and
Geoscience,
Fig. 23 Comparison of
responses of temperature
rises for all experiments
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cracks appear, then those high-temperature bands
cool down. These observations clearly show that
infrared thermographic imaging technique could
be a great tool for engineers to identify high-

temperature zones as an indicator of likely loca-
tions of rock failure in the vicinity of excavation
surfaces for assessing the real-time safety of under-
ground excavations.
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Infrared Thermographic Imaging in Geoengineering and Geoscience, Fig. 24 Illustration of instrumentation of a
rock block sample and its view

Infrared Thermographic Imaging in Geoengineering and Geoscience, Fig. 25 Views of an infrared camera used
in experiments and a typical experiment
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Applications to Underground
Excavations

As an application of the infrared thermographic
imaging technique to real underground excava-
tions, some observations during the excavation

of Taru-Toge Tunnel (Shizuoka Prefecture,
Japan), from which rock blocks were obtained,
were made. The tunnel is excavated by drilling
and blasting technique, which involves the
blasting, mucking, shotcreting, installation of
rock bolts and steel ribs, and drilling of holes for

Infrared Thermographic Imaging in Geoengineering and Geoscience, Fig. 27 Visual and infrared thermographic
images of rock block sample TGT1–1

Infrared Thermographic
Imaging in
Geoengineering and
Geoscience,
Fig. 28 Multiparameter
responses of TGT2–1 rock
sample with circular
opening
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the next blasting round. Forced ventilation is
imposed soon after the blasting operation to
clear the dust and cloud from the blasted tunnel
face. In addition, high-temperature zone next to
the blasted tunnel face is the shotcrete layer,
which was undergoing hydration process. This
observation may also be of great value to assess

the quality of shotcrete and its hardening process
(Fig. 32b).

Figure 32 shows visible and infrared thermo-
graphic images of the evacuation tunnel soon
before and after the blasting. An interesting obser-
vation is that the infrared thermographic image
clearly illustrates the tunnel face condition, while

Infrared Thermographic Imaging in Geoengineering and Geoscience, Fig. 29 Visual and infrared thermographic
images of rock block sample TGT2–1

Infrared Thermographic
Imaging in
Geoengineering and
Geoscience,
Fig. 30 Multiparameter
responses of TGT2–2 rock
sample with circular
opening
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the naked eye image is quite blurred. This is a very
important feature of infrared thermographic imaging
technique, which is not affected by the dust cloud
soon after the excavation. The cooler areas are likely

to be corresponding to de-stressed zones at the tun-
nel face and the groundwater seepage locations. The
remains of blasted holes are clearly observed in
infrared images as hot spots as seen in Fig. 33.

Infrared Thermographic Imaging in Geoengineering and Geoscience, Fig. 31 Visual and infrared thermographic
images of rock block sample TGT2–2
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Infrared Thermographic Imaging in Geoengineering and Geoscience, Fig. 32 Visible and infrared images of the
evacuation tunnel after blasting. (a) Visible image. (b) Infrared thermographic image

Infrared Thermographic Imaging in Geoengineering and Geoscience 433



Figure 34a shows the seepage conditions at the
main tunnel on September 27, 2014. As noted from
the figure, the seepage locations are well recog-
nized from the infrared thermographic images.
Additional observations showed that it was also
possible to recognize even water drops seeping
into the excavation space as seen in Fig. 34b.

Future Directions for Possible
Applications in Geoengineering and
Geosciences

The infrared thermographic imaging technique
utilized to show how mechanical energy is

transformed into heat during deformation and
fracturing of minerals and rocks in compression
and tensile experiments and compression of quartz
fault gouge in addition to measurable parameters
such as deformation, load, displacement, acoustic
emissions, acceleration, magnetic field, electrical
resistivity, and electrical potential, which are
called multiparameters [12, 16, 19]. The experi-
ments clearly show that high-temperature bands
are observed along the potential facture zones.
Particularly, the failure of quartz crystal was like
an explosion, which was not reported in
geomechanics so far. Infrared thermographic
imaging technique together with monitoring of
multiparameter thermodynamic responses of

37.1 °C

35.0

32.5

30.0

27.5

25.0

22.5

21.1 °C

Infrared Thermographic Imaging in Geoengineering and Geoscience, Fig. 33 Infrared images of remains of
blasted holes

Infrared Thermographic Imaging in Geoengineering
and Geoscience, Fig. 34 Infrared thermographic images
of tunnel face indicating seepage locations and water drops

at the tunnel wall. (a) Seepage locations in main tunnel.
(b) Water drop and seepage
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crystals and rocks ranging from soft to hard
implied that multiparameter responses may be of
great value for predicting the failure phenomenon,
and this fact may be very important in the fields of
the rock engineering and geoscience.

Laboratory tests on rock specimens and large
rock blocks having a circular hole under compres-
sion environment showed that high-temperature
zones are directly associated with plastic straining
and crack formation in relation to the deformation
and rupture processes. Such zones appear before
the macroscopic failure, and it should be of great
value to assess the real-time stability of under-
ground excavations. The infrared thermographic
imaging technique is used to observe the condi-
tion of the face of Taru-Toge Tunnel before and
after the blasting operations. As the tunnel
behaved in a stable manner under the present
overburden conditions, the high stress condition
was not observed. Nevertheless, it was possible to
identify de-stressed regions at the tunnel face.
Compared to naked eye observations soon after
the blasting, the infrared thermographic imaging
technique is not affected by the dust cloud soon
after the excavation so that it is possible to observe
the condition of the tunnel face clearly soon after
blasting. The groundwater seepage conditions,
which may lead to some local failures, can also
be easily identified. Furthermore, the quality of
shotcrete and its hardening process may be easily
evaluated using the infrared thermographic imag-
ing technique.

Rockbursts in deep mining and deep tunnels are
very dangerous for workers at the stopes in mines
and tunnel faces. The observations during experi-
ments clearly showed that it is possible to locate
high heat spots in the samples, which may directly
imply that one should be possible to locate the
possibility of rockburst and their locations. It is
well known that the rockburst occurs soon after
the blasting operations within a short distance from
the excavation face. The utilization of infrared
thermographic imaging cameras soon after the
blasting near the excavation faces in rock with a
potential rockburst should be quite useful for the
safety of workers at the vicinity of the working site.

Earthquake prediction is also one of the most
common topics for geoscientists. Despite many

attempts, there is no successful method prediction
yet. The observations during experiments clearly
showed that high heat bands before rupturing in
the samples may directly imply that one should be
possible to locate the possibility of locations of
earthquakes and probably the time of earthquake.
This might be quite important particularly for very
short-term earthquake prediction.

Dynamic shearing process induces tempera-
ture rises along discontinuities and adjacent rock
mass. Temperature rise depends on the dynamic
shearing rate, normal stress, and frictional proper-
ties of discontinuities as well as thermal properties
of adjacent rocks. The increase of normal stress,
dynamic shearing rate, and frictional properties
proportionally increases the temperature rise. Par-
ticularly normal stress and dynamic shearing rate
have a great influence on the overall rise of tem-
perature. The responses observed throughout
dynamic shearing experiments can be explained
through the consideration of the energy conserva-
tion law of the continuum mechanics (i.e., Aydan
[3, 11, 13, 21]). The energy conservation law for
shearing experiments may be written as

rc
@T

@t
¼ �∇qþ t _g (2)

where r, c,T, q, t, _g are density, specific heat,
temperature, heat flux, shear stress, and shear
strain rate, respectively. The heat flux is related
to temperature through Fourier law, and it is given
for one-dimensional case as

q ¼ �k
@T

@x
(3)

where k and x are thermal conductivity and physi-
cal space, respectively. Temperature rises observed
in the experiments reported in this study can be
easily evaluated using the imposed cyclic shearing
condition, frictional characteristics of discontinu-
ities, and thermal properties of adjacent rock
blocks. Aydan [3] solved Eq. 2 for a creeping
fault and sudden energy release along a fault and
computed temperature responses. In view of com-
putational results and experiments reported in this
entry, it should be possible to observe heat release
locations of the active faults with a high potential to
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cause great earthquakes utilizing satellites
equipped with infrared thermographic imaging
cameras. The experimental results have also
some implications in the science of earthquakes
such as the illumination phenomenon. It is often
reported that new hot springs appear soon after
the earthquake, and some illumination of the
sky, particularly at nights, sometimes occurs
during and after earthquakes. The author has
personally observed the same phenomena in
the 1999 Kocaeli earthquake [20] occurs during
and after earthquakes.

As pointed out in the previous section, active-
type infrared thermographic imaging technique
should be also useful to evaluate the soundness
of various structures for maintenance purposes. In
this respect, the utilization of artificial heat

sources such as heaters, coolers, sunlight radia-
tion, dynamic excitation, and wind may be useful.
Figure 35 shows the visible and infrared thermo-
graphic images of a corroded spot in a girder of
steel bridge. It is clearly observed that the heat
absorption of the corroded spot is higher than
surrounding noncorroded parts.

Figure 36 shows the visible and infrared thermo-
graphic images of the Nakagusuku Castle remain
where castle walls are reconstructed utilizing origi-
nal blocks and newly replaced blocks, which are
made of Ryukyu limestone. As original blocks are
partly weathered compared with the newly replaced
limestone blocks, their heat absorption characteris-
tics under the sunlight heating are different from
each other. This observational fact clearly indicates
that the active infrared thermographic imaging
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Infrared Thermographic Imaging in Geoengineering and Geoscience, Fig. 36 Visible and infrared thermo-
graphic images of a reconstructed wall of the Nakagusuku Castle. (a) Visible image. (b) Infrared thermographic image
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Infrared Thermographic Imaging in Geoengineering and Geoscience, Fig. 35 Visible and infrared thermo-
graphic images of a corroded part in a steel bridge. (a) Visible image. (b) Infrared thermographic image
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technique could be quite useful particularly in the
evaluation of the soundness of structures in
geoengineering for maintenance purposes.

An active infrared thermographic imaging
attempt was done on a weathered sandstone,
locally known as Niibi stone. The main purpose
was to see if the weathered zone could be distin-
guished from the non-weathered part. Figure 37
shows both visible and infrared thermographic
images of the partially weathered Niibi sandstone.
Infrared thermographic images correspond to the
images just after and 120 s after the application of
the heat shock. This experiment clearly indicates
that weathered and unweathered parts can be dis-
tinguished and the rate of cooling, which could be
determined from continuous monitoring, can
yield the variation of their thermophysical charac-
teristics. Therefore, the active infrared thermo-
graphic imaging technique may also be another
efficient tool in characterizing the weathering of
rocks and its thermophysical state.
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Glossary

Andesite Magma of intermediate composition of
silica, a common product of eruptions from
stratovolcanoes.

Basalt Magma of a low silica composition has a
low viscosity and usually is emplaced in lava
flows or as scoria.

Dacite Magma of a composition higher in silica,
between andesite and rhyolite.

Debris avalanche Large collapse event which
produces an extensive deposit, often character-
ized by hummock-shaped hillocks. Occur from
most likely all stratovolcanoes, due to their
inherent instability.

Holocene The time period since the end of the last
glaciation (11,700 years ago to present).

LaharMudflow with the remobilization of active
volcanic pyroclastic deposits. Can be hot if
occurring during or soon after the eruption.

Maar Explosive crater surrounded by a ring-
shaped deposit or tuff ring of pyroclasts.
Form due to phreatomagmatic interactions,
often in basins with extensive aquifers.

Monogenetic field or Distributed volcanism
Region featuring the evolution of cinder
cones or maars, with each eruptive centre typ-
ically exhibiting only one eruption.

Phreatomagmatic Explosive eruption resulting
from the interaction between magma and
water. Results in the expulsion of juvenile mate-
rial. Phreatic implies no juvenile component.

Pleistocene The epoch between 2.58 million and
11,700 years ago, which included the major
period of glaciation.

Plinian Large explosive eruption producing a
high column (>20 km) and resulting in multi-
ple hazards: extensive tephra fall and the for-
mation of pyroclastic density currents.

Pyroclastic flow or pyroclastic density current
Gravity-driven mobile flow of hot gases mixed
with ash and rocks, which descend volcano
flanks at fast speeds posing a great threat to
anything in their path.

Rhyolite Evolved magma with a high silica con-
tents, often associated with large explosive
eruptions.

Strombolian Explosive eruption of low magnitude,
occur usuallywith low-viscosity basalticmagma.
Activity that produces scoria cones: accumula-
tion of vesiculated magma around the vent.

Surtseyan Eruption occurring through shallow
water with the formation of an island from the
deposition of pyroclastic material resulting
from the highly explosive interaction between
magma and seawater.

Tephra Pyroclastic material expelled into the air
during explosive eruptions, largely comprising
of ash <2 mm in diameter, but with larger
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lapilli (between 2 and 64 mm) or bombs falling
closer to the volcano.

Tuff ring or cone Low profile ring aroundmaar or
steep-sloped cone both formed from pyroclas-
tic material expelled during phreatomagmatic
eruptions.

Vulcanian Explosive eruption of medium magni-
tude: result from the failure of an impermeable
layer above the magma column, which restricts
the process of magma degassing. Produce a lot
of ballistics.

XenolithMaterial of external origin and different
composition incorporated within magma. They
are often pieces of upper mantle or lower
crustal rocks.

Definition of the Subject

Volcanoes represent one of the nature’s most for-
midable yet beautiful spectacles. They represent
an omnipresent threat in many parts of the world,
but also attract an increasing number of visitors,
who have the urge to scale their flanks and peer
into the depths of their craters. This entry includes
a brief introduction to volcanoes: the reason they
form, where they are located, and the hazard pre-
sented by the products of different types of erup-
tion. Mexico is one of the world’s most volcanic
regions, and a summary of the volcanoes of this
country is presented. Included is a list of the active
volcanoes of Mexico, defined for the first time
using systematic criteria.

Introduction

In a small village somewhere in Mexico, a farmer
awoke one morning and headed off to tend his
crops, not expecting that anything out of the ordi-
nary was going to happen that day. His farm
included a field that was not any ordinary cornfield,
but a cornfield which all Mexican children now
learn about in primary school. It was a cornfield
which on that particular day was to become host to
the birth a volcano. That farmer was to become one
of the few people to witness the first moments of
one of nature’s most spectacular creations.

The eruption of Paricutín took place between
1943 and 1952. It is the youngest of at least 1040

volcanoes that are located in the Michoacán-
Guanajuato volcanic field. Perhaps there is no
better country than Mexico to study this type of
volcanism. The country hosts at least 13 major
monogenetic fields, each with countless scoria
cones and other features. Many new fields are
only now being defined.

The Basics of Volcanism

Volcanoes are located within certain regions on
the Earth’s surface, related either to plate tectonics
or to so-called hot spots, which represent locations
below which convection-driven mantle plumes
carry hotter material toward the surface. Plate
boundaries can be divergent, such as midocean
ridges, which host the largest numbers of volca-
noes on the planet, or rift zones, such as in East
Africa. Other boundaries are convergent, which
results in subduction, if one or both plates are
thinner oceanic plates. In this process, one plate
descends below the other carrying ample quanti-
ties of water within the rocks’ structure. The water
is a key ingredient to the formation of volcanoes
since it lowers the melting point of the mantle,
which becomes buoyant and rises toward the sur-
face. A variable amount of the subducted plate is
carried with it. Rather than erupt at the surface, the
majority of magma accumulates within the crust
after it loses its buoyancy, then cools with crystals
slowly forming to create intrusive igneous rock.
Somemagma, however, will make it to the surface
producing an eruption.

Volcanic eruptions can be divided into two
broad categories: explosive or effusive. Various
factors combine to determine how the magma
emerges, the key ingredient again is water.
Magma contains typically a few percent of water
by weight, which is adequate to cause violent
explosive eruptions if the magma rises to the
surface sufficiently quickly. During ascent,
decompression means that the dissolved water
(and other gases) starts to form bubbles, which
grow, and in the case of explosive eruptions, the
volume of gas becomes much larger than the
residual liquid magma. This gas can expand at
an alarming rate, which can produce the largest
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eruptions known as Plinian. Plinian eruptions pro-
duce columns of gas and ash, which can rise to
20 km or more above the surface. The larger
eruptions produce enormous clouds of ash,
which enter the stratosphere, are dispersed widely
by winds, and sometimes promote significant
reductions in atmospheric temperatures. If the
volume of magma emerging is large and its ascent
rapid, the evacuation of the magma chamber
below can promote collapse and the formation of
a caldera. Some historical caldera-forming erup-
tions have had a considerable impact on the
world’s climate (e.g., the volcano Tambora, Indo-
nesia, in 1815).

Less explosive types of explosive eruption,
such as Strombolian, result from the ascent of
less viscous magma (such as basalt). Bubbles of
volcanic gas are able to flow through the magma,
which prevents the build-up of extremely high
pressures. This type of activity can result in the
construction of a scoria cone, a common feature of
the Mexican landscape. Larger stratovolcanoes
are constructed over thousands of years with the
erupted magma accumulating to form the vol-
canic edifice. The interaction of the rising
magma with the ocean, a lake, or groundwater
can escalate the explosivity, through the forma-
tion of rapidly expanding steam, and produce
phreatic or phreatomagmatic eruptions. On
land, the result can be a maar.

Effusive eruptions, on the other hand, produce
lava domes and flows. In this case, the most
important characteristics of the ascending
magma: its temperature, viscosity, volatile con-
tents, and amount of crystals, combine to produce
this less hazardous type of eruption. Lava flows
can displace human settlements and destroy the
cultivated land, such as what happened at
Paricutín, but they seldom endanger lives.

The products of explosive eruptions consist of
ballistic rocks, ash, and pyroclastic density cur-
rents. The secondary remobilization of the pyro-
clastic deposits by water can produce immense
mudflows or lahars. With the exception of ballis-
tics, which do not reach very far from the volcano,
each of these hazards can present a major risk to
the population living close-by. Volcanologists
need to investigate the deposits of previous

eruptions to understand what might happen in
the future. Hazard maps can be created to indicate
where the eruptive products might accumulate.
Several of Mexico’s volcanoes have hazard
maps, and for several others, maps are in progress.

Importance of Mexico’s Volcanoes

Figure 1 shows the location of the major volcanoes
of Mexico. The majority are located in the Trans-
Mexican Volcanic Belt (TMVB), which extends
across the country and has been described as the
world’s largest intracontinental volcanic arc. Over
40% of the population lives in this zone, which
includes the large cities of Mexico City, Guadala-
jara, and Puebla. This makes volcanic risk an impor-
tant issue. Enormous stratovolcanoes lie here
within, like Nevado de Toluca, Popocatépetl, and
the tallest volcano in North America: Citlaltépetl
(or Pico de Orizaba, the name given by the Span-
ish colonialists). Construction of these edifices
took place from the late Pleistocene onward. Fig-
ure 2 illustrates the magnitude of the most impor-
tant eruptions of Mexico’s active volcanoes.

Apart from the eruption of magma, stratovol-
canoes can drastically influence their surround-
ings in another form: debris avalanches. These
are huge collapses of a large proportion of the
volcanic edifice and are common within the life-
time of a large volcano, given its unstable nature.
Mexico has many examples with extensive
deposits [1], which represent an important contri-
bution to the shaping of the landscape.

The TMVB also includes nine identified large
calderas with their associated ignimbrite deposits,
such as Los Humeros or La Primavera, with
182 other circular features identified on satellite
images [2]. Most likely many of these are collapse
caldera structures; some play an important role in
the energy supply in Mexico. Currently, some
1069 MW of geothermal power are produced,
which puts the country in fourth place in the
world’s rankings [3]. Production is dominated by
Cerro Prieto in Baja California, with Los Azufres
and Los Humeros contributing in the TMVB.
There is a large potential for further development
within Mexico.
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Volcanoes make their appearance throughout
the different chapters of Mexican history. Erup-
tions of Popocatépetl drove the population out of
prehispanic cities such as Cuicuilco, on the out-
skirts ofMexico City. The Aztecs reported various
eruptions of Popocatépetl, which means “the
smoking mountain” in the Náhuatl language.
Other sacred centres, such as La Campana in
Colima, show evidence that the construction of
certain pyramids tried to mimic distant volcanic
peaks. Vast valleys are filled with soils that owe
their fertility to the outpourings of countless erup-
tions, and other value has been reaped, such as the
hugely important volcanic product that is obsid-
ian. This volcanic glass, usually shiny black in
colour, can be fashioned without much skill into
knives and weapons. It was clearly important in
the development of the early Mexican people.
Cortes during his conquest of Mexico had run
out of gunpowder. Unfortunately for countless
indigenous people, he was able to get the sulphur

to replenish his stocks by sending his men into the
crater at Popocatépetl. The Paso de Cortes, situ-
ated high up between Popocatépetl and its older
neighbor Iztaccíhuatl, is host to the only statue to
Cortes in the whole of Mexico.

During the 19th century, various pioneers of
exploration and scientific observation made
important discoveries, and their documents along
with the paintings of various travelers are impor-
tant documentation of the early eruptive record of
many volcanoes. Pioneers, such as Alexander von
Humboldt, explored the vast territory and was the
first to study the relative newcomer to the volcano
world, Jorullo in Michoacán.

Apart from having some of the world’s most
dominating volcanic bodies with ten reaching
over 4000 m in height, Mexico also hosts what
is incorrectly declared as the “smallest volcano in
the world.” Cuexcomate “volcano” takes centre
stage within the plaza of a suburb of the city of
Puebla, and at 13m tall and with spiral descending

Volcanoes of Mexico, Fig. 1 Map of Mexico showing
the locations of the active volcanoes or volcanic fields.
TMVB Trans-Mexican Volcanic Belt. 1 – Cerro Prieto;
2 – Pinacate; 3 – Isla Tortuga; 4 – Tres Virgenes; 5 – Isla
San Luis; 6 – Durango Volcánc Field; 7 – Bárcena; 8 – Isla
Socorro; 9 – San Juan; 10 – Sangangüey; 11 – Ceboruco;
12 – Mascota Volcanic Field; 13 – Volcán de Colima;

14 –Michoacán-Guanajuato Volcanic Field; 15 – Jocotitlán;
16 –Nevado de Toluca; 17 –Chichinautzin Volcanic Field;
18 – Popocatépetl; 19 – LaMalinche; 20 – Serdán-Oriental
volcanic field; 21 – Naolinco volcanic field; 22 – Las
Cumbres; 23 – Citlaltépetl; 24 – San Martín; 25 – El
Chichón; 26 – Tacaná
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into its “crater,” it is quite the attraction. However,
rather than being a small cinder cone, it is actually
the remnants of a geyser, which was last active in
1664 [4].

Volcanology in Mexico is a young science,
having only taken off following the 1982 eruption
of El Chichón. An enormous amount of work
remains to be done: identification of deposits;
geochemical analyses to determine details of
magma ascent and emplacement; geophysical
work to establish the location of magma cham-
bers, hydrothermal systems, etc.; risk assessments
and the creation of hazard maps. There are count-
less young lava flows, some possibly matched by
accounts of activity from prehispanic stories or
texts from European missionaries or explorers.
But many question marks remain regarding the
date of the most recent activity for many centres.

Definition of Mexico’s Active Volcanoes
The number of volcanoes described as being
“active” varies depending upon the text being
consulted. Most frequently lower total numbers
are given and the difference with monogenetic

fields or distributed volcanism is not correctly
considered. The list in Table 1 now includes
27 volcanoes or volcanic fields ascribed as being
active. The list published in the first edition of this
book is being augmented, with the addition of the
Los Humeros caldera and Valle de Bravo Volcanic
Field. The list continues to be unique having
employed a systematic approach to create a defin-
itive list.

An active volcano is one that could erupt again,
which implies the presence of a magma body at
some depth, with the possibility of triggering
renewed ascent, in the case of standard polyge-
netic volcanoes. In the case of volcanic fields or
distributed volcanism, the situation is more com-
plex, with the regional stress distribution largely
controlling magma ascent [5]. The presence of
magma should give certain tell-tale signs, such
as seismicity, heat dissipated through the interac-
tion with groundwater, resulting in hot springs, or
direct degassing in the form of fumaroles.
A seismic network may not be adequate to detect
any movement, and thermal manifestations will
not always be present. Medina et al. [6] in their
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Volcanoes of Mexico, Fig. 2 Eruption column height
v. erupted volume of magma for Mexico’s most recent
large (Plinian) eruptions. DRE Dense rock equivalent,
thereby taking into account any vesicles or pores within
the deposits. Eruption ages: El Chichón 1982 and 550 BP;

Volcán de Colima 1913; Ceboruco 1060 � 55 BP; Popo-
catépetl 4965 � 65 BP; Tres Vírgenes 6500 BP;
Citlaltépetl 8500–9000 BP; Nevado de Toluca 10,500 BP
& 21,700 BP; San Juan 14,770� 480 BP (figure modified
from Arana-Salinas et al. [48]; BP = years before present)
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early work considered the existence of fumarolic
activity as a criterion for considering a volcano
active. However, this easily observed characteris-
tic cannot always be taken to indicate the possi-
bility of a future eruption.

The other consideration is the repose interval
since the last eruption. Mexico has many volca-
noes with long repose intervals, often of several
thousand years, hence a somewhat arbitrary limit
can be taken as 10,000 years (following the defi-
nition of the Smithsonian Institute, Washington,
D.C.). Since volcanic fields feature monogenetic

volcanoes (those that erupt just once), these are
taken as a single active entity. Several other vol-
canic fields, or scoria cone complexes not consid-
ered here, could also be active, in that they feature
lava emissions that may have occurred within the
Holocene. However, they have not been included
in the list since no strong evidence exists to date.
Examples are La Gloria field in Veracruz and Isla
Isabel in Nayarit, where, as is the case at many
locations, further studies are needed to clarify
the situation. Three Pleistocene calderas in the
TMVB still have fumarolic activity with extensive

Volcanoes of Mexico, Table 1 Active volcanoes of Mexico, in order starting with the most recently active. 27 are
included; *currently with active eruptive episodes during 2017

Volcano/field Date of last eruption Details References

Volcán de Colima Currently erupting* Cyclic effusive and Vulcanian
explosions

[41]

Popocatépetl Currently erupting* Cyclic effusive and Vulcanian
explosions

[47]

Isla Socorro 1993 Submarine flank eruption [22]

Tacaná 1986 Phreatic explosion [81]

El Chichón 1982 Plinian eruption [74]

Bárcena 1953 Explosive eruption [23]

Michoacán-Guanajuato volcanic
field

1943 Formation of cinder cone – Paricutín [59]

Ceboruco 1875 Dacitic lava flow [30]

Citlaltépetl 1846 Explosive [54]

St. Martin Tuxtla 1793 Summit cinder cones [72]

Tres Virgenes 1746 Explosive though unconfirmed [18]

Sangangüey 1742 Unconfirmed eruption of flank cone [31]

Jocotitlán 1270 Explosive [46]

Chichinautzin volcanic field 340 AD Xitle cinder cone and flow [67]

Las Cumbres volcanic complex 1965 BP Cinder cone [57]

La Malinche 1170 BC Ashfall and pyroclastic flow [53]

Naolinco volcanic field 1200 BC Cinder cone and lava flow [71]

Isla San Luis Recent but undefined
age

Rhyolitic obsidian domes [19]

Nevado de Toluca 3300 BP Pyroclastic flow and surge [45]

Valle de Bravo volcanic field 5000 BP Cinder cone [65]

Mascota volcanic field Maybe 5600 BP Lava flow and scoria [64]

Los Humeros 6400 BP Plinian eruption from caldera complex [58]

Durango volcanic field Few thousand years Maar formation, scoria cones, and lava
flows

[63]

Pinacate volcanic field Holocene Unknown [13]

Isla Tortuga Holocene Unknown [20]

Serdán-oriental volcanic field Holocene or late
Pleistocene

Las Derrumbadas – fumaroles [70]

San Juan Holocene or late
Pleistocene

Plinian eruption 14,770 BP [32]
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geothermal fields: La Primavera, Los Azufres, and
Los Humeros. The first two have not been
included as active, since the probability of a future
eruption is regarded as negligible, given the long
periods that have passed since their last eruptions.
Prehistoric calderas sometimes feature persistent
hydrothermal activity, which unlike the case of
stratovolcanoes or domes, is not necessarily
regarded as evidence for the likelihood of a future
eruption. It is important to note that these are not
related to a hot spot, as is the case with the Yel-
lowstone caldera in the USA, which has huge
eruptions separated by 100,000 s of years.

Monitoring has been expanded greatly in the
last 20 years with sophisticated networks feeling
the pulse of Popocatépetl and Volcán de Colima.
Seismic and geochemical monitoring (water sam-
ples) is being carried out at El Chichón and Tacaná
with some seismic monitoring of Citlaltépetl and
Ceboruco. Much effort is being directed at
increasing the quality and diversity of the infor-
mation being generated, as well as the definition
of models of the eruption mechanisms, thus
advancing what can be interpreted from the data.

Tectonics

Volcanism in the north of Mexico can be clearly
divided into various regions, each with its charac-
teristic tectonic situation. Volcanism can be asso-
ciated with extension; this gives rise to various
volcanic centres in Baja California and Sonora.
Further south the oceanic Rivera and Cocos plates
collide with the continental North America plate;
the resulting subduction gives rise to the majority
of volcanoes which are located in the TMVB.
Further to the south the Central American Volca-
nic Belt (CAVB) starts with the potentially dan-
gerous volcano Tacaná, shared between Mexico
and Guatemala. Whereas this belt, which extends
through Central America, is parallel to the sub-
duction trench, the TMVB clearly extends
obliquely across the country, making an angle of
about 15� with respect to the Middle American
Trench. This intriguing characteristic has been
explained using geophysical and geochemical
observations that suggest a decreasing angle of

subduction as one moves down the coast from
the NW to SE [7, 8]. This results in an increasing
distance between the trench, the point where the
descent of the oceanic plate commences, and the
zone of melting, which typically occurs at pres-
sures corresponding to a 100 km depth.

One fascinating feature within the belt is the
existence of several small chains of volcanoes,
which demonstrate a decreasing age from north
to south: Cántaro – Nevado de Colima – Volcán
de Colima; Tlaloc – Itzaccihuatl – Popocatépetl;
and Cofre de Perote – Las Cumbres – Citlaltépetl
–Sierra Negra. Evidence of an overall southern
migration of the magma chamber has been
identified [9].

At each end of the TMVB, things get tectoni-
cally more complicated. Firstly to the east,
between the TMVB and CAVB, the very active
volcano El Chichón is found along with other
extinct peaks forming the Pliocene to Recent age
Chiapanecan Volcanic Arc (CVA). This rather
esoteric arc stretches some 150 km in a NW to
SE direction. The subducting Cocos plate changes
from being a virtually flat slab in Central Mexico
to a 45� dip angle beneath the CVA, with the slab
being located an unusually deep 200 km below the
arc [10]. At the northwestern extreme of the
TMVB, evidence of rifting, or the separation of
two plates, is present. Here magmas with a higher
alkaline content have been erupted, which com-
bined with geomorphological evidence, such as
the alignment of scoria cones or fault scarps,
suggests that the so-called Jalisco Block might
one day separate from mainland Mexico [11, 12].

The following summary of Mexico’s different
volcanic centres starts in the NW of the country,
continues with the TMVB, going from W to E,
follows with monogenetic fields and finishes with
the volcanoes of Chiapas. The account concen-
trates on active volcanic centres, though some
important extinct volcanoes are included.

Baja California and Sonora

Sierra Pinacate Volcanic Field
This region includes more than 400 cinder cones
and lava flows, and eight large maar craters of
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late-Pleistocene to Holocene age [13]. As with
many cases of volcanic fields in Mexico, the
cones follow alignments determined by the
regional tectonics. Maars are the result of
phreatomagmatic activity and this field has
excellent examples. Crater Elegante is the larg-
est with a diameter of 1.6 km and depth of
240 m. Eruptions here generally commenced
with Stombolian eruptions and the construction
of cinder cones. Unusually, the phreatomagmatism
occurred later, probably a reflection of the aridity of
the region. Despite a lack of any firm dates of
Pinacate rocks placing the most recent activity
from the field in the Holocene, the low level of
erosion suggests activity within this period [6] and
hence its inclusion in the list of active Mexican
volcanic fields.

Cerro Prieto
This is the location of the most productive geo-
thermal field in Mexico. The dacitic lava dome
complex is located within an active continental
rift, which marks the transition from the famous
San Andreas transform fault system to the north to
the spreading ridge of the East Pacific Rise in the
Gulf of California to the south. Dating of the
deposits has determined that activity at Cerro Prieto
occupied a narrow period from 78–81,000 years
ago [14]. As a result of this recent dating, Cerro
Prieto has been removed from the first list of active
Mexican volcanoes. Legends of the local Cucupas
people describe hot rocks being thrown by a mon-
ster and fires coming from the soil [6] but this could
be related to minor phreatic activity within the
geothermal field.

San Quintín, Jaraguay, and San Borja Volcanic
Fields
These three fields are not being included as active,
although some early authors thought they are of
Holocene age [6, 15], there is no clear evidence.
Recent dating suggests the San Quintín field is no
younger than 20,000 years [16]; however, the
Jaraguay and San Borja fields have less vegetation
on their flows, suggesting younger ages [17]. The
three fields consist of cinder cones and lava flows,
San Quintín with ten distinct complexes [15].

Tres Vírgenes
The only large stratovolcano in the Baja California
region is the Tres Vírgenes complex. It consists of
three cones, with a progression to younger ages to
the SW, La Virgen being the youngest. There may
have been an eruption in 1746, according to a
record of observations, but there is no hard evi-
dence [18]. The last major Plinian eruption
occurred about 6500 years ago. Volcanism here is
associated with dominantly extensional faulting.

Isla San Luis and Isla Tortuga
These two islands represent the youngest volca-
nism in the Sea of Cortés. The oldest deposits of
Isla San Luis show that it was born like the island
of Surtsey, in Iceland, with corresponding highly
explosive eruptions producing pyroclastic surges
[19]. This activity was followed by dacitic flows
and the formation of tuff rings, then finally two
rhyolitic domes were emplaced. The activity can
be thus characterized by a successive eruption of
progressively more differentiated lavas. Sugges-
tions have been made that the two rhyolitic domes
are less than 100 years old [6].While this might be
wishful thinking, they certainly are relatively
young, warranting the inclusion of this island in
the active volcanoes list.

Isla Tortuga is a shield volcano with young lava
flows located further south. The latest stage of
activity culminated in caldera collapse, extrusion
of the surficial flows, and the formation of a lava
lake.Medina et al. [6] defined it as being Holocene,
though no evidence was given. The spatter cones
within the caldera appear to be recent as domany of
the flows that cover its flanks [20].

Isla Isabel
This small island off the state of Nayarit repre-
sents an emergent Surtseyan-type volcanic com-
plex. Various craters on this island show evidence
that there was a general migration of volcanic
activity from northwest to southeast [21]. It is
one locality where it is possible to find abundant
mantle xenoliths. It has been suggested that the
most recent eruptions were less than 10,000 years
ago; though due to the lack of hard evidence, the
island is not included in the list of active Mexican
volcanoes.
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Pacific Islands

The Revillagigedo Archipelago is volcanic with two
active centres. It is located on the Mathematician
Ridge, which was the location of an active spreading
centre prior to its migration 3.15 Ma BP [22]. The
volcano Bárcena on the small 4.5 km long
unpopulated island of San Benedicto formed in an
eruption in 1952–1953 [23]. It has been classified as
a tuff cone, formed through the explosive interaction
between the magma and seawater. The final eruptive
phasewas the emplacement of a short lavaflow from
its base. Since, it has remained quiet and unstudied.

Famous for its marine life and endemic species
of fauna and flora, Isla Socorro represents the
other active volcano of the archipelago. The only
human occupancy is a naval base in the SE corner
of the island. In Fig. 3 you can see a view from off
the southern coast, showing domes and old lava
flows, one with beautiful levees (ridges at the edge
of the flow parallel to its flow direction). The last
eruption occurred in 1993: a relatively small sub-
marine event, which sent blocks of gas-filled
pumice hurtling to the surface [24]. The summit

area has not seen an eruption since at least
15,000 years ago [22], but has an extensive hydro-
thermal field, emitting gases which contain unusu-
ally high concentrations of methane and hydrogen
[25]. The island is covered with extensive lava
flows and domes, unusually of peralkaline compo-
sition, and more recent cinder cones in the SE part
of the island. Here the 14C method was used to date
some lacustrine deposits, which are clearly older
than nearby cones [26]. An age of about 5000 years
was obtained. Further work is required to fully
establish the eruptive history of Isla Socorro, an
important requirement for the evaluation of the
current risk. Although the recent activity has been
of low intensity, deposits on the island, combined
with the results of geophysical surveying, show the
possibility of more than one larger eruption in the
not too distant geological past [27].

Trans-Mexican Volcanic Belt

Tepic-Zacoalco Rift
This zone stretches from beyond Tepic southeast
to Guadalajara. It includes a mesmerizing density

Volcanoes of Mexico, Fig. 3 View from the south side
of Isla Socorro. Various domes and lava flows can be
distinguished on the slopes of the volcano. The most recent

activity from this volcano was in 1993 when a small
submarine eruption occurred
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of volcanic features, including five andesitic stra-
tovolcanoes, plus maars, domes, and countless
scoria cones. Many groups of cinder cones are
aligned in a NW-SE direction, the same as the
rift. To the NE of the zone, the mountains repre-
sent the huge deposits of the Sierra Madre Occi-
dental volcanic province, while to the SW the
microplate known as the Jalisco Block is located
[28]. The zone is dominated by several large stra-
tovolcanoes, but also includes many fascinating
features such as the maar Santa Maria del Oro,
which contains a picturesque lake.

Ceboruco
The most recent activity in this region was a
complex eruption of Ceboruco which lasted
from 1870 to 1875. It resulted in a major dacite
lava flow, which emanated from a vent high on the
western flank. The eruption also produced explo-
sions, forming various craters, and the emplace-
ment of two fascinating domes. Heading around
the edifice, a series of recent lava flows of either
dacitic or andesitic composition can be observed,
some originating from near the summit, others
from lower on the flanks. Stunning views of
these lava flows can be obtained by driving
along the two roads that extend along the rift
zone: one to the north, the other to the south of
Ceboruco.

The last major explosive eruption occurred
only 1000 years ago [29] and produced an exten-
sive pyroclastic flow and pumice fall deposit.
A caldera was formed with a 4 km diameter,
which later hosted a complex sequence of activity
with the emplacement of andesite and dacite
domes and flows. Following, there was a period
of about 500 years with the formation of the lava
flows on the flanks [30]. Since then the volcano
has been quieter, with just the one recent 7 km
long lava flow.

Sangangüey and San Juan
Further to the NW, Sangangüey is an impressive
mass with a spectacular lava spine at its summit
and large collapse scars on its flanks. The spine
can be seen in Fig. 4, which was taken from the
summit of Ceboruco. Many cinder cones exist
along the rift, all aligned in the NW-SE direction

in five different linear groups. There are no
records of historic activity from the peak,
although historical accounts coupled with low
levels of erosion suggest that some of the flank
cinder cones have erupted less than 1000 years
ago [31]. For this reason, the volcano is included
in the list of active volcanoes of Mexico.

At the Tepic end of the rift, in fact adjacent to
the city of Tepic, there lies San Juan, a volcano
which is not termed active using the 10,000 year
rule. However, it has been pointed out that its
explosive past, with the last Plinian event occur-
ring about 14,770 years ago, suggests that a
reawakening should not be totally ruled out [32].

Volcán Tequila
Tequila, apart from being a notorious Mexican
export, gives its name to a large stratovolcano,
located further to the SE along the rift. The youn-
gest associated volcanic feature (~60 ka) is a small
andesitic vent called Cerro Tomasillo [33]. The
region features various cones, domes, and flows,
with a large variety of compositions from basalt to
rhyolite. Volcán Tequila itself also has a summit
spine; in this case, it is a 300 m high pinnacle,
which dominates any view of the volcano from an
east or north direction.

La Primavera
Very close to Mexico’s second largest city, Gua-
dalajara, there is a picturesque zone of obsidian
and hot springs, otherwise known as Bosque La
Primavera. A large 11 km diameter caldera was
formed about 95,000 years ago, with the Tala Tuff
being emplaced which has a volume of about
20 km3 [34]. The caldera was then filled by a
lake. Subsequent activity included the formation
of many domes, which along with uplift ended the
life of the lake. Its legacy can be seen in the form
of a notorious deposit of the so-called giant pum-
ices, some of which are more than 1 m across
[35]. Remnant heat is evident given the extensive
geothermal field with hot springs and abundant
fumaroles. Its exploitation for geothermal energy
was commenced but never made it to production,
due to objections based on the perceived environ-
mental impact.
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Western TMVB

Volcán de Colima
Being the most active volcano in North America,
Volcán de Colima deserves special attention. It
currently is undergoing its most active period
since the last major eruption, which occurred in
1913. The Colima Volcanic Complex shows a
southern migration of activity, the oldest edifice
being Cántaro which was active between 1.6 and
1 million years before present. Volcanism then
moved 15 km south to Nevado de Colima, and
more recently to the current location, a further
6 km to the south [36]. The existence of a group
of undated domes, called Los Hijos about 3 km
further south, possibly corresponds to the first
signs of further migration. Some major debris
avalanches have occurred from the edifice, includ-
ing a large one 18,500 years ago, which formed a
dam across the Naranjo river [37]. The breaking of
this dam produced an enormous debris flowwhich
reached the Pacific Ocean, 120 km away. More

recently, 3600 years ago, a smaller collapse went
toward the SW, this time damming the Armería
River [38]. The relatively large frequency of such
events is demonstrated by evidence of a more
recent event still, which has been dated at
2500 years ago. Emergency response plans cannot
consider events of such low probability even
though their magnitude is enormous. Sooner or
later a debris avalanche will occur, if not at
Colima, at one of Mexico’s other sizable
stratovolcanoes.

Since the most recent collapse, pyroclastic
deposits and lava flows have been accumulating
and building the current edifice. It has grown to a
height of about 3860 m, though the current alti-
tude is not precisely known, due to the frequent
construction and destruction of summit domes.
The 1913 sub-Plinian eruption produced a 23 km
altitude column, which collapsed resulting in
pyroclastic density currents that reached 15 km
from the volcano [39]. The historical records
show that Volcán de Colima has a large Plinian

Volcanoes of Mexico, Fig. 4 Sangangüey shown in the distance, looking from Ceboruco. Many scoria cones can be
seen following the NW-SE trending faults. One is thought to have erupted during the 18th century

Volcanoes of Mexico 449



(or at least sub-Plinian) eruption every 100 years,
more or less [40]. Previous to 1913, there were
eruptions in 1818, 1690, and 1606. This is very
frequent for a volcano and has recently increased
levels of anxiety.

Volcán de Colima has produced a large number
of andesitic domes and flows during recent years.
There have been two episodes of activity, the
first of which commenced in 1998 [41] and pro-
duced four different phases of dome growth
(1998–1999, 2001–2003, 2004, 2007–2011). The
effusive activity was interspersed with Vulcanian
explosive eruptions, which peaked in 2005, when
at least 30 Vulcanian eruptions occurred, each pro-
ducing a pyroclastic density current resulting from
column collapse [42]. The longest flow reached
5.4 km along a ravine to the SE of the volcano.
An even longer flow occurred in October 2004
when a relatively large dome collapse produced a
pyroclastic density current which headed down a
ravine on the SW flank to a point 6.1 km from the
volcano. From 2003 until the end of the episode,
the volcano produced several Vulcanian explosions
each day.

From June 2011 until the end of 2012, the
volcano went surprisingly quiet. This was broken,
however, at the start of 2013 when a new episode
commenced, which continues until the present
(August 2017). This period has featured complex
variations with different phases of effusive activ-
ity producing domes and lava flows descending
the volcano in different directions. Two periods
were particularly important, firstly in July 2015 a
batch of magma ascended very rapidly resulting in
a multiple collapse event over 2 days. This pro-
duced the largest pyroclastic density current to
have been emplaced since the 1913 sub-Plinian
eruption. It moved with extraordinary mobility
and reached a distance of 9.4 km. Fortunately
there were no human victims, though some ani-
mals lost their lives. Strong winds carried the large
ash cloud from the flow to the west and an evac-
uation was ordered. Monitoring equipment was
destroyed, an example being shown in Fig. 5.
The second critical period was late September
2016, when a further rapid ascent occurred of a
magma batch. This time there was no explosion or
dome collapse; however, a large mass of gas was

released, which generated acid rain, leading to
extensive loss of crops.

The population occupying the flanks of this
volcano is much larger today than it was at the
time of the last large eruption. As part of risk
management, a monitoring network is maintained,
which includes the application of a variety of tech-
niques in the quest to identify precursors of any
large-scale acceleration of activity. The seismic
network had its first seismometers installed in the
1980s. Useful precursors have been identified like
swarms of long-period events prior to Vulcanian
explosions or effusion (2004 and 2005; [42]) and
volcanotectonic events signaling the ascent of
magma in 1997–1998. The recent introduction of
monitoring methods such as the thermal monitor-
ing of fumaroles [43], domes [44] and explosions
have expanded the possibilities of generating
models to explain the transition between different
regimes of activity. Various cycles of activity can
be observed: from the daily explosive cycle
(Fig. 6), the several year cycle of effusive episodes,
to the 100 year cycle of large explosions. The
integration of monitoring data will be vital to try
and determine whether a cataclysmic eruption is
imminent.

Central Stratovolcanoes
The Eastern-central zone of the TMVB features
five large stratovolcanoes, four of which are con-
sidered active, along with a number of smaller
edifices like Jocotitlán, also considered active.
Here the descriptions start to the west and
head east.

Nevado de Toluca
Nevado de Toluca reaches 4680 m above sea level
and features a pair of lakes within its caldera.
Figure 7 shows the smaller Laguna de la Luna
(moon) within the summit caldera. The lakes have
proved to be interesting to archeologists, whose
finds suggest they were used for prehispanic rit-
uals. Its final episode of effusive activity 9100
years ago produced a small dacitic lava dome.
This followed the most recent major Plinian erup-
tion, which produced the Upper Toluca Pumice
deposit 10,500 years ago [45]. This major erup-
tion produced a column that is thought to have
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Volcanoes of Mexico, Fig. 5 The remains of a monitor-
ing station which used Doppler radar to measure the veloc-
ity of particles ascending from the crater. The station was
destroyed in the July 2015 eruptions when large

pyroclastic density currents descended the southern flank.
It was thought that the station would survive anything less
than a sub-Plinian eruption, which proved not to be
the case

Volcanoes of Mexico, Fig. 6 Medium-sized Vulcanian
explosion at Volcán de Colima, April 2016. Many thou-
sands of these explosions have been witnessed during the
last eruptive periods, however the majority have been

smaller with less ash released. In the foreground, tree
damaged by the July 2015 pyroclastic density currents
can be observed. Showing remarkable resilience green
leaves are again growing during the following spring
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reached 42 km in altitude and deposited about
14 km3 of material. This was the largest eruption
in Mexico in the last 15,000 years. An extensive
record of large explosive activity and major col-
lapses of the edifice can be observed in the surround-
ing region. The most recent deposits date about
3300 years before present and consist of a pyroclas-
tic flow and surge emplaced on the NE flank.

Jocotitlán
Nearby the smaller Jocotitlán is a fine example of
an edifice that has collapsed to produce a debris
avalanche deposit. In contrast to the larger strato-
volcanoes, it rises only 1300 m above the sur-
rounding plains. Large conical hummocks have
been identified with the collapse event that
occurred 9690 years ago [46]; the 2.8 km3 deposit
reached a distance of 12 km. The most recent
eruption of Jocotitlán was only 680 years ago;
the material deposited from pyroclastic density
currents on the upper flanks of the edifice makes

it obligatory to include this peak in the list of
active volcanoes of Mexico.

Popocatépetl
The potentially biggest volcanic threat in Mexico
is Popocatépetl, which at 5472m towers above the
surroundings, and is only 65 km from Mexico
City and 45 km from Puebla (Fig. 8). The popu-
lation within a radius of 40 km is in excess of
1 million. Popocatépetl reawoke in December of
1994. Since then activity has been characterized
by the growth of lava domes within the crater,
periodic Vulcanian explosions and the release of
large volumes of gas. This eruption has been the
first since El Chichón in 1982 to produce fatali-
ties. Unfortunately, five intrepid individuals
decided to ignore official warnings and they
climbed to the crater rim in April 1996. As well
as ending their lives, an explosion sent cm-sized
fragments of the destroyed lava dome to the
nearest villages.

Volcanoes of Mexico, Fig. 7 Laguna de la Luna, within
the crater of Nevado de Toluca at about 4200 m, making it,
along with its partner the Laguna del Sol, the highest pair

of lakes in Mexico. This volcano had a large eruption
10,500 years ago
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During the last 10,000 years, there have been
at least three large Plinian eruptions [47].
4965 years ago an eruption sent clasts with a
diameter of up to 2.5 cm to a distance of 19 km
from the volcano [48]. This implies that the
height of the eruption column was 37–41 km.
The eruption deposited 4.9 km3 of material and
was the second largest in Mexico within the Late
Pleistocene–Holocene period. A similar eruption
today would have an enormous impact on some
15 million people living in the surrounding
region. More recently, two further large erup-
tions occurred 2150 and 1100 years ago. These
two would have affected the local population
centres at this time.

Various historical documents were used to rec-
reate the activity record during the last few hun-
dred years [49]. Several eruptions were identified
in the 16th century, with another in 1664. None of
these eruptions were Plinian, though some pro-
duced extensive ashfall deposits and some

pyroclastic density currents. The current activity
commenced in 1994, and although it has been
relatively mild, it has created a variety of prob-
lems for the authorities given the large vulnerable
population [50]. Cycles of dome growth and
destruction from Vulcanian eruptions continue to
date (August 2017) with 38 episodes occurring up
to early 2016 [51].

For a large stratovolcano periodically depos-
iting fresh material on its flanks, like the current
activity of both Volcán de Colima and Popoca-
tépetl, particularly when located in a climatic
region characterized by intense seasonal rain-
fall, lahars represent an ongoing hazard. During
the current activity of Popocatépetl, there have
been two reasonably sized lahar events in 1997
and 2001 [52]. The first had more water with a
partial melting of the glacier making a contri-
bution. Both events reached the most vulnerable
village on the flanks: Santiago Xalitzintla, some
15 km from the crater, though nobody was hurt.

Volcanoes of Mexico, Fig. 8 Popocatépetl, which gets a
frequent covering of snow during the rainy season. Its
permanent glacier has greatly diminished in size over

recent years. This is Mexico’s most dangerous volcano
since it has more than 1 million people living on its flanks
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La Malinche
The indigenous wife of Cortés certainly would
not have guessed that her name, or the Mexican
nickname for her, would one day be given to a
large stratovolcano. Like many volcanoes in
this country, activity is punctuated by large
periods of rest [53]. At 4461 m, La Malinche
is one of the large Mexican stratovolcanoes that
has not appeared on lists of the country’s active
volcanoes, explained by its lack of a clear crater
or fumaroles. However, the local land is cov-
ered by pyroclastic deposits with poor soil
development on top, and one layer has been
dated at 3100 years old. Given that over 2 mil-
lion people live on its lower slopes, it needs to
be considered carefully, with eruption scenarios
determined [53].

Citlaltépetl
Citlaltépetl has the honor of being the highest
active volcano in North America. Its prehispanic
name is perhaps less used than the name which
resulted from the Spanish invasion: Pico de Ori-
zaba. At 5675 m, it is no mean feat to cross the
glaciers and reach the rim of the crater. In recent
years, it has not shown much activity; however,
over 750,000 people live within a radius of 40 km.
The last major eruption, which occurred
4100 years ago, produced a series of block and
ash flows and lahars whose deposits have been
found up to 28 km from the crater [54]. The
most recent event was a smaller eruption that
left deposits of tephra, having been dated at
690 years ago [55].

Like many of Mexico’s volcanoes, widespread
devastation is one possible future scenario in the
event of a debris avalanche. There is evidence that
Citlaltépetl has suffered many such events possi-
bly without any eruptive activity [56], with some
reaching the Gulf of Mexico, 120 km away. The
edifice of this volcano has often been weakened
by intense hydrothermal alteration, which com-
bined with a large elevation difference of 4400 m
dropping down to the Gulf Coastal Plain, have
produced favorable conditions for these large-
scale edifice collapses. This lack of precursory
eruptive activity means that an event could occur
one day without any warning.

Las Cumbres Volcanic Complex
Las Cumbres, located only about 10 km north of
Citlaltépetl volcano, is an eroded stratovolcano
which was once possibly as large as its neighbour
[57]. It is the middle member of the enormous N-S
chain of volcanoes, which starts with Cofre de
Perote in the north and ends with Citlaltépetl to the
south. Its last big eruption was 20,000 years ago
and produced the widespread Quetzalapa pumice
deposit. Completing the Las Cumbres Volcanic
Complex are more recent dacitic domes and scoria
cones. The youngest extrusion is the Yolotepec
dome, which has been dated at less than
6000 years [57]. Four of the coneswere datedwithin
theHolocene, the youngest erupting only 1965 years
ago. Large debris avalanches have also resulted from
major collapses within this complex [56].

East TMVB

Los Humeros
One of the major calderas within the TMVB and
one that currently represents a major source of
geothermal energy. Although the caldera-forming
event took place around 460,000 years ago, with a
second smaller caldera forming 60–140,000 years
ago, recent work has revealed that the youngest
deposits associated with the caldera have an age
of between 6000 and 7000 years [58]. They result
from Plinian and Strombolian activity, which
interestingly originated from multiple events
with a large spatial separation. This relatively
recent age means that Los Humeros should be
considered as active.

Volcanic Fields

Michoacán-Guanajuato Volcanic Field
Driving through this large expanse of territory, one
cannot escape the awe-inspiring impact of the
extent of this volcanic field. In places, the cinder
cones are so close they are touching one another.
The recent addition of Paricutín is the most famous,
but previously the birth of Jorullo was also
witnessed in 1759. The field covers a vast area
measuring 250 � 200 km in the two states which
give the field its name, and it contains at least 1040
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volcanic vents. The majority are cinder cones, but
there are also small shield volcanoes, lava domes,
and maars. In general, the cones are randomly
distributed, although there are local areas where
alignments can be identified [59]. The region with
the largest density of cones is that of Paricutín,
where the median spacing between each one is
1.15 km. The cones are not so large, the median
height being 90 m with a basal diameter of 800 m.
A visit to Paricutín today awards the visitor with
views of the famous church, which was partly
spared by the advancing lava flows. Figure 9
shows the church partially submerged.

The Tacámbaro-Puruarán area, which is
located just to the NE of Jorullo, toward the
southern extreme of the Michoacán-Guanajuato
Volcanic Field, exhibits on the areas with the
largest density of young scoria cones. Dating
using radiocarbon and stratigraphy suggest that
there are at least 13 volcanoes in this area that
erupted in the Holocene [60].

Recent fieldwork at the shield volcano
El Metate has produced some unexpected
results [61]. This volcano, to the north of
Uruápan, is the youngest of the shield volca-
noes in the Michoacán-Guanajuato Volcanic
Field with an age of only about 770 years. Esti-
mations of the volume of lava flows emitted
during its formation give a total of about
9.2 km3 of magma, making it the most volumi-
nous Holocene eruption in the whole of Mexico.
Many other areas of the field remain little
studied.

One northern region of the field is worthy of
a mention: Valle de Santiago, which features the
stunning beauty of its seven major maars. There
are a total of 20 within a zone with dimensions
of 7 � 50 km [62]. The youngest, La Alberca,
has been dated at 73,000 years old. Unfortu-
nately, overexploitation of the groundwater
has meant that the maars have almost all lost
their lakes over recent years.

Volcanoes of Mexico, Fig. 9 The church of San Juan Parangaricutiro, which was buried by the lava flows from
Paricutín during the eruption that commenced in 1943. The cone can be seen in the background
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Durango Volcanic Field
This large field covers some 2100 km2 and con-
tains about 100 cinder cones [63]. The La Berña-
El Jagüey Maar Complex is one of the youngest
centres in the field and the only section studied in
detail. Being maars, they were formed by the
interaction between magma and groundwater
(phreatomagmatic eruptions), which produced
large explosions. The final phase of the activity
was the formation of several scoria cones within
the crater and related lava flows. The age of this
complex has been estimated at a few thousand
years [63].

Mascota Volcanic Field
Several volcanic fields are located within the
Jalisco Block, the youngest being close to the
city of Mascota. This field is notorious for the
geochemistry of its lavas, which are dominated
by minettes, an unusual type of lava which, instead
of the more common feldspar crystals dominating,
contains large mica crystals [64]. The youngest
flow of this field stands out through the lack of
vegetation or soil on its surface. This led the
authors to believe its age to be a few thousand
years old. Further evidence of its age could be a
correlation with scoria found in nearby lake
deposits that were dated at less than 5600 years old.

Valle de Bravo Volcanic Field
The Valle de Bravo Volcanic Field contains some
120 cinder cones, 21 mainly dacitic lava domes
and a shield volcano. The youngest date to be
obtained is 5000 years before present [65] and it
has been estimated that 29% of the cones are
Holocene, based on their morphology [66]. The
cone density in the Zitácuaro–Valle de Bravo
region is 2.1/100 km2, which is only slightly
lower than the 2.6 cones/100 km2 found in the
Michoacán-Guanajuato Volcanic Field [65]. Inter-
estingly, cinder cones in the field follow mainly a
NE trend, whereas domes are aligned towards the
NW [66].

Chichinauzin Volcanic Field
The extensive Chichinauzin field lies to the south
of Mexico City and covers some 2500 km2. It
contains more than 200 monogenetic scoria

cones and associated lava flows [67]. The last
eruption was 1670 years ago [68] and given that
its historic <1250 years reoccurrence time has
been greatly exceeded, it represents one of the
more likely regions for the birth of the next Mex-
ican volcano. During the past 10,000 years, at
least seven monogenetic eruptions have occurred
[68, 69] (Jumento, Pelado, Cuauhtzin, Tláloc,
Guespalapa, Chichinautzin, and Xitle). The cone
of Xitle is a clear landmark within the southern
limits of the city boundary, reminding us of its
eruption 1670 years ago. Obviously, when the day
arrives for the next eruption, the effect will be
catastrophic and resulting lava flows and ashfall
will paralyze the capital city.

Serdán-Oriental Volcanic Field
No evidence has been found for activity within the
last 10,000 years; however, it has been included in
Table 1 for two main reasons. Firstly, Las
Derrumbadas are a pair of volcanic domes within
this field. They still have active fumaroles output-
ting measurable quantities of sulphur dioxide.
This volcanic field also hosts several maars,
some with lakes, some without, other rhyolitic
domes and scoria cones. An interesting dome
named Cerro Pizarro shows evidence that it has
produced multiple eruptions, unusual for this type
of volcano, which normally is monogenetic
[70]. Furthermore, the repose periods could be
greater than 65,000 years, which is another reason
for not declaring this field as no longer capable of
producing an eruption.

Cofre de Perote Vent Cluster and Naolinco
Volcanic Field
These recently identified mafic fields are located
on the flank of the largely Pleistocene Cofre de
Perote shield volcano, in the case of the Cofre de
Perote Vent Cluster (CPVC) and to the north of
Jalapa, Veracruz, the Naolinco Volcanic Field
(NVF) [71]. The CPVC consists of an extensive
lava field that covers >100 km2. The most recent
eruption was from the El Volcancillo scoria cone,
and it produced an impressively large flow which
travelled 50 km only about 870 years ago. The
Rincón de Chapultepec scoria cone in the NVF
produced a lava flow 2980 BP. Interestingly these
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flows are some of the largest in the whole TMVB,
but remained almost totally ignored until within
the last 10 years.

San Martín Tuxtla
The basaltic volcano San Martin Tuxtla is located
near the coast of the Gulf of Mexico, in southern
Veracruz. It actually represents the active centre
within another volcanic field containing monoge-
netic volcanic cones, maars, and three other large
volcanoes which have not shown evidence of
activity in the Holocene [72]. It is so far unclear
whether this volcano is the eastward end-member
of the TMVB or related to extensional tectonics.
Its most recent eruption in 1793 was a succession
from phreatomagmatic explosions, to Strombolian
explosions and then an effusive episode, which
produced a 3 km lava flow. At least nine other
eruptions took place within the last 6000 years of
scoria cones and maars in this field.

Volcanoes of Chiapas

El Chichón
The largest historic eruption to occur in Mexico
was the 1982 eruption of El Chichón, which
resulted in the death of around 2000 people and
impacted the world’s climate through a measur-
able reduction in temperature. Prior to the erup-
tion, it was almost totally unknown, with nobody
aware of its potential for devastation. El Chichón
is not a towering stratovolcano like those of the
TMVB, but an unassuming hill, which is difficult
to see until one has almost arrived at its lower
flanks. Ironically, several months before the erup-
tion, El Chichón was the subject of a geothermal
prospecting trip. In a report, it was stated that the
volcano needed to be studied and might reactivate
in the future.

Three large explosions occurred within a week
from 28 March to 4 April 1982. The authorities
were taken by surprise [73]. The volcano had been
asleep for 550 years previous to this Plinian erup-
tion. Lack of experience largely affected the han-
dling of the emergency, with a proportion of the
deaths occurring due to the early return of evac-
uees. The eruption attracted a lot of international

interest, one reason being that the magma had an
unusually high sulphur content. This increased the
impact on the world’s climate from the eruption
cloud, with aerosols in the stratosphere producing
a decrease of 0.2–0.5 �C in temperature in the
Northern Hemisphere [74].

The eruption at El Chichón formed a 1 km
diameter and 180 m deep crater (Fig. 10). Geo-
chemical and geophysical studies have attempted
to define the hydrothermal system which includes
the shallow crater lake, bubbling springs, and
geysers [75, 76]. The lake can be observed to
vary considerably in size, seemingly following a
cycle that is independent of the local rainfall.
Another interesting observation is that some hot
springs found outside of the crater appear to be
part of a system that was undisturbed by the
Plinian eruption.

Research has now shown that the volcano has
had a large eruption approximately every
800 years [77]. Studies looking at the stratigraphy
of local deposits have deduced that during the past
8000 years it has produced at least 11 eruptions
[78], with many being similar to that of 1982.
Larger magnitude events occurred in the year
750 and 1450 AD. The former of the two coin-
cided with the collapse of the Mayan civilization
in that region; perhaps it played a role. A future
large eruption would impact more than 70,000
people living in a radius of 35 km from the
volcano.

Tacaná
This volcano sits right on the Mexico–Guatemala
border and presents a largely unacknowledged
hazard. The most recent eruption was in 1986;
the phreatic explosion resulted in the formation
of a new fumarole field below the summit.
Although it was a small event, it indicates the
proximity of a magma body to the surface. The
study of the geochemical characteristics of a num-
ber of springs at different elevations has provided
an interesting insight into the often little-
understood interaction between magmatic gases
and the aquifers within the volcanic edifice [79].

The new fumaroles are located in a scar that
was left by a collapse that occurred about
10,610 years ago after the growth of a summit
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dome [80]. More recently during the Holocene,
Tacaná had a series of eruptions, both explosive
and effusive, the most recent being about
1950 years ago [81]. Following the eruption, a
series of lahars devastated the surrounding coun-
tryside. There is evidence that the construction of
a nearby prehispanic settlement called Izapa was
interrupted by these events. New activity of a
similar magnitude could impact the approxi-
mately 300,000 people who live within 35 km of
the volcano, an order of magnitude higher than its
more famous neighbour in Chiapas.

Future Directions

Hopefully, this entry has provided a useful intro-
duction to the many volcanoes of Mexico. The
cultural and geographical richness of the country
is exemplified in its volcanoes. For their study,
Mexico offers a huge variety of landforms and
endless geophysical and geochemical case studies.

There is a considerable potential for future erup-
tions with a significant impact. The most dan-
gerous volcanoes in Mexico for their potential
for large eruptions are probably Popocatépetl,
Volcán de Colima, Tacaná, Citlaltépetl, and
Ceboruco. But monogenetic fields such as
Chichinautzin could also wreak havoc with the
birth of a new cinder cone. The reactivation of
one of its other sleeping giants always remains a
distinct possibility.

Studies are only just being initiated of many of
the active or potentially active volcanic centres of
Mexico. There are many areas of research to be
explored, with many more waiting to be defined.
In certain cases the origin of extensive deposits
emplaced during historic or prehistoric eruptions
is unknown. With others the eruption mechanism
has yet to be fully understood, which creates a
dilemma when attempting to define a monitoring
strategy, while faced with the possibility of an
impending cataclysmic event. This lack of under-
standing makes it difficult to set threshold levels

Volcanoes ofMexico, Fig. 10 The crater of El Chichón taken on 5May 2004. This was the site ofMexico’s most recent
large eruption, when some 2000 people lost their lives
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for monitored parameters, such as gas flux or
seismicity, which should trigger a change in the
alert system or an action within the emergency
risk mitigation plan.

Hazard maps have been published of Popoca-
tépetl, Volcán de Colima, Citlaltépetl, El Chichón,
and Nevado de Toluca. These represent vital tools
for the mitigation of volcanic risk by improving
land-use planning and for defining procedures
during emergencies. These need to be regarded
as dynamic, with constant updating as new infor-
mation becomes available. Work is underway to
construct risk maps for certain hazards, which not
only consider the geographical extent, but also the
probability of occurrence and the vulnerability of
the local population. Similar maps are required for
some of the other active volcanoes of Mexico.

After the large loss of life at the hands of El
Chichón in 1982, much progress has been made to
reduce the risk at many of Mexico’s volcanoes.
More needs to be done in areas such as education
to prepare for future potentially devastating
eruptions.
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Cyclic shear test 2 (CST-2), 425
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construction, 5
ecosystems, 315–317
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failure, 271, 307
flood regulation, 309–310
heritage protection, 314
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induced subsidence, 317
Karst environmental aspects, 318–321
microclimate, 317
reservoir slope instability, 312
reservoir-triggered seismicity, 313
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spring submergence, 317
tailings failures, 312–313
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Debris avalanche, 439
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Dissolved hydrolysable sugars, 75
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Dissolved organic matter (DOM), 75
Distributed volcanism, 439
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Drainage-related remedial approaches

bare soil ditches, 24
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unpaved ditches, 24

Dredged material, 325–326, 329
beneficial use of, 337–338
CDFs, 336–337
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LC/LP Waste Assessment Guidelines for Dredged
Material, 342

open-water disposal, 336
transportation of, 335
treatment of, 338–339

Dredging, 326
and climate change, 345–346
dredged material management (see Dredged material)
dredging equipment, selection of, 335
effects of, 341
environmental cleanup dredges, 335
environmental enhancement, 327–328
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mechanical dredges, 329
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scientific, 248–249
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depth, 298
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ground motion considerations, 298–299
ground structure interaction, 300–302
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surface ruptures on structures (see Surface ruptures,
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Eco-efficiency analysis, 353
Ecological civilization, 183
Ecological footprint, 257
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Ecosystem services, 201
Effective stress, 43
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Electric power generation, 169
Electrostatic adsorption, 74

El Niño, 94
Emergy analysis, 257
Endorheic playas, 64
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Engineering structures, 369
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Enthalpy, 67
Entropy, 67
Environmental cleanup dredges, 335
Environmental concerns, 5
Environmental considerations and dredging practices,

see Dredging
Environmental crisis, urban sustainability, 258
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Environmental impact of mining
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biosphere, 355, 360
bio-spheric impact, 358
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decommissioning, 361
definition, 353
exploitation phase, 358–361
exploration phase, 358
hydrosphere, 355, 359–360
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priority pollutants, 357
recultivation, 361

Environmental modeling assessment, 105–107
Environmental Protection Agency (EPA), 175
Environmental risk, 219
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European Federation of Bottled Waters (EFBW), 173
European Spatial Development Perspective, 266
European Union, 174
Europium anomaly, 86
Evaporation-fractional crystallization, 90
Evapotranspiration, 60, 94
Exogenous cycle, 55
Exothermic reaction, 67
Exploitation phase, 353, 358–361
Exploration phase, 353, 358
Extended metabolism model, of human settlements, 264,

265

F
Fashing, 406
Fault, 393
Federal Food, Drug and Cosmetic Act (FFDCA), 176
Felsic minerals, 62
Field capacity, 183
Fish sighting, 235
Flood regulation, 309
Floor rock pressure failure zone, 127
Floor water, 132
Flow systems, 113
Fluid withdrawal, 47–48
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Food and Drug Administration (FDA), 175–178
Fossil fuels, 221
Fracking, 394
Fractionation, 85, 86, 88
Fracture pressure, 229
Free spanning bridge, 22
Frequency, 297
Fulvic acids, 75
Fundamental period, 297

G
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Generalized composite (GC), 106
Geochemical modeling, 4, 5, 97, 210

computer programs for, 211–212
coupled reactive mass transport modeling, 214–216
definition, 209
geological carbon sequestration, 209–210
reaction path modeling, 213–214
research needs, 216–217
speciation–solubility modeling, 212–213

Geochemistry, 56, 62, 66, 68, 70, 72, 83, 95, 97
Geoengineering, 413

and geosciences, infrared thermographic imaging
(see Infrared thermographic imaging)

Geographic information system (GIS), 136
Geologic carbon sequestration (GCS), 209–210, 219

impacts to potable groundwater, 227
induced seismicity, 228
mineral trapping, 223
opportunity and capacity, 224–225
potential environmental impacts, 225–227
residual gas trapping, 223
Sleipner project, 221
solubility trapping, 223
structural and stratigraphic trapping, 223
sustainability and viability of, 222
underground (natural) gas storage, 224

Geomembrane, 9, 25
Geoscience, 413
Geothermal energy, 149, 159

extraction, 401
resources, 149

Geothermal gradient, 161
Geothermal reservoir, 159
Geothermal resources

classification, 162
definition, 160
hydrothermal resource, 160
petrothermal resource, 160

Geothermal system, 149, 159
Geothermal water, see Thermal water
Gibbs’ free energy, 67
Global carbon cycle, 75
Global meteoric water line (GMWL), 87

Global positioning system (GPS), 304, 377, 389
Global tectonics, 223
Goaf water, 127, 132
Great East Japan Earthquake (GEJE), 374
Ground deformations, 375–379
Ground motions, 297, 369–377
Groundwater, 4, 9, 101, 131, 152, 174

flow systems hierarchy, 116–117
Loess Plateau, 191–194
Mexico City, development of, 118
quality response, 118, 120–122
social and economical developments, 116
vertical flow control, 122–123
vulnerability to contamination, 113

Groundwater, radionuclide contaminants
adsorption/desorption, 104
aqueous complexation, 104
bioreduction, 105
DOE sites, 103
Hanford site, 103
precipitation/dissolution, 104–105
Savannah River Site, 103

Grout, 9, 271
Guaranty ecological flow, 307

H
Habitat, 326
Håkon Mosby Mud Volcano (HMMV), 242
Hazard, 219
Hazard mitigation plans, 304
Heavy metals, 83
Heavy rare earths, 83
Heritage protection for Dams, 314
High field strength elements (HFSE), 83
Holocene, 439
Hopper dredges, 333, 335
Horizontal drilling, 394
Humic acids, 75
Hydraulic conductivity, 43, 113
Hydraulic dredges, 331
Hydraulic fracturing, 394

economic impact, 397
environmental impact, 398
societal impact, 397

Hydraulic head, 43
Hydraulic theory, 243
Hydrological cycle, 58
Hydrolysable amino acids, 75
Hydrolysis, 55
Hydrophilic acids, 75
Hydrophilic bases, 75
Hydrophobic acids, 75
Hydrosphere, 355, 359–360
Hydrothermal processes, 64
Hydrothermal resource, 160
Hydrothermal water, 58
Hygienic crisis, urban sustainability, 258
Hypocenter, 393
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Iceberg ploughmark, 235
ICP-MS, see Inductively coupled plasma-mass

spectrometry (ICP-MS)
IMPLAN model, 397
Incompatible element, 83
Incongruent dissolution, 55
Induced seismicity, 5, 228–230, 313

hydrogeologic parameters, 402–403
mechanisms, 400–401
See also Potentially induced seismic areas (PISAs)

Induced seismicity natural vs. induced earthquake, 400
Induced subsidence, 307, 317
Induces collapse, 271
Inductively coupled plasma-mass spectrometry

(ICP-MS), 97
Industrial wastewater, 394
Infrared imaging, 413
Infrared thermographic imaging, 413–434

Brazilian tests, 421–422
experimental set-up, devices and materials, 415
experiments on rock discontinuities, dynamic

shearing, 424–427
gouge, 422–424
gypsum crystal, 416
principles of, 414–415
quartz crystal, 416
rockburst phenomenon, laboratory experiments on,

427–430
rocks, 416–418
uniaxial compression tests (see Uniaxial compression

tests)
Injection disposal wells, 396
Injection interval, 393
Integrated Ocean Drilling Program (IODP), 239
Intensity, 297
Intergovernmental Panel on Climate Change
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Ion exchange, 73
Ionic strength, 63, 73
Isoseismal map, 297, 302, 304
Isotherm(s), 74
Isotherm-based transport modeling, 105
Isotopes, 86–90
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