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Preface

The conference Karst Groundwater Contamination and Public Health took place in the
Hilton Condado Plaza Hotel in San Juan, Puerto Rico, on January 27-30, 2016. The 76
attendees were 45 professionals, 26 students, and 5 family members. The attendees came from
seven countries: Austria, Denmark, France, Italy, Germany, Switzerland, and the United
States. There were 30 oral presentations, 20 poster presentations, and 12 short, “snap” talks.
The presenters were invited to contribute written versions of their presentations to this volume.

The conference was organized by the Karst Waters Institute, and the program and an initial
set of abstracts were published as KWI Special Publication 19, available on-line at the KWI
website. Special Publication 19 also contains information on the mid-conference field trip and
the guidebook for the two-day field trip that followed the conference.

This volume presents the written contributions. In order to preserve a complete record
of the conference, all presentations are included except for some of the snap talks. They are of
three varieties:

Full papers: These were reviewed by the editors and, if necessary, by outside reviewers.

Authors were asked to revise their papers as needed.

Extended Abstracts: Authors who did not wish to publish their complete work in the

Proceedings were invited to prepare a summary as an extended abstract. These extended

abstracts, essentially short papers, contain figures and references and should be considered

citable sources of information. The extended abstracts were reviewed by the editors and
modified as necessary.

Additional Papers: A few authors who did not wish to contribute to the Proceedings are

represented by their original program abstracts. These have been combined into a single

document that appears in the Summary section of the book.

In addition to the formal papers, the book contains introductory chapters that set forth the
expectations of the conference and its interdisciplinary framework. The conference closed with
an open discussion of needed research directions and opportunities. A summary of this dis-
cussion appears in the final chapter of the book.

University Park, USA William B. White
Charlottesville, USA Janet S. Herman
Lewisburg, USA Ellen K. Herman
Washington, USA Marian Rutigliano
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Contaminated Groundwater in Karst: Why Is It
an Issue? An Introduction to the KWI San Juan

Conference

William B. White, Janet S. Herman, Ellen K. Herman,

and Marian Rutigliano

Abstract

The Karst Waters Institute sponsored a conference on karst groundwater contamination and
its impacts on public health. The objective was to facilitate communication between
hydrogeologists and the biomedical community, especially those dealing with public health
issues. This volume contains the papers presented at the conference.

1 The Issue

If one were to compile a list of the necessities for a healthy
human population, a source of pure water would be in the
top tier of the list along with clean air, nutritious food,
adequate shelter, and reliable sanitation. Pure, drinkable
water is a priceless resource that is in limited supply on
Earth, and it is vulnerable to contamination from the very
beings who depend upon it.

Humans produce a wide variety of substances deleterious
to health when introduced into water supplies. Surface
streams, rivers, and reservoirs are easily contaminated, and
as a result, water supplies drawn from surface sources
require extensive filtration and treatment before introduction
into water distribution systems. Water supplies drawn from
wells for individual homes and farms often receive no
treatment, and water supplies from municipal wells require
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much less treatment than water from surface sources. This
comfortable assumption of safety without treatment does not
apply to karst aquifers where surface water and groundwater
are intermixed in a complicated way that is highly specific to
individual aquifers. But karst aquifers are not to be ignored.
Although hard data are limited, it has been claimed that 40 or
more percent of the groundwater drawn for domestic and
public water supplies in the USA is drawn from karst
aquifers. Consider the number of towns that have grown up
around the proverbial “big spring.”

2 Karst Aquifers: What’s Special?

Karst aquifers are those for which the host rock has signif-
icant solubility in water. Suitable host rocks for karst
development are mostly carbonates and evaporites. Of these,
only aquifers in carbonate rocks, limestone and dolomite, are
likely to have a sufficiently low concentration of dissolved
solids to be useful as water supplies. Dissolution of the host
rock by infiltrating meteoric water enlarges pore spaces,
widens fractures, and develops integrated systems of con-
duits that act as drainage networks. The process may have
begun as early as the mid-Miocene although the active parts
of the systems frequently date only from the late Pliocene or
early Pleistocene. The consequence of the dissolutional
modification of the aquifer host rock is that the hydraulics of
groundwater flow in karst aquifers is often remarkably dif-
ferent from the hydraulics of porous media.

Because of the open pathways along fractures and con-
duits and the generally high flow velocities, karst aquifers can

3

W.B. White et al. (eds.), Karst Groundwater Contamination and Public Health,

Advances in Karst Science, DOI 10.1007/978-3-319-51070-5_1



W.B. White et al.

transmit contaminants and sediments that are not even a
threat to porous media aquifers. Pathways from contaminant
sources to actual or potential water supplies are complex and
poorly predictable. There have been a substantial number of
studies of the movement of specific contaminants in specific
aquifer locations—case studies—but much less consideration
of more generalized concepts of contaminant injection,
storage, transmission, and release. More importantly, even
less attention has been given to the actual impact of con-
taminated karst aquifers on public health. It can be estab-
lished that a karst aquifer is contaminated, but what is the
threat to the people who are using the water?

3 The Conference

It was to provide a comprehensive overview of groundwater
contamination in karst aquifers and its impact on public
health that this conference was convened in San Juan, Puerto
Rico. The Puerto Rico karst is an especially appropriate
setting for this meeting in that it provides drinking water for
private residences and municipal water supplies and, at the
same time, has been significantly impacted by unlined
landfills and industrial outfalls. The conference consisted
mainly of invited speakers with a poster session available for
contributed papers. Invited speakers were chosen to provide
the broadest possible coverage and the widest possible range
of points of view. Thus, there are papers on the hydrogeol-
ogy of karst aquifers, mechanisms of contaminant transport,
the epidemiology of contaminated groundwater, and the
impact of contaminated groundwater on public health.

The storage and movement of water in aquifers, including
karst aquifers, is the province of the geological sciences and
the community of hydrogeologists. The investigation of the
effects of contaminated water on public health is the realm of
the biomedical community who have little occasion to
communicate with the earth science community. The con-
ference was designed to encourage cross-disciplinary dis-
cussion by the selection of keynote speakers and by such
devices as long coffee breaks, a poster session with a bar and
snack table, and a mid-session field trip for all participants.
The keynote papers are published together in the first section
of the book and illustrate the range of topics discussed.

4 How to Address the Issue of Contaminated
Karst Groundwater

4.1 Step One: Characterize the Specific Karst

Aquifer of Interest

The term “karst aquifer” is not a label for a specific thing.
Rather, karst aquifers represent a large and complex family

of aquifers ranging from those little different from aquifers in
sandstone or river gravel to “aquifers” that are little more
than roofed-over surface streams. As might be expected, the
devil is in the detail, and the first task of those evaluating
contaminated aquifers is to delineate the hydrogeology, the
effective boundaries of the aquifer—the groundwater basin
—and the characteristics of its internal drainage. To this end,
a large number of tools have been developed over the past
decades (see, e.g., Goldscheider and Drew (2007) or Kresic
(2013)). Some conference papers illustrated contemporary
approaches to the hydrogeology of karst aquifers and are
collected under the heading “Aquifer Studies.”

4.2 Step Two: How Do the Various Types
of Contaminants Move?

The usual suspects that would be a threat to surface waters
and to groundwater in non-karstic aquifers comprise the list
of contaminants that might impact a karst aquifer. The
fundamental differences are the mechanisms by which the
contaminants move and are stored in the aquifers, i.e., their
fate and transport. There are water-soluble contaminants, of
which nitrate is the most widespread, but also agricultural
chemicals and leachates from dumps, landfills, and tailings
piles. There are non-aqueous phase liquids—gasoline, fuel
oil, chlorinated solvents, and many others—that have
movement and storage mechanisms that may be quite dif-
ferent from the movement of water in the aquifer. There are
microorganisms—bacteria, viruses, and protozoa—that
move easily through the karst system. There are particulates,
ranging from colloids to cobbles, some benign and some not,
that are washed through the system by flood pulses. Cleanup
of many of these contaminants ranges from difficult to
impossible.

Investigation of contaminant fate and transport is an
extremely active area of research. Many of the papers pre-
sented at the conference dealt with identification and char-
acterization of contaminated groundwater and with
techniques for evaluating the transport of the contaminants
by the groundwater. These appear in the section labeled
“Karst Groundwater Contaminants and Tools for Their
Evaluation.”

4.3 Step Three: What Is the Threat to Public
Health and What to Do About It?

To return to the initial question: What is the issue? The
motivation for this conference was to bring health sciences
professionals into a conversation with environmental scien-
tists to focus on karst groundwater, its contamination, and
consequent health outcomes. A particular aspect of this
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intersection of perspectives requires recognition of exposure
levels and timescales. Although public health professionals
are frequently addressing acute health problems, it is often
true that exposure to contaminants of concern in drinking
water is a chronic issue. The distinction between exposure to
a high concentration of contaminant over a short time and
long-term exposures to a ubiquitous background contami-
nant at low concentrations but over a very long time is
crucial to making the connection between contaminated
water and human health. Unfortunately, the cumulative
effects of long exposures are much more difficult to identify
and evaluate. The conference was fortunate to have the
participation of the Puerto Rico Testsite for Exploring
Contamination Threats (PROTECT), a large and long-term
investigation of the effects of low levels of contamination on
preterm birth in the north karst belt of Puerto Rico. There
were multiple papers from the PROTECT group in the
conference. These contributions along with other papers
addressing the driving question about health outcomes are
found in “Contaminant Exposure and Public Health.”

The synthesis of all the scientific contributions to the
conference is an attempt to answer the question, “What do
we do about it?” Why should groundwater contamination in
karst aquifers be treated any differently than contamination
of groundwater in any other aquifer, or for that matter, from
contamination of surface streams and reservoirs? The con-
taminants will be from the same sources, have the same
properties, and have the same effects on public health
regardless of the source from which the contaminated water
is drawn. There are three primary reasons why karst aquifers
should be treated differently, both from a management and
from a regulatory point of view.

(1) The much larger apertures in karst aquifers, ranging
from a few millimeters in solutionally widened joints to
tens of meters in master conduits, permit the passage of
much larger solid contaminants than would be possible
in porous media. Bacteria and other microorganisms,
for example, can easily pass through a karst aquifer to
the point of drinking water extraction, whereas they
would have been filtered out during flow through the
porous medium of a sand aquifer.

(2) Very short travel times. If a tanker truck full of chlo-
rinated solvents goes off the highway, rolls down an
embankment, and breaks open in a river, the authorities

know they have an emergency, especially if the acci-
dent took place only a few kilometers upstream from
the intake to a city water supply. A similar wreck above
a non-karst aquifer is a more leisurely affair. The
authorities will have to quickly constrain surface run-
off, but infiltrating solvent will form a slowly diffusing
plume that can be evaluated and treated. However, if a
tanker truck spills its load into a sinkhole, the travel to
the spring will not take much more time that the flow
down the river. Spills in karst regions are as much of an
emergency as spills into rivers.

(3) Ready communication between the surface, the local-
ization of all human activities, and the groundwater in a
karst aquifer. Wastes from the production of food,
mining, energy, and manufacturing, as well as septic,
sewage, and urban storm water, are all easily directed to
recharging the groundwater via karst features of sinking
streams, sinkholes, and thin soils. Taken all together,
the inescapable realization is perhaps the most impor-
tant outcome of the conference: Both the public and the
responsible authorities must treat water supplies from
karst aquifers with the same level of suspicious eval-
uation and environmental protection that would be
given to a surface water supply. There is a certain
nostalgia about “pure mountain spring water,” harking
to a time when grandmother carried water from the
spring in an oaken bucket. Karst springs are usually
beautiful, but beautiful does not mean that they should
be piped directly into the community’s water mains.
The most important threat from contaminated karst
aquifers may be the lack of understanding on the part of
planners and regional authorities and also on the lack of
a regulatory framework that takes the peculiarities of
karst aquifers into account. This critically important
topic is addressed in the collection of papers on “Risk
Assessment and Regulatory Issues.”
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Public Health and Karst Groundwater
Contamination: From Multidisciplinary
Research to Exposure Prevention

Heather F. Henry and William A. Suk

Abstract

Karst aquifers account for up to 20% of the world land area and are a source of drinking
water for much of the world. Despite the critical value of these aquifers as a drinking water
source, there are a growing number of incidences of karst aquifer contamination worldwide,
including inadvertent spills, dumping, industrial discharges, or sewage seepage events.
Given the porous nature of carbonate rocks, the hydrogeology of karstic aquifers is
extremely complex, making it difficult to predict movement of contamination in these
aquifers and to identify exposure risks. These contamination events—together with
emerging issues such as climate change, exposures to infectious agents, as well as the
increase in informal mining practices—indicate the need to explore linkages between karst
groundwater, contamination, and health. Accordingly, the issue of karst groundwater
contamination presents a unique global public health challenge requiring a multidisci-
plinary problem-solving approach. The National Institute of Environmental Health
Sciences (NIEHS) Superfund Research Program’s (SRP) multidisciplinary approach serves
as a model for integrating expertise across health, engineering, geological, and
community-based approaches to solve problems. Using examples relevant to karst
contamination, NIEHS SRP grantees are engaged in research endeavors to address issues of
drinking water safety—from remediation to well-testing best practices. It is recommended
that continued research addresses karst contamination, with particular attention given to
identifying people at risk of exposures and to developing proactive means to prevent further
exposures. This is particularly important in the USA, where two-fifths of the population’s
drinking water comes from karst aquifers. Furthermore, over 40 million US citizens are on
private well water for drinking, yet testing for contamination in these wells is often not
required. Given the challenges predicting contaminant transport in karst and the lack of
uniform private well water testing regulations, there is a need to promote awareness of risks
for people living in karst areas among public health, hydrogeology, and government
officials, and to use community-based approaches as models for intervention and exposure

prevention.
1 Introduction: Karst Contamination—A
Global Concern
H.F. Henry (D<) - W.A. Suk
Hazardous Substances Research Branch, National Public health implications for contamination in karst aquifers
Institute of Environmental Health Sciences, are of global concern. It is estimated between 12.5 and 20% of

PO Box 12233 K-304, Research Triangle Park,
NC 27709, USA
e-mail: henryh@niehs.nih.gov

the Earth’s land surface that is composed of carbonaceous
rocks (Fig. 1) (Williams and Fong 2014; USGS 2016b).
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Fig. 1 Karst aquifers worldwide based on Ford and Williams (1989). From Williams and Fong (2014)

These rock formations—Ilimestone and dolomite—form
karst, meaning the rock material is slowly dissolved through
time leaving behind caves, springs, sinkholes, etc. Unlike
non-carbonaceous rock formations, karst hydrogeology is
governed by small cracks and fractures as well as larger
conduits. These complicated networks of channels create
difficulty in predicting transport of water through karst, as
well as anything transported along with water, such as
contaminants or pathogens (USGS 2016b). Given the porous
nature of carbonate rocks, the hydrogeology of karstic
aquifers is extremely complex, making it difficult to predict
movement of contamination in these aquifers and to identify
exposure risks.

Numerous studies report contamination impacts in karst
aquifers throughout the world (Du Preez et al. 2016;
Xu et al. 2016; Li et al. 2016; Morasch 2013; Krejcova et al.
2013; Huang et al. 2013; Metcalfe et al. 2011). Some studies
indicate linkages to increased risk of disease and dysfunction
as a result of contamination of aquifers by hazardous sub-
stances (Rodriguez et al. 2015; Huang et al. 2013; Long
et al. 2012; Hu et al. 2011). There are several emerging
global issues that would also overlay with the concerns of
contamination in karstic aquifers. Transport of infectious
agents through karst aquifers is well documented throughout
the world (Somaratne and Hallas 2015; Sinreich et al. 2014;
Arcega-Cabrera et al. 2014; Bauer et al. 2013; Wampler and
Sisson 2011; Khaldi et al. 2011; Dussart-Baptista et al.
2007). There is growing evidence that co-exposures between
contamination and infectious agents confer heightened risk

of disease and dysfunction—above what would be expected
from exposure to the contaminant alone (Boldenow et al.
2015; Jaligama et al. 2015; Notch et al. 2015). In the way
that large above ground metal processing shows impacts to
karst aquifers (Du Preez et al. 2016; Deng et al. 2009, 2011),
it should be noted that informal mining practices may release
mixed contaminants that could impact drinking water
resources. Activities on the rise, such as electronic waste
(e-waste) mining (Heacock et al. 2016; Grant et al. 2013) as
well as informal precious metal mining (Maier et al. 2014),
have potential to contaminate water resources, and those in
karst aquifers are particularly vulnerable. Lastly, several
karst researchers are investigating the impacts of severe
weather events related to climate change (Polemio 2016;
Thomas et al. 2016; Dura et al. 2010). These surge events
impact the movement of contaminants in karst—leading to
unanticipated sewage contamination and toxicant transport.

2 Understanding Karst Contamination
Issues Requires Multidisciplinary Research
Framework

The issue of karst groundwater contamination presents a
unique global public health challenge requiring a multidis-
ciplinary problem-solving approach. The National Institute
of Environmental Health Sciences (NIEHS) Superfund
Research Program’s (SRP) multidisciplinary approach
serves as a model for integrating expertise across health,
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engineering, geological, and community-based approaches
to solve problems. One such multidisciplinary study is
underway in the northwest karstic region of Puerto Rico
(PR) where fate and transport modeling and environmental
sampling of aquifer contamination are being studied as
variables to understand the high incidence of preterm birth in
PR (NIEHS 2015; Yu et al. 2015). They are applying
state-of-the-art methods to study biological mechanisms
involved in preterm birth related to environmental factors
(Johns et al. 2015; Watkins et al. 2015; Cantonwine et al.
2014; Ferguson et al. 2014). The epidemiological research is
complimented by bidirectional community and stakeholder
engagement through providing culturally sensitive risk
communication information to pregnant mothers, coordi-
nating with organizations that promote karst conservation,
and collaborating with health advocacy groups such as
March of Dimes (NIEHS 2016).

The research in the northwestern karst region of Puerto
Rico also touches on another issue of high relevance to
mainland USA: Contaminant exposure varies widely
depending on whether drinking water comes from public
versus private sources. Under the Safe Drinking Water Act
(SDWA) of 1974, all public drinking water facilities are
required to ensure safety of drinking water through setting
maximum contaminant levels (MCLs), testing for compli-
ance with the MCLs, and maintaining effective operation of
drinking water treatment and delivery systems. Hence, in
cities, towns, and municipalities under public drinking water
works, contaminant levels are tested for and controlled (as-
suming compliance with SDWA). However, a major con-
cern stems from the fact that private well users are not
protected under the testing and maintenance provisions of
the SDWA. These SDWA regulations do not apply to the
estimated 40 million US citizens reliant upon private well
water for their drinking water (Maupin et al. 2014). For
private well water users, rules and regulations for testing are
not uniform and vary from state to state. In general, there
may be some testing required at the time of well installation;
however, these tests rarely account for toxicants that might
be associated with discharges from current and/or legacy
industry operations (e.g., toxicants such as heavy metals,
chlorinated contaminants, or other hazardous substances),
nor geogenic hazardous substances (e.g., naturally occurring
arsenic). Furthermore, for much of the USA, testing of wells
is not required after installation. As a result, the testing of
private well water is largely the responsibility of the indi-
vidual homeowner (EPA 2016a). This places private well
water users in a particularly vulnerable position. They may
not be aware that well testing is their own responsibility and
would not necessarily be aware of contamination sources in
their region that may impact their drinking water aquifer.

Hence, NIEHS SRP-funded research study in north-
western Puerto Rico is investigating linkages between karst

aquifer and drinking water quality (whether private or pub-
lic)—using these data as a model for better understanding
fate and transport of contaminants in karst groundwater.
Furthermore, the researchers are measuring for contaminant
exposure utilizing innovative biomonitoring tools. With this
integrated approach, hydrogeological research has advanced
the understanding of movement of hazardous substances in
the karstic groundwater and provided critical geospatial
information useful for the epidemiological studies (Anaya
et al. 2014). This multidisciplinary research approach is
forging a new model framework to understand the interac-
tions between contamination and human exposures in karst
aquifers—and developing best practices for engaging com-
munities and stakeholders to protect public health, to con-
serve these unique karst ecosystems, as well as protecting
these vulnerable karst aquifers.

3 Future Directions: Drinking Water
Protections in the USA and Karst Aquifers

Given the uncertainty of risk from contaminant transport
through karst aquifers, there is need to develop new policies,
integrate data networks, and expand outreach to those
potentially vulnerable to exposures. Using the USA as an
example, there would be a tremendous benefit to focus
policy, research, and outreach to states/communities/regions
with a high percentage of private well use (Fig. 2) drawing
from karst aquifers (Fig. 3). Overlaying karst aquifer regions
with data about private well usage in the USA can be used to
identify states and communities that would benefit from
targeted communication campaigns to bring awareness about
the nature of karst aquifers in terms of contaminant transport.

Bringing together stakeholders from multiple sectors is a
first step to identify risk factors for environmental exposures
and to develop effective interventions to prevent further
exposures. The Karst Waters Institute’s “Karst, Groundwater
Contamination & Public Health: Moving Beyond Case
Studies” 2016 meeting in Puerto Rico brought to light
concerns from multiple stakeholders, including community
groups, karst conservation groups, health researchers, gov-
ernment regulators (from the USA and worldwide), as well
as experts in hydrogeology and engineering (KWI 2016).
The need for maintaining this community of practice is
evident, as the exchange between and across disciplines is
invaluable for practical solutions such as modeling con-
taminant transport in karst aquifers, developing effective
guidance for private well users, as well as engaging com-
munities. Another recent focus group was convened by the
North Carolina Environmental Health Collaborative (NC
EHC) titled “Safe Water from Every Tap” held in North
Carolina in 2015. This summit identified critical barriers to
well testing by convening a multistakeholder group of local
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Fig. 2 Principal karst aquifers of
the USA (USGS 2016a)

health departments, state and federal agency representatives,
water utilities, and industries (RTEHC 2015). In addition to
the recommendation to expand efforts to better inform
communities about well testing, the summit also identified
new well-testing regulations and policies that may be used as
models to reduce the gap of regulation for private well users.
An example is the Private Well Testing Act (PWTA) of New
Jersey (2011), a consumer information law requiring private
drinking well testing for real estate transactions (prior to
closing) and for rental properties (every five years).
The PWTA is a model of new policy relevant to contaminant
transport risks—regardless of the aquifer type—because the
test includes 32 contaminants of human health concern
(metals, hydrocarbons, chlorinated contaminants). Another
provision of the PWTA is that data are incorporated into a
statewide groundwater quality analysis database maintained
by the NJ Department of Environmental Protection (NJDEP)
(Atherholt et al. 2009). This additional effort by NJDEP, to
maintain and analyze their data, addresses challenges iden-
tified in both the Karst Waters Institute and the North Car-
olina Environmental Health Collaborative conferences.
Access to groundwater data is difficult and becomes a lim-
iting factor in reaching out to those who may be at greatest
risk.

It follows that well-testing communication efforts might
prioritize outreach to families, communities, and counties
where drinking water comes from private wells in karstic
aquifers. In terms of data integration, there are several tools,
such as geographical information systems (GIS), that can
be used to overlay multiple data layers—such as hydroge-
ological layers, contaminant-release information, or
locations of Superfund sites (Hollingsworth et al. 2008;

NLM TOXMAP 2016). Tools like these are being used to
explore the extent of contamination in karst, and in one such
study, it is estimated that as many as 23% of Superfund sites
are found in karst regions (Cotto-Ramos 2015). Despite the
availability of hydrogeological and hazardous substance
mapping databases, there remain challenges to identifying
those most at risk in terms of an intersection between karst,
contamination, and private well users. This is because state
and county records of private well locations are not always
available in database form; furthermore, these data are not
often publicly available. Established collaborations between
researchers (i.e., health, geospatial, environmental monitor-
ing) and staff at state departments of health and environment
(where records are often located) can be critical to identi-
fying those who may be at greatest risk for environmental
exposures. An example of such collaboration is the NIEHS
SRP-funded research project mapping high areas of arsenic
and locations of private wells in the state of North Carolina,
a project made successful by interactions between the
researchers and the NC Department of Health (Sanders et al.
2011). The researchers identified areas of high risk of
exposure to arsenic from private wells—and they have since
followed up with outreach to these vulnerable communities.
This reinforces the need for coordination and integration
between multiple sectors: government, health, geological,
and community outreach expertise.

Lastly, translating research findings to stakeholders—as
well as impacted individuals and communities—is important
to bring awareness to the connections of karst, contamina-
tion, and public health. The US EPA provides Web sites
with general guidance for private well owners to help
identify symptoms indicative of well water contamination
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(EPA 2016a, b). They have also developed the Drinking
Water Mapping Application to Protect Source Waters
(DWMAPS) as a resource for communities to answer
questions about potential contaminant impacts on their water
supply (EPA 2016¢). The DWMAPS mapping tool inte-
grates information about pollution sources, which can help a
private well user identify potential exposure risks. These are
helpful resources for state and county offices to understand
whether there is cause for concern for their communities—
and for community members who are already aware of
potential contamination concerns with their water.

However, as mentioned previously, many of the 40 mil-
lion private well users may not be aware that well testing is
their own responsibility and would not necessarily be aware
of contamination sources in their region that may impact
their drinking water aquifer. For this reason, a more proac-
tive approach to reaching out to communities at potential
risk is ideal. Utilizing a multidisciplinary framework incor-
porating health, monitoring, and community engagement
research studies, several NIEHS-funded Superfund Research
Centers are engaging with communities to develop effective
communication approaches to help private well owners
navigate the process of well testing. Their efforts range from
using geospatial databases to identify private well-using
communities in areas of elevated groundwater arsenic
(Sanders et al. 2011); identifying socioeconomic patterns
that reveal barriers to testing (Flanagan et al. 2016a, b, c;
Flanagan et al. 2015a, b; Lothrop et al. 2015); developing
communication campaigns to appeal to most vulnerable
citizens; and providing non-technical information about the
advantages and disadvantages of testing and treatment
products on the market (Paul et al. 2015). Through their
successful efforts, it is clear that working within communi-
ties to tailor community-specific outreach campaigns is
essential to inspire individuals to be proactive about well
testing.

4 Summary and Conclusions

Karst aquifers are an important source of drinking water
for much of the world; however, incidences of karst
aquifer contamination worldwide impact global public
health. These contamination events—inadvertent spills,
dumping, industrial discharges, or sewage seepage events
—co-occur with growing emerging issues such as the
impact of climate change on karst flow, infectious agents,
and informal mining. There continues to be a need to
explore linkages between karst groundwater, contamina-
tion, and health. Using a multidisciplinary approach,
NIEHS SRP grantees are engaged in the research
endeavors needed to make the connection between karst
aquifer contamination and the potential health impacts. In
addition, NIEHS SRP researchers design studies to

identify communities of potential high risk of exposure
leading to a possible negative health outcome—and then
translate findings to practitioners (such as state public
health staff) and develop prevention opportunities with
impacted communities. For example, several NIEHS SRP
community engagement leaders have initiated outreach
campaigns for well testing among private well users
where exposure to naturally occurring arsenic may be
possible. This type of outreach is important to promote
public health in that private well users are responsible,
sometimes unknowingly, for testing and treating their
own wells to ensure safe drinking water quality. Of rel-
evance to karst aquifer contamination, there would be a
public health benefit to utilize these effective community
engagement practices to tailor well-testing communica-
tions for private well water users in karst aquifers, where
movement of contaminants are difficult to predict.
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Abstract

Understanding the interaction of environmental contamination and its impact on human
health stretches the disciplinary demands required for effective research. Team science is
required to understand the origin of contaminants, their pathways to human, their health
effects, and for development of effective mitigation. We describe a team science model
applied to the study of preterm birth in a region of karst hydrogeology, the Puerto Rico
Testsite for Exploring Contamination Threats (PROTECT). This research program uses an
innovative, holistic, source-to-outcome transdisciplinary approach that integrates epidemi-
ological, toxicological, analytical, fate-transport, and remediation studies, along with a
unified sampling infrastructure, a centralized, indexed data repository and a data
management system. PROTECT is contributing new knowledge about the risk that
contaminants may pose in pregnancy resulting in preterm birth, how these contaminants
reach karst aquifers, and what are the biological mechanisms by which environmental
contaminants may promote preterm birth. PROTECT also is developing novel remediation
approaches that will target removal of contaminants linked to preterm births from ground
water. These integrated efforts offer unique opportunities to address a serious public health
problem and its solution would result in a healthier population and a healthier environment.

1 Introduction environment and its interaction with human populations.

Where biology and chemistry might have once sufficed,

Conducting environmental health research today requires a
diverse research team that can address the breadth of disci-
plines needed to understand the complex dynamics of the
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exposure to these chemicals, (3) recognize their impacts on
public health, and (4) develop effective interventions to
remediate contamination and improve the health of the
impacted population. A transdisciplinary approach, imple-
mented in a team science management structure, can provide
a platform to understand the interactions between the envi-
ronment and human populations and translate research
findings into strategies to improve human health and the
environment. Project PROTECT (Puerto Rico Testsite for
Exploring Contamination Threats) is currently ongoing in
Puerto Rico.

The study of groundwater contamination is an important
component as it is a major threat to water resources and
consequently human health. Understanding the fate and
transport of contaminants in groundwater, that may lead to
human exposure and adverse health outcomes, is needed to
understand health impacts and to develop intervention
strategies. Aquifers in karst systems are highly heteroge-
neous, which complicates understanding fate and transport
of contaminants (Fig. 1). Karst groundwater systems
develop in soluble rocks and are typically characterized by
well-developed conduit porosity and high permeability
zones. These characteristics make aquifers in karst areas
highly productive and an important freshwater resource for
human consumption and ecological integrity. Exposure from
contaminated karst aquifers is very relevant to the U.S. as
about 40% of the groundwater used for drinking comes from
karst aquifers (USGS 2013). Worldwide, karst aquifers
contribute about 25% of the drinking water; these aquifers
are distributed throughout Asia, Europe, other parts of the
Caribbean, and Australia (Hartmann et al. 2014). Karst

aquifers present highly susceptible pathways for contami-
nation of water supplies due to the presence of fissures,
sinkholes and sinking streams that can rapidly inject con-
taminants at or near the land surface. Once in the aquifer, the
contaminants can be readily transported via solutional
openings in the subsurface such as conduits and under-
ground streams. Filtration processes that can retard con-
taminant movement, commonly found in alluvial aquifers,
are rarely present in karst aquifers. There is a significant lack
of understanding of contaminant transport in karst and a
critical need for development of remediation strategies for
such complex and potentially deleterious systems. This is
particularly relevant where availability of water resources
from highly productive aquifers in karst regions spawn
industrial and urban development, which promotes eco-
nomic growth but increases the potential for extensive
contamination of the groundwater resources. The dynamics
of the solubility, flow, and exposure to contaminants through
karstic groundwater is made more complex by the presence
of some contaminants as non-aqueous phase liquids
(NAPLs) and interactions between different contaminant
groups.

In Puerto Rico, risk of exposure to contaminants thorough
groundwater is high because many waste sites exist, partic-
ularly on the north coast. Eight of the 16 Superfund sites,
and many of existing unlined landfills in Puerto Rico, exist
over karstic aquifers in the northern part of the island. Such
high level of contamination is a public health threat on the
island. An overlay of Superfund sites (EPA 2013) on karst
regions in the U.S. (Tobin and Weary 2004) shows that 23%
of all Superfund sites are located in karst areas. In Puerto
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Fig. 1 Hydrogeology and major potential contamination sites in Puerto Rico. North coast limestone aquifer in orange and light pink
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Rico, 45% are within the northern karst region of the island
(Fig. 1). This region has been affected by a long history of
toxic spills into the subsurface (EPA 2011; Hunter and
Arbona 1995; Zack et al. 1987) and is coincidentally among
the areas with the highest groundwater extraction in Puerto
Rico (Molina-Rivera and Goméz-Goméz 2008). Serious
contamination has prompted inclusion of 16 National Pri-
ority List (NPL) and 15 corrective action sites within the
Resource Conservation and Recovery Act (RCRA) in the
north coast region of Puerto Rico between 1983 and 2012.
Recent (Padilla et al. 2011) and past (Guzman-Rios et al.
1986) studies in this region have consistently reported the
presence of organic contaminants in the karst groundwater
system. In spite of the known contamination, the connection
between exposure to a complex mix of environmental fac-
tors, including drinking water contamination in karst
regions, and the high rates of adverse health outcomes for
children in Puerto Rico has not been comprehensively or
integratively investigated.

From the human population perspective, Puerto Rico has
the highest rate of childhood asthma in the U.S., more than
twice that of Hispanic children on the mainland (16.5% vs.
7.9%) and its preterm birth rate increased dramatically in
1990s and the first decade of the 21st century. In 2009,
Puerto Rico had the highest rate of preterm birth in the US,
and the third highest rate in the world in 2012 (Blencowe
et al. 2012). Infants born preterm are more likely to die in the
first year of life, and those who survive can suffer serious
short- and long-term disabilities, including blindness, deaf-
ness, cerebral palsy and development disorders. Early stud-
ies found that traditional risk factors for preterm births did
not explain the high rate observed (Cordero and Mattei
2009) and placed the focus on potential environmental fac-
tors. The island has suffered extensive hazardous waste
contamination over the years and has the highest density of
hazardous waste sites per square mile than any other juris-
diction in the US. Those findings raised questions about the
role of environmental contaminants in the high rate of pre-
term births in Puerto Rico.

PROTECT addresses critical gaps identified in the 2007
Institute of Medicine report on preterm birth (Behrman and
Stith Butler 2007). Preterm birth is the second leading cause
of death in children under the age of 5 worldwide (Blencowe
et al. 2012), and the leading cause of perinatal and infant
mortality in the U.S. (Klebanoff and Keim 2011; Callaghan
et al. 2006). Reducing preterm birth rates will help save
babies, improve their quality of life, and minimize the
escalating costs of health care. For the U.S. alone, the most
recent estimate is that preterm births cost society over $26
billion annually in 2005 (Behrman and Stith Butler 2007),
not including the costs of medical care beyond early child-
hood or the total cost of special education services and lost
productivity (Klebanoff and Keim 2011). The causes of

preterm births remain largely unexplained, and interventions
geared toward known causes are projected to result in a
reduction in preterm births of only 5% by year 2015 (Chang
et al. 2013). New approaches are needed to identify modi-
fiable risk factors. Environmental pollutants as potential
contributing factors to preterm birth have been greatly
understudied (Behrman and Stith Butler 2007). Thus,
establishing links between environmental exposures and
preterm birth would have major public health significance
since many exposures may be modifiable through new
policies or interventions at the individual, community,
clinical, and state or federal level. Furthermore, by demon-
strating that a common toxicological effect—oxidative stress
—activates pathways associated with parturition, PROTECT
combines new knowledge of biological mechanisms by
which environmental contaminants may promote preterm
birth. Knowledge of these mechanisms, combined with new
information on toxicant-stimulated responses using in vitro
model systems, is leading toward to the development of
assessment tools for toxicological evaluation of potential
chemical risks for preterm birth.

To address these questions, PROTECT, a Superfund
Research Program (SRP) Center, was developed and initi-
ated its research program in 2010. PROTECT employs an
integrated, transdisciplinary approach and team to study the
fate, transport, exposure, health impact and remediation of
contaminants, with particular attention to phthalates and
chlorinated solvents, both suspect and model agents for the
high preterm birth rates in Puerto Rico. To do so, PROTECT
uses an innovative, holistic, source-to-outcome structure,
integrating  epidemiological, toxicological, analytical,
fate-transport, and remediation studies, along with a unified
sampling infrastructure, a centralized, indexed data reposi-
tory and a data management system. Administrative,
research translation, training and community engagement
cores engage and inform stakeholders, provide
knowledge-transfer activities to the greater SRP and envi-
ronmental health community, and provide extensive
cross-disciplinary training. In a nutshell, PROTECT is a
transdisciplinary model of team science that is responsive to
NIEHS, EPA and CDC strategic goals, and addresses pri-
ority areas identified by the Institute of Medicine Committee
on preterm birth (Behrman and Stith Butler 2007).

2 Approach

PROTECT is a multi-institutional research center with col-
laborating researchers from Northeastern University; the
University of Puerto Rico (Medical Sciences Campus—
UPR-MSC, and Mayaguez Campus—UPRM); the Univer-
sity of Michigan; the University of Georgia, West Virginia
University, Silent Spring Institute and Earth Soft Inc. The
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central theme of PROTECT is the study of exposure to
Superfund hazardous chemicals and their potential contri-
bution to preterm birth, focusing on Puerto Rico as a testsite
with dynamic contamination exposure pathways through
aquifers in karst regions.

Effort is centered around the problem-based,
solution-oriented theme, to address three goals: (1) define
the contribution of environmental chemical exposure to
preterm birth, (2) develop new technology for discovery,
transport characterization, and green remediation of Super-
fund hazardous chemicals in aquifers in karst region, and
(3) engage stakeholders to support environmental public
health practice, innovation and policy; professional devel-
opment; and awareness around our theme.

The Center is composed of eleven integrated compo-
nents: five biomedical and environmental research projects,
two research support cores and four enrichment cores.
PROTECT encompasses five interrelated research projects.
Project 1 is a targeted molecular epidemiology study of
phthalate exposure and preterm birth in Puerto Rico. This
project is conducting a prospective cohort study to identify
novel risk factors for preterm birth, with a focus on exposure
to phthalates. It utilizes state-of-the-art methods to estimate
phthalate exposure and assess intermediate biomarkers of
effect, to provide much needed human data on environ-
mental and other predictors of preterm birth in Puerto Rico,
and the biological pathways involved. Project 2 on mech-
anistic toxicology explores toxicant activation of pathways
of preterm birth in gestational tissues. This project identifies
toxicological mechanisms for epidemiologic associations
between exposure to select environmental contaminants and
adverse birth outcomes through studies of toxicant actions
on placental and extraplacental tissues. Project 3 conducts
non-targeted chemical analysis with a focus on discovery of
xenobiotics associated with preterm birth. This project seeks
to discover xenobiotics that contribute to preterm birth by
advancing and applying non-targeted chemical analysis by
mass spectrometry to urine from pregnant women in Puerto
Rico, placenta (human and animal) and water (tap and
groundwater; before and after remediation). Project 4
focuses on fate and transport and studies dynamic transport
and exposure pathways of contaminants in karst ground-
water systems in Puerto Rico. This project is characterizing
the fate and transport regions and dynamic mechanisms
controlling the mobility, persistence, and potential pathways
of target contaminants toward exposure and/or remediation
zones in karst groundwater in Puerto Rico. Project 5
focuses on the development of a solar-powered remediation
process for contaminated groundwater. The project is
developing a novel, environmentally-friendly in situ
groundwater remediation technology using solar-powered
electrolysis to regulate groundwater redox for transforma-
tion of contaminants.

These projects are supported by a human subjects and
sampling research support core and by a data management
and modeling core which provides effective management of
collected data and modeling support. These projects have
common requirements of human subject recruitment, col-
lection of human and environmental samples, and manage-
ment of large volume of data and led to the development of
the Research Support Cores. The human subjects and sam-
pling core recruits pregnant women to the cohort, and col-
lects, stores and distributes biological and environmental
specimens and data for use by projects. The data manage-
ment and modeling core provides efficient collection,
cleaning, integration and effective management of biomed-
ical and environmental data being collected and analyzed
across the PROTECT Center. This core provides support for
modeling, GIS, multi-dimensional data mining and visual-
ization, and provide customized user interfaces for efficient
and accurate data entry and analysis.

The four enrichment cores include Administration that
provides integration, coordination, and operational support,
Training, a major component that ensures the development
of the next generation of researchers, Research Translation
that facilitates the application of research findings into
practice, and the Community Engagement Core that ensures
a direct connection to the communities of the Northern karst
region and the participants in the study with a model
report-back system. Figure 2 describes the interaction and
integration of the projects and cores into the overall PRO-
TECT model.

3 Integration of Disciplines

PROTECT’s strong integration of biomedical (epidemiol-
ogy, toxicology) and environmental (analytical chemistry,
engineering, hydrogeology) disciplines is evident in its
goals, each of which requires a highly collaborative
approach with significant interaction and sharing of samples,
testing and results (Fig. 3). The Research Support Cores are
a critical part of the interdisciplinary approach and of the
integration of the research activities across disciplines and
projects. The Data Management and Modeling Core,
through which the projects share and mine results, allows us
to test new hypotheses that are based on integration of the
multidisciplinary data from multiple projects. This core
provides a unified system for data entry, and supplies
complex multidisciplinary datasets in a readily usable for-
mat, as well as technical assistance with multi-layered data
management inquiries, and a centralized repository for all
data collected and analyzed (Fig. 4). Importantly, this core is
enabling us to cross-index these datasets, carry out database
queries and perform data mining, analysis and multilayered
mapping and modeling. The Human Subjects and Sampling
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Core systematically unifies the sampling process for all
projects. These samples, comprising tap water, groundwater,
urine, blood, hair, and placenta, although diverse and for
different projects, are consistently and uniquely indexed so
that data retrieval and mining is multidisciplinary and con-
sistent for all projects. Many of PROTECT’s key outcomes
rely on the ability to access both biomedical data and
environmental data in a unified, coherent data management
and assessment framework (Fig. 4). A critical advantage of
using a centralized data repository is the ability to evaluate
the relation between multiple causes. PROTECT has the
ability to assess cumulative and synergistic risk factors.

In addition to the significant role that the research support
cores play in integration of the projects, there are significant
bidirectional collaborations and integration directly among

the projects. Sharing of samples, data, and results is integral
to the projects. For example, the project on mechanistic
toxicology provides bidirectional collaboration with epi-
demiologic investigations and provides mechanistic links for
epidemiologic associations observed in the targeted epi-
demiologic project. Toxicology studies conducted in col-
laboration with the non-targeted analysis project identified
oxidative stress as a response produced by a phthalate
metabolite in human placental cells (Tetz et al. 2013a).
Stimulated by those findings, the targeted epidemiologic
studies found associations between urinary phthalate
metabolite concentrations and biomarkers of oxidative stress
(Ferguson et al. 2011, 2012). The mechanistic toxicology
project collaborates with non-targeted chemical analysis
project to provide further insight into toxicological
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Fig. 4 The centralized multidisciplinary data core will play a major
role in PROTECT integration. Information is abstracted and data
imported directly into the data repository while samples are analyzed by
the projects and data from that analysis is imported as well (left panel).

mechanisms with additional potential to identify new toxi-
cants of interest through discovery analysis and pathway
identification, respectively. The non-targeted chemical
analysis project also provides insight into defining the
objectives and scope of remediation (Mao et al. 2011, 2012a,
b, 2013) by helping set performance targets for remediation
techniques developed in the green remediation project. The
non-targeted chemical analysis project is examining Xxeno-
biotics and DNA adducts from a subset of women to further
relate it to the mechanistic toxicology studies of preterm
placenta in Puerto Rico, and to potentially increase the
number of chemicals tested by the targeted epidemiology
project. Contamination and water quality data collected and
analyzed the fate and transport project provides data for the
exposure assessment in the targeted epidemiology project.
The fate and transport project also provides data on phtha-
lates in groundwater and tap water which are vital to the
targeted epidemiologic project’s aim to identify key sources
of phthalate exposure. The fate and transport project pro-
vides information on the dynamics of episodic fate and
transport processes in karst groundwater, which greatly
affect the kinetics of electrochemical transformation in green
remediation development and has implication for the design
and analysis of targeted epidemiologic studies. A key
activity of the green remediation group is a pilot-scale field
test conducted in coordination with the fate and transport
group. The green remediation project uses groundwater
samples collected from the study area in Puerto Rico by the
Human Subjects and Sampling Core. Samples collected
before, during, and after treatment are sent to the
non-targeted chemical analysis project for detection of
xenobiotics, which will guide toxicity assessments in the
green remediation project.
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Data processing tools (center panel) that access biological and
environmental data simultaneously are available to end-users (right
panel)

In addition, a well-defined management approach has
successfully been implemented to maintain
cross-disciplinary interactions and activities. Timely, inex-
pensive, and useful Information Technology (IT) and com-
munication tools facilitate and expedite communication
among trainees and investigators, and across disciplines and
institutions. This is valuable for integration of activities and
maximizing interactions between trainees within and from
different institutions. The enrichment cores (Administrative,
Research Translation, Training and Community Engage-
ment) provide several venues for integration of activities and
collaboration among projects. These activities include
weekly meetings or conference calls, project town-hall
meetings, an annual retreat, and conferences.

4 Preliminary Results

Our research documents significant contamination in the
study area and compelling preliminary epidemiologic and
mechanistic toxicology associations between target con-
taminants and preterm birth.

4.1 Contamination in the Study Area

Analysis of historical contamination patterns in the karst
region of northern Puerto Rico (Padilla et al. 2011) shows
significant contaminant distribution beyond the demarcated
sources of contamination (Fig. 5) and a strong capacity of
the karst groundwater system to store and slowly release
contamination. These historical data show that groundwater
sources in the north coast of Puerto Rico have been
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Fig. 5 Sources and detections of CVOCs and phthalates in the study area

contaminated for over 40 years and that chlorinated volatile
organic compounds (CVOCs) were detected in 57% of all
samples and 72% of all sampled wells (based on historical
data). Current field sampling and our Center analysis show
the continued presence of CVOCs and phthalates in
groundwater and tap water (Fig. 5), which indicates that
contamination remains in the groundwater in the area long
after major sources have been controlled. CVOCs were
detected in 38% of groundwater samples, 60% of the sam-
pled wells and in 51% of tap water samples. Additionally,
phthalates, including di-2-ethylhexyl phthalate (DEHP),
dibutyl phthalate (DBP) and diethyl phthalate (DEP) were
detected in 70% of the groundwater sites, and 57% of the tap
water sites. Comparison of CVOC in groundwater and tap
water samples suggest that groundwater contamination is
reaching drinking water sources and is a potential mode of
exposure.

4.2 Epidemiologic Association Between Target
Contaminants and Preterm Birth

We conducted a pilot study within a long-standing birth
cohort study in Mexico City (Meeker et al. 2009). Urine
samples collected during the third trimester from 30 women
who delivered preterm were compared with samples from 30
randomly selected controls who delivered at term. We found
that urinary phthalate metabolite concentrations were higher
among cases than controls, along with significantly or sug-
gestively elevated odds of delivering preterm in relation to
exposure. We also conducted a much larger case-control
analysis among a birth cohort study in Boston with strikingly
similar results with regard to exposure and elevated adjusted
odds of preterm birth (Ferguson et al. 2016).

We also explored publicly-available data from the United
States National Health and Nutrition Examination Survey
(NHANEYS) for the years 2009-2010 and found a number of
relationships (significant or suggestive associations in
hypothesized directions) between urinary phthalate
metabolites and intermediate biomarkers of mechanisms that
may be relevant to preterm birth. These mechanisms include
oxidative stress, inflammation, and endocrine disruption
(Ferguson et al. 2011, 2012; Meeker and Ferguson 2011).

Through the PROTECT cohort study, we analyzed 373
urine samples from 139 women for a suite of 11 phthalate
metabolites and compared results with those reported among
women ages 18-40 years in US NHANES 2009-2010. The
results (Table 1) suggest that phthalate exposure of women in
northern Puerto Rico is higher than the U.S. general popu-
lation, highlighting the need for detailed human health studies
of the effects of phthalate exposure among this at-risk popu-
lation. Most striking was the observation that the geometric
mean concentration for MEHP, the bioactive metabolite of
DEHP, was more than twice as high among women in
PROTECT (p < 0.05). We have found strong associations
between several phthalate metabolites and two sensitive
markers of oxidative stress (§-OHdG and isoprostane) when
adjusting for urinary specific gravity and other important
covariates. We have also observed significant or suggestive
evidence for increased levels of pro-inflammatory cytokines
(IL-1B and IL-6) or CRP, and decreased thyroid hormone
levels, in relation to multiple phthalates. These results are an
important linkage to our mechanistic toxicology work and
provide further evidence for potentially diverse yet overlap-
ping impacts of phthalates on multiple pathways relevant to
preterm birth in our study population. They also serve as
further justification to assess the impact of exposure to mul-
tiple phthalates as mixtures as well as individually.
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Ta.ble 1 Distribution of §elected Analyte Population
urinary phthalate metabolite
concentrations (ng/mL) in MEHP PROTECT
PROTECT women (N = 139) NHANES
compared to women of
reproductive age from NHANES G HROMECT
2009-2010 (N = 341) NHANES
MnBP PROTECT
NHANES
MiBP PROTECT
NHANES
MEP PROTECT
NHANES

GM (95% CI) 50th 75th 95th
33 (3.0,3.7) 3.7 74 17.5
1.6 (1.4, 1.9) 1.6 32 11.0
19.6 (18.0, 21.3 19.9 34.4 76.0
17.9 (14.9, 21.5 17.5 323 95.3
19.2 (17.0, 21.7 20.9 42.0 117

15.7 (132, 18.6) 18.5 32.9 83.0
10.9 (9.8, 12.1) 11.0 20.3 63.5
8.8 (7.4, 10.5) 9.6 18.6 420
1022 (85.4, 122) 99.2 388 1880
76.5 (60.3, 97.0) 72.5 205 1286

GM grand mean; CI confidence interval. Final three columns give percentiles

4.3 Mechanistic Association Between Target
Contaminants and Preterm Birth

Our mechanistic toxicology study showed that a metabolite
of DEHP (MEHP) stimulates reactive oxygen species
(ROS) formation, induces oxidative DNA damage and acti-
vates apoptotic cell death and prostaglandin pathways in
human placental cells in vitro (Tetz et al. 2013a). Likewise,
our data showed that a metabolite of TCE (DCVC) activated
oxidative stress, inflammatory, cell death, and prostaglandin
pathways in human placental cells in vitro (Tetz et al. 2013b).
The DCVC-stimulated release of the pro-inflammatory
cytokine IL-6 was inhibited by co-treatment with the
antioxidant Vitamin E, suggesting a role for ROS in the IL-6
response. Moreover, we found that the model pro-oxidant
chemical zert-butyl hydroperoxide (TBHP) stimulated ROS
generation and increased expression and release of
parturition-activating pro-inflammatory cytokines and pros-
taglandins in human placental cells. The latter
TBHP-stimulated responses were blocked by antioxidant
treatments and an inhibitor of the p38 MAPK pathway. In
vivo, TCE significantly decreased rat pup weight at a dose
relevant to human occupational exposure, with evidence of
increased cell death and suggestion of oxidative DNA dam-
age in the placenta.

5 Discussion

The PROTECT program demonstrates how team science
based on a well-integrated transdisciplinary platform that can
advance the knowledge of the karst hydrogeology and its
impact to human and environmental health. Results to date
provide first-hand evidence of significant contamination in
Puerto Rico and justify the need for a complete evaluation of
the exposure to Superfund hazardous chemicals and impact
on preterm birth. PROTECT has recruited nearly 1200
pregnant women and it is on track to recruit 1800 women by

the end of 2019. This will provide the data needed for a
comprehensive study of environmental, demographic,
behavioral, psychosocial and other predictors of preterm
birth in Puerto Rico using the state-of-the-art and novel
epidemiological methods of Project 1. Continued investi-
gation by Project 2 is needed to better understand the toxi-
cant actions of suspect chemicals on placental and
extraplacental tissues that can promote preterm birth. The
nontargeted chemical analysis investigation of urine, pla-
centa and water samples collected from a subset of the study
participants, conducted by Project 3, is needed to discover
additional chemicals, beyond phthalates and chlorinated
solvents, that contribute to preterm birth. Project 4 will
expand its multi-scale experimental models and field
experiments, and extend its evaluation of historical con-
tamination in Puerto Rico, to characterize transport and
exposure of contaminants in the karst groundwater system of
concern. To develop solar-powered remediation, Project 5
will improve electrochemical transformation of contami-
nants by innovative electrodes, assess the transformation
pathways and their associated effects on groundwater toxi-
city, and measure the performance in field-scale testing.
Ultimately, PROTECT is a response to community con-
cerns about the increasing rates of preterm birth in Puerto
Rico. The Puerto Rican chapter of the March of Dimes
(MOD) was very involved in defining our goals at the initial
stages of proposal preparation. The local community and
government have been engaged in our efforts and play major
roles in our activities, including serving on our Advisory
Committees (Caribbean EPA, USGS and MOD), collecting
groundwater samples (USGS), providing access to extensive
historical Superfund data (EPA), providing water quality and
well data (EPA and PRASA—Puerto Rico Water Authority),
and assisting in recruiting participants for our cohort (MOD).
The role to date of MOD has facilitated creation of a
ground-up framework for the Community Engagement Core
that is engaging PROTECT participants and community
groups with a novel system of reporting back test results at
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an individual basis and the broad results at a community
level. This process will enhance and accelerate the transla-
tion of PROTECT findings into lower rates of preterm births
and a recovered environment.
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Flow Routing in the Karst of Puerto Rico

Thomas E. Miller, Gilles Brocard, and Jane Willenbring

Abstract

90% of Puerto Rico’s 2400 km? of karst is located near the Atlantic Coast. The north coast
limestone aquifer consists of Tertiary carbonates with an unconfined upper aquifer and a
confined lower aquifer. The transmissivity of the lower aquifer is an order of magnitude
smaller than the upper aquifer. About half of the recharge is rainfall on karst uplands that
travels north to near-coast springs and wells. Approximately 148,000 m*/day is withdrawn
from the lowland areas, some of which contain a variety of chemical contaminants (e.g.,
phthalates) introduced in the populated lowlands. Widespread use of septic tanks and of
caves and dolines for trash disposal is also a threat of unknown magnitude to water quality.
Although the general flow paths of the upper recharges are known, and scores of streams in
caves (of hundreds) have been mapped in higher elevations, the specific routes to the final
discharges are not well understood. Dye traces, and isotope comparison of different sectors
of the lower discharge area, have not proved particularly useful to identify them, so some
efforts have focused on defining the characteristics of accessible cave system flows to see
whether they can provide useful analogs. Geologic strike and dip are major controls of cave
passage orientations, followed by faulting or major joint sets.

1 Introduction

climate is humid tropical, with rainfall of about 1.8 meters
per/year on the north karst, and perhaps 1.4 m in the

For its size, Puerto Rico has a large background of karst
literature (dominated by Watson Monroe’s papers [e.g.,
1976] and geologic maps), although most of this concerns
surface features, and much less (except for accounts of
exploration) reference to the hundreds of known caves. The
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rain-shadowed south. Some features such as mogotes,
cockpits, ramparts, and bellholes formed by bats appear to
have little expression outside the tropics and are likely to
have climate-specific restrictions.

Recent convergent plate compression has arched the
island, exposing older plutonic and metamorphic rocks in
the cordillera and likely contributing much of the jointing in
the carbonate rocks (Lewis and Draper 1990). Cosmogenic
dating of surfaces in the Luquillo Mountains of the east
indicates that this occurred by about 5 My BP (Brocard et al.
2016). Uplift of the Tertiary carbonates was probably less
than 600—700 m; high points of the northern karst reach only
an elevation of 530 m a.s.l. today (Lugo et al. 2001). Tec-
tonic activity on the Atlantic Coast has uplifted a marine
terrace to about 80 m elevation, similar to elevations of
nickpoints on some of the northern rivers, and in major
caves.
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2 Karst Areas

2.1 North Karst

The mouths and valleys of the major streams on the north
coast have alluviated during sea level rise to as much as
120 m, decreasing inland. The lowered sea levels of the
Pleistocene significantly enhanced the relief and undoubtedly
encouraged karst development below current sea level. As a
result, the second largest spring on the island—Aguas Frias,
the discharge of the Rio Encantado System—descends in a
water-filled passage to below sea level (15 km inland), before
ascending 30 m to resurge on the banks of the Rio Grande de
Manati. These karst areas comprise 90% of those on the
island.

The northern rocks [dominantly limestone, and minor
dolomite, with a tiny exposure of karren developed on gra-
nodiorite in the southeast (Beck and Cram 1977)] mostly dip
as a homocline gently northward 4-5° to the Atlantic, where
differential erosion has produced scarps, and/or long chains
of mogotes (steep-sided relict hills) along the E-W strike.
Large level areas are covered with remnants of the reddish
“Blanket Sands” (quartz and clays), likely from past long-
shore drift during uplift phases. Rugged expanses of
mogotes that drain to cockpits (deep depressions between
the mogotes that are the most active sites of infiltration and
solution) dominate most of the remaining area, although
less-soluble beds and facies of the diverse Cibao Formation
produce expanses of rolling hills, as well as confine the
lower aquifer largely formed in the Lares Limestone. Some
streams of the Cibao drain down-dip to swallets and caves of
the Aguada Limestone, part of the upper aquifer. An inter-
esting observation by Monroe (1976) is that many mogotes
appear to have a slope and shape asymmetry correlated with
the prevailing NE winds, appearing steeper on the leeward
side. Monroe attributed this to case-hardening of porous
limestone due to solution of calcite during rainfall in brief
showers, followed by calcite deposition in the hot sun.
Conversely, Day’s (1978) detailed measurements in one
cockpit karst found no asymmetry.

Truncated and alluviated dry valleys and caves record a long
history of stream invasion from the silicic highlands, and
eventual capture, chiefly near the southern fringe of the karst in
the Lares Limestone. With care, the “chaos” of cockpit karst is
often recognizable as relics of former valleys that had crossed
the karst, and which were then progressively dissectioned via
cockpit development along the thalwegs. The few modern
through-flowing karst rivers have entrenched 100-200 m in
prominent canyons and receive outflows from numerous
springs in the neighboring holokarst platforms. These rivers
also serve as convenient boundaries of the four major karst
blocs of the north (Fig. 1) (Miller 2009). The two best known

caves are those of the Rio Camuy and Rio Encantado systems,
each with somewhat more than 20 km in mapped length.

Most large caves, then, are found near the southern
boundary of the North Karst, or in the uppermost units of the
Cibao. A common sequence is that following initiation of a
major conduit, a series of vertically superposed galleries
develop as base levels migrate downward in response to
vertical uplift or widespread base-level erosion (Troester
1994). Recent '’Be—*°Al cosmogenic dating (Brocard et al.
2016) of cave sediments in the famous Rio Camuy System
indicates that by at least 4.7 My BP the Camuy had devel-
oped a very large conduit that flowed eastward on the strike
to join the Rio Tanama. By 4 My BP, it had swiveled 90
degrees north to flow independently in its modern down-dip
course. (Miller 2004a, 2010).

The location of major caves or systems appears related to
long-lived dominance of the initial points of invasion on the
Lares Limestone, by streams that have integrated either on
the volcanic/plutonic highland rocks, or on the Cibao For-
mation sandwiched within the body of the karst. The cave
development and environment is currently of interest
because of the presence of phthalates and other endocrine
disruptors of the human birth process. Cave passage orien-
tations are mostly controlled by the strike and dip, with
occasional faulting or major joint sets playing a role (e.g.,
Miller 2004b). The locations of the cockpits and other sur-
face features, and the major cave conduits, are largely
independent of each other. As noted by Renken et al. (2002),
“Regional groundwater movement from the upper aquifer is
to the major rivers, wells, coastal wetlands, coastal near-
shore, and offshore springs, or as seabed seepage. Hydraulic
conductivity of the upper aquifer generally increases in a
coastward direction and reflects lithologic control, karstifi-
cation in the upper 30—100 m of the section, and enhanced
permeability in a zone of freshwater and saltwater mixing.”
Dye tracing has had local successes in identifying unknown
courses of the major cave passages, but this success has not
extended out into the lower-lying karst.

2.2 Karst of the South Coast Tertiary Rocks

Most of the remainder (~9%) of the island’s karst areas are
young rocks near the south coast; cave streamflows here (if
any) are to the Caribbean. These rocks are broadly con-
temporaneous with the north, but are more faulted and
inclined. Although the areas of limestone can be extensive,
caves are limited: The east—west Central Cordillera axis is
asymmetrical, so that catchments and invading stream flows
are smaller on the south side, plus the southwest is in the
island’s rain shadow, with rainfall of only about 800-
1400 mm/yr.
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Fig. 1 Karst locations in Puerto Rico (after Lugo et al. 2001). Blue
labels are major cities. Yellow areas are the four major blocs of the
North Karst. Red circles are karst features mentioned in the text: / the

The Cueva Convento network, in the Juana Diaz For-
mation, is the largest known of the cave systems in south
coast Tertiary rocks. It consists of a single active stream
source, with passages likely developed from the neighboring
higher, larger, and older phreatic complex of Cueva El
Viento, and Cueva Mapancha, which contains one of the
largest cave chambers on the island. This area is the only
south-side Tertiary limestone that receives allogenic waters
from the Cordillera to the north.

The area of the Guanica dry forest reserve contains a
seaward-sloping aquifer, accessible in several locations
through caves (such as the large Cueva Murcielagos).

2.3 Karst of the Interior Cretaceous Rocks

The remaining 1%2% of soluble outcrops are the older car-
bonates: relatively hard, well-bedded, and commonly steeply
dipping. They formed as smaller reefs or pods in an
episodically volcanic environment. Absent on the north
coast, they are widely scattered on the island and in places
on the south-side border the Tertiary limestones. Because of
their limited exposures, and because they are frequently
summit formers (more resistant than igneous rocks in this
climate), it is uncommon for them to contain dolines,
although they usually have well-developed karren. However,
they are located in more humid areas than the southern
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Rio Camuy Caves; 2 the Rio Encantado system and Aguas Frias
Spring; 3 the caves of Carmelita; 4 Aguas Buenas Group; 5 Cueva
Viento; 6 Cueva Convento Group; 7 Guanica caves and aquifer

Tertiary limestones and have had a longer exposure history,
so caves are common, often large, and most are relict and
often multilevel. Common features of the larger caves are
levels that preserve evidence for relative groundwater low-
ering of 40-60 m, with passages dominantly guided by the
dip and strike (Miller 2004b).

In the hills south of San Juan, for centuries the Aguas
Buenas caves were the best known of Puerto Rico (Gurnee
et al. 1968). The caves combine a series of related caverns in
a well-developed karst with enclosed depressions of as much
as 50 m deep. Including the as-yet-unconnected Cueva
Muicara segment, they are about 2-3 km in length, with a
vertical range of 100 m. The Aguas Buenas Limestone is
about 90 m thick and strongly metamorphosed, with a dip of
about 5° NW. The rock is probably fault-bounded and is
separated into two blocks, each with its own group of caves.

There are two main passages offset several hundred
meters; the upper is dry with abundant clay deposits, and
large volcanic stream cobbles. Shafts of about 35 m connect
it to the lower cave stream, and numerous other vadose
shafts pierce the ceilings throughout the cave. The levels are
likely the result of tectonic rejuvenation, which is not yet
complete as shown by several waterfalls in the modern
stream course. The limestone contains volcanic dikes, which
are aligned with a prominent joint set where they intersect
cave passages; flow from this cave is to the north as a
tributary of the Rio Grande de Loiza.
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Sistema Vientos in the Pefiones Limestone is one of the
island’s most intricate caves. The orientations of horizontal
passages are parallel either to the strike or internal strata that
dip generally at 30-60°, with considerable horizontal shift-
ing of the strike (up to 45°) due to fault offsets. An unusual
feature of this cave is at least ten vertical series of vadose
shafts and pits of 70-80 m that pierce through four hori-
zontal galleries from the surface and follow small vertical
faults and clastic dikes. They indicate an active phase of
surface karst development that has fortuitously intersected a
preexisting cave of much greater age (still in adjustment
from a previous drainage system perhaps 40 m higher). The

Fig. 2 The Carmelitas Karst.

a Septic tanks emptying directly
into the Carmelitas Caves and

b same doline, seen from the cave
below, filled with about 10 m of
appliances and trash

bottom level contains a small active stream, which flows
south to Rio Guanajibo, then west to the Mona Channel.

3 Cave Conduits as Trash and Contaminant
Pathways

It is worth noting that currently over 40 major trash accu-
mulation sites are known within caves of Puerto Rico, or in
streamways leading to them. In addition, the routine use of
septic tanks above and within caves and dolines in the North
Karst is probably an even larger health problem.
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The common types of trash are typical of households,
e.g., washing machines, refrigerators, stoves, used tires, and
mattress beds. Mobility of these trash sites can be catego-
rized as Stream Caves vs. Dry Caves. Trash dumped in
streams travels long distances above and below ground as
the discarded material is gradually pulverized and trans-
ported by conduit-filling floods. The Camuy Cave System is
a classic example of a fully formed river carrying material
from upstream surface dumps into and through several
kilometers of large conduits to its resurgence. Dry dump
caves tend to be vertical pits (some exceed 50 m deep) at the
bottom of which the trash accumulates, but stays in situ.

Septic tank use in the North Karst is in the tens of
thousands, often constructed with complete disregard of
EPA regulations and common sense. The classic example is
that of the Carmelitas urbanization 25 km west of San Juan.
This area with hundreds of residents contained at least 37
known collapse sinkholes prior to construction. Most of
these lead to thin-roofed caves 5-10 m below ground, in
which many connect beneath homes and buildings. Surface
septic tanks discharge directly into these caves, the majority
of whose entrances are also filled with voluminous trash
(Fig. 2a, b).

Large numbers of bats supply significant amounts of
phosphates and nitrates in some cave systems. At least one
bat species appears to remove significant amounts of rock in
cave ceiling roosts, forming upward-growing bellholes
(Miller and Figueroa-Mulet 2009). Most high CO, concen-
trations in the caves (>5000 ppm) are primarily associated
with dense bat populations or larger cave rivers transporting
trees, bamboo, and other vegetation.

4 Summary

Flow in the karst aquifers of Puerto Rico is largely controlled
by the gradient of the potentiometric surface as locally
influenced by strike and dip and less commonly affected by
faulting, folding, and clastic dikes. The cave streams often
inherit a favored route as a result of successive vertical
abandonment of low gradient galleries/levels and may fol-
low these favored routes for millions of years. Although
cave conduits almost certainly developed in the near-coast
karst during glacial periods, they would have been both
alluviated by rising base levels and flooded by sea waters,
with development of a largely near-static water table. Such
factors have so far made it difficult to predict such subsur-
face flow routes with any accuracy. Contaminants intro-
duced into the karst waters are largely of human origin.
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Fate, Transport, and Exposure of Emerging
and Legacy Contaminants in Karst Systems:
State of Knowledge and Uncertainty

Ingrid Y. Padilla and Dorothy J. Vesper

Abstract

It is well known that the same characteristics that make karst groundwater systems highly
productive make them very vulnerable to contamination. Once in the subsurface, many
contaminants move along and spread across flow lines, interact with media and
environmental compartments, and react with chemical and biological entities. All of these
processes occur within a highly dynamic and heterogeneous framework that affects the
mobility, persistence, and potential exposure of humans and wildlife. Fundamental
knowledge exists on many of these processes, and several predictive and characterization
models have been developed and applied to karst systems. Yet tremendous challenges and
uncertainty are faced when trying to predict exposure, implement remedial actions, and
manage contaminated systems, particularly in a changing world. This paper discusses the
state of knowledge, modeling capabilities, and sources of uncertainty when assessing the
fate, transport, and exposure of legacy and emerging contaminants in karst systems.
Although applicable to many sites, the discussion is framed around particular examples of
extensive contamination in the karst region of northern Puerto Rico, and how these
compare to more densely lithified karst systems associated with continental karst. It focuses
on contaminants related to industrial, agricultural, and personal care activities. Despite the
advancements made on understanding and modeling fate and transport processes, large
uncertainty remains on source and system characteristics, scale-dependent model applica-
bility, spatiotemporal data resolution, and the effect of hydrologic conditions and
anthropogenic intervention.

1 Introduction and Background

The hydrogeological characteristics of karst aquifers make
these systems highly productive and important freshwater
resources, and they also impart a high vulnerability for
contamination. High aquifer productivity and water avail-
ability in karst regions promote industrial, agricultural, and
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population growth that enhance socioeconomic conditions,
but also increase the potential for contamination, resource
degradation, and exposure. This paper addresses the state
of knowledge, modeling capabilities, and sources of
uncertainty on the fate, transport, and exposure of con-
taminants in karst systems. Particular examples are pro-
vided on contamination of legacy and emerging
contaminants in karst aquifers of eogenetic character, such
as those found in northern Puerto Rico, and discuss how
they may compare to other contaminated aquifers in the
continental karst. It addresses chlorinated volatile organic
compounds (CVOCs) as legacy contaminants from indus-
trial and waste disposal sources, and phthalates as
emerging contaminants from personal care and consumer
goods.
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1.1 Karst Environments

Karst terrains are underlain by soluble rocks, primarily
limestone and dolomite, which undergo considerable disso-
lution to create joints, fractures, bedding planes, and other
openings in which groundwater flows (Fig. 1). These ter-
rains show distinctive surface and subsurface features asso-
ciated with sinkholes, springs, caves, and sinking, losing,
and gaining streams (Ford and Williams 2007). Sinkholes,
sinking streams, and other surface features provide for direct
recharge into karst aquifers, which are characterized by
well-developed conduit porosity and highly transmissive
zones. These characteristics make groundwater systems in
karst areas highly productive and important freshwater
resources for human consumption and ecological integrity of
streams, wetlands, and coastal zones. Underlying about 20%
of the planet’s ice-free continental areas, karst areas provide
roughly 20-25% of the global population’s water needs
(Ford and Williams 2007). In the USA, karst systems
(Fig. 2) underlay about 18% of the continent (Weary and
Doctor 2014) and provide over 40% of the groundwater used
for drinking purposes (Veni et al. 2001).

Groundwater in karst aquifers moves down-gradient
through fractures, conduits, and the rock matrix. Differ-
ences in flow capacity through these regions give rise to a
spectrum of flow modes, which range between the diffuse
and conduit-flow end members. Although one type of flow
may predominate in a system, most carbonate aquifers are
characterized by a mixture. Diffuse-dominated flow is
common in karst aquifers with significant primary porosity
and permeability, such as those in eogenetic karst systems,
and regions of well-interconnected fractured zones. Car-
bonate rocks in eogenetic systems have not undergone deep
burial and are under active meteoritic diagenesis (Vacher
and Mylroie 2002). As a result, fractures and conduits
develop in a highly porous rock matrix; both conduit and
matrix flow could contribute to flow in these carbonate
aquifers. Eogenetic karst aquifers are widely distributed near
the warm, low-latitude environments and include (1) karst
islands, such as Bahamas, Bermuda, Barbados, and Guam;
and (2) karst formations in larger islands, such as Puerto
Rico and Jamaica, and continental settings, such as those
found in the Floridan, Yucatan, and Edwards aquifers
(Anaya et al. 2014). Flow in more diagenetically-altered
carbonate rocks, such as those in telogenetic karst systems, is
mostly concentrated in conduits, while the rock matrix
serves mostly to store water (Martin and Dean 2001).
Conduits in telogenetic systems develop in rocks that are
exposed after porosity reduction of burial diagenesis (Vacher
and Mylroie 2002) and are characterized by dense, low
porosity rocks with well-developed conduit network
(Bailly-Comte et al. 2010; Vacher and Mylroie 2002). These

systems can range between diffuse and conduit dominated
depending upon the degree of conduit development (Shuster
and White 1971) and the recharge mechanism (Scanlon and
Thrailkill 1987). Telogenetic karst systems are associated
with continental karst (Vacher and Mylroie 2002), such as
those found in southern France, Germany, and Kentucky,
USA (Anaya et al. 2014).

1.2 Contamination, Fate and Transport,
and Exposure in Karst Aquifers

Availability of water resources from highly productive karst
aquifers promotes agricultural, industrial, and urban devel-
opment, which increases the number of possible sources of
contamination. The same characteristics that make karst
aquifer systems highly productive also make them highly
vulnerable to contamination (Goppert and Goldscheider
2008): surface features provide easy access for contaminants
to enter the subsurface and contaminate large volumes of
water; well-developed conduit porosity reduces the capacity
for physical and chemical filtration and other attenuation
processes and conduits increase the ability to transport
contaminants at high flows and velocities. Contaminants
can, therefore, move and disperse rapidly over long dis-
tances. The porous matrix of the karst rocks and the sig-
nificant amount of sediments trapped in karst formations in
many systems may provide high storage capacity for con-
taminants that can be slowly released for long periods of
time. As a result, karst systems have an enormous capacity
to store and convey contaminants from sources to potential
exposure zones over long distances and periods of time, and
can serve as an important route for contaminant exposure to
humans and ecosystems (Padilla et al. 2011). This is
reflected, for instance, in the large number of Superfund sites
located in karst regions. An overlay of Superfund sites
(USEPA 2013) on karst regions in USA (Tobin and Weary
2004) using geographic information systems (Fig. 2) shows
that 23% of all Superfund sites are located in karst areas. In
Puerto Rico, 48% of Superfund sites lie on the northern karst
region of the island.

Extensive contamination of the groundwater system has
been documented in karst aquifers for both legacy and
emerging contaminants (Calo and Parise 2009; Einsiedl et al.
2010; Green et al. 2006; Guzman-Rios et al. 1986; Guzzella
et al. 2005; Metcalfe et al. 2010; Padilla et al. 2011; Reh
et al. 2013; Schwarz et al. 2011; Yu et al. 2015). Legacy
contaminants are known, persistent, bioaccumulative, and
toxic contaminants that are commonly monitored in the
environment (Hutchinson et al. 2013). These include heavy
metals, volatile organic compounds (VOCs), pesticides,
polychlorinated biphenyls (PCBs), polyaromatic hydrocarbons
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Fig. 2 Superfund sites (circles) and karst regions in USA. Distributed map colors representing type of karst rock

(PAHs), nutrients, and certain microorganisms. Emerging
contaminants (ECs) are synthetic or naturally occurring
chemicals or microorganism that are not commonly moni-
tored in the environment, but have the potential to enter the
environment and cause known or suspected adverse eco-
logical and(or) human health effects (USGS 2016; Sorensen
et al. 2015; Hmielowski 2016). ECs have been detected in
the environment, many in karst systems (Reh et al. 2013),
but their fate and biological impacts are poorly understood
and currently not included in regulatory monitoring pro-
grams (Hutchinson et al. 2013). ECs include personal care
products, pharmaceutical flame retardants, hormones,
antibiotics, and plasticizer (USEPA 2016; Hmielowski 2016;
Sorensen et al. 2015). Reported contaminants in karst
groundwater include metals (Cald and Parise 2009), phar-
maceuticals (Einsiedl et al. 2010; Metcalfe et al. 2010),
personal care products (Metcalfe et al. 2010), pathogens
(Green et al. 2006), VOCs (Guzman-Rios et al. 1986),
chlorinated VOCs (Padilla et al. 2011; Padilla et al. 2015;
Yu et al. 2015), herbicides (Guzzella et al. 2005; Metcalfe

et al. 2010), and PAHs (Metcalfe et al. 2010; Schwarz et al.
2011).

2 Fate and Transport Processes

The mobility, persistence, and ultimate distribution of con-
taminants in karst systems are, as with other types of sub-
surface environments, controlled by fate and transport
mechanisms (Fig. 3). Unlike many other types of aquifers,
however, the highly heterogeneous character of karst media
results in complex pathways that can store and transport
significant contaminant mass for long periods of times (Loop
and White 2001; NRC 2005). These pathways are influenced
by the characteristics of the system, the contaminant, and
contaminant sources.

Transport of contaminants in karst groundwater systems
is highly influenced by the flow mechanism predominating
in the aquifer. Conduit-flow-dominated systems tend to
convey contaminants rapidly through the system without
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Fig. 3 Processes affecting
contaminant fate and transport

VOCs

Volatilization

Source

Dissolution,
Degradation

much attenuation. Diffuse-flow systems can retard the
movement and store large quantities of contaminants, caus-
ing a long-term release of contaminant to the environment.
Combined conduit- and diffuse-flow transport mechanisms
occur over a wide range of hydrogeological systems and
flow conditions (Schilling and Helmers 2008; White 2002),
but can be highly associated with karst systems with high
matrix permeability, such as those found in carbonate
aquifers of Puerto Rico (White 2002). In such systems,
conduits can concentrate water and contaminants from direct
sources and/or diffuse flow and convey them rapidly to
potential exposure discharge points (e.g., springs). They can
also convey contaminants to “trapping” diffuse-flow zones
of greater contaminant storage capacity, where they can
serve as a long-term storage areas and sources of contami-
nation. Groundwater discharge and potential areas of expo-
sure in combined-flow karst systems are not limited to a
particular point of discharge, but can potentially act as a
diffuse source and potential exposure path over large dis-
charge zones. This makes karst aquifers are among the most
challenging hydrogeological settings to characterize and
manage (NRC 2005).
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Depending on the flow, system, and contaminant char-
acteristics, contaminants in karst groundwater may move as
solutes, particulates (e.g., sediments, bacteria), non-aqueous
phase liquids (NAPLs), colloidal matter, emulsions, sorbates
(in moving particles), and vapor phase. They can be stored in
the vadose or saturated zones as dissolved solutes, as soil
sorbates, as pools along low permeability, as irregular sur-
faces, and as trapped phases in pores spaces, fractures, and
solution cavities (Loop and White 2001).

Transport of dissolved contaminants in karst groundwater
systems is controlled by advection and dispersion through
the fissures and conduits, diffusion into the relative immobile
pore water in the rock matrix (in the case, for instance, of
telogenetic aquifers), retardation processes caused by sorp-
tion, and other biophysicochemical processes (Geyer et al.
2007). Slow mass transfer of solutes from dead-end fissures
and immobile pore water in the rock matrix produces
long-term release of contaminants. Advection in Kkarst
groundwater system is highly influenced by the discharge
and flow velocities in the individual fissures or conduits
in conduit-dominated systems, and by matrix and
fracture permeability in diffuse-flow systems. Transport in
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combined-flow systems is influenced by conduits and rock
matrix characteristics and discharge. In this case, the rock
matrix can not only be thought of as an immobile com-
partment in which contaminants diffuse in and out, but also
as regions of active transport that can be influenced by
advection, dispersion, and contaminant mass transfer. Gen-
erally, as flow velocities increase, dissolved contaminants’
travel times decrease, but concentrations may increase or
decrease depending on the contaminant source and the
mixing, dispersive, and dilution characteristics of the system
(Vesper et al. 2001). Dispersive processes in karst systems
are highly influenced by heterogeneity, as well as flow
regime. Greater velocity variations in more heterogeneous
and higher flows are expected to result in a greater dispersive
capacity of the systems.

Transport of colloidal and suspended solids (or emulsified
liquids in the case of NAPLs) is expected to be low or
negligible during base flow characterized by diffuse-flow
conditions (White 2002). During storm flow conditions,
turbidity, suspended sediments, emulsified liquids, colloids,
and bacteriological counts from rainfall runoff and material
settled at the bottom of conduits are mobilized and trans-
ported through the system. Generally, the velocity and
recovery of colloidal and suspended particles in karst con-
duit systems depends on the magnitude of flow, although
they never fully recovered at discharge points (Goppert and
Goldscheider 2008). Low recovery is attributed to rock
matrix attachment and filtration mechanisms. These mech-
anisms, however, have not been quantified.

Retardation of dissolved and NAPL contaminants in karst
aquifers can be significant in the rock matrix and fractures
(NRC 2005), and highly influenced by diffusion mass
transfer into diffusive-flow regions (Memon and Prohic
1989). Generally, sorption along enlarged openings has been
assumed to be limited because of low reactive surface area
and high velocities relative to the rates of sorption processes.
Sorption of organic contaminants along the flow path may,
however, be significant depending on the clay and organic
carbon content of the rock and sediments (Langer et al.
1999), and geochemical properties. Sorption onto suspended
particles and colloids in karst groundwater system has been
conceptualized as an important process affecting the overall
movement and storage of organic contaminants through the
system (White 2002). Particle-facilitated transport of sorbed
organic contaminants has been indeed shown for polycyclic
aromatic hydrocarbons (PAHs, highly hydrophobic com-
pounds with strong sorption capacity) in highly vulnerable
karst system in southern Germany (Schwarz et al. 2011).
A study in this system reveals that PAHs are commonly
retained in the soils, except during high discharge events,
when increasing concentrations are observed at the outlet of
the karst catchment. Because these events are associated
with increasing particle concentrations, the increase mobility

of the PAH is attributed to particle-facilitated transport. In
contrast, sorption of contaminants onto immobile sediments
can retard transport or limit transport to periods of high
velocity flow.

Other biophysicochemical processes influencing the fate
and transport of dissolved contaminants in groundwater
include speciation, degradation, volatilization, and mass
transfer processes. Many inorganic contaminants, such as
metals, exist as one or more species depending on the geo-
chemical conditions (e.g., pH, redox, carbonate content, and
other chemical components) of the system. The mobility of
metals depends on their speciation. In addition to the
transport in the dissolved phase, volatile compounds, such as
trichloroethene (TCE) and other chlorinated volatile organic
compounds (CVOCs), can move as vapors in the vadose
zone. Their transport in the vapor phase depends on vapor
pressure, volatilization rates, gaseous diffusion, and other
partitioning properties. Volatilization rates are expected to
increase at higher water velocities due to potential turbulent
conditions. Organic compounds can also be degraded abi-
otically or biotically, resulting in reduced total mass of the
original compound. They may also degrade into other con-
taminants resulting in an increased total mass of the degra-
dation product. Degradation rates vary significantly among
contaminants, and depend on biogeochemical conditions.
Many organic compounds, such as TCE and many phtha-
lates, have slow degradation rates and tend to persist in
natural environments. Degradation rates are expected to be
further limited by their lower residence times in karst con-
duits, but not as limited in the rock matrix where residence
times are higher. Hydrophobic organic contaminants that
have high sorption properties, such as many phthalates, tend
to show even lower degradation rates due to the reduced
bioavailability (Peterson and Stapples 2003). Although
sorption characteristics of many organic compounds to
limestone are unknown, it is commonly assumed to be low
(Langer et al. 1999). Sorption to colloids and sediments in
the karst may, however, induce enhanced transport and limit
the bioavailability for biodegradation.

Mass transfer processes of contaminants in karst
groundwater systems include dissolution, sorption/
desorption and volatilization, and diffusion into and out of
matrix rock, immobile water regions, and sediment piles.
Volatilization is important for volatile contaminants either
near or in the vadose zone, and it is expected to vary with
flow regimes and velocities. Although vapor transport in
unsaturated conduits and regions is expected to be high, very
little work has been done on vapor intrusion in karst sys-
tems. Dissolution is a major mechanism affecting the
transport of trapped NAPLs in groundwater. In the absence
of degradation pathways, dissolution mass transfer controls
the length of time that the NAPL is entrapped in fracture
systems and the rock matrix (Dickson and Thomson 2003).
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Modeling results have indicated that dissolution processes of
DNAPLs in fractured systems are a function of flow and
transport properties of the fracture network and the rock
matrix (VanderKwaak and Sudicky 1996). Mass transfer
between domains (mobile-immobile, conduit/fracture/
matrix, water-NAPL, sediment water) in fracture systems
occurs as concentration and hydraulic gradients are devel-
oped between advective flow paths and surrounding medium
(Jardine et al. 1993). These processes are commonly
diffusion-controlled and could serve as a slow, but continued
and significant release of contaminants into zones of
potential exposure.

Chlorinated solvents can form DNAPLs, which are
heavier than and immiscible in water. DNAPLs move
downward or laterally through fractures and available pore
openings until local conditions favor their accumulation
(Wolfe and Haugh 2001). As they migrate in the system,
DNAPLs can be trapped in fractures, conduits, and cave
passages and in the matrix rock (Loop and White 2001),
where they can serve as a long-term source of contamina-
tion. Transport experiments using non-aqueous phase TCE
in a laboratory-scale karstified limestone rock show that
although DNAPLs tend to follow a downward path, they can
be transported along non-vertical conduits when subjected to
groundwater flow fields (Carmona De Jesus and Padilla
2015). The study also shows that once DNAPLSs penetrate
regions of preferential flow, subsequent injections tend to
follow the same path. When they reach regions of limited
flow, DNAPLs are accumulated and transported through
diffusive processes after dissolution (Carmona De Jesus and
Padilla 2015). In conduits and caves, DNAPLs tend to sink
to the bottom, where they can be stored in pools or trapped
in sediments deposited along the conduits. Pooled DNAPLSs
remain stationary under low-flow conditions, except for
gradual loss by dissolution. Pooled DNAPLs dissolve at
rates given by the exposed area of the DNAPL pool, the
specific dissolution mass transfer properties of the particular
compounds, and the flow regime. Flow regimes which
reduce the concentration gradients near the NAPL tend to
reduce dissolution rates. Similar to dissolved solutes, the
transport and release of DNAPLSs in karst systems tend to be
highly dependent on flow regime (Loop and White 2001).
During high (storm) flows, DNAPL pools can be dragged
downstream or flushed as suspensions and emulsions at high
flows (Vesper et al. 2001). As a result, flood flow can send
previously immobilized DNAPLs to outflows points (po-
tential exposure routes) in toxic pulses. If trapped in
obstructed pathways, the DNAPL can be pressed against the
conduit walls under pipe flow regimes, being forced into

fractures and the rock matrix. DNAPLs that have become
entrapped in conduits sediments, fractures, and the rock
matrix are removed by dissolution, desorption, and
diffusion-controlled processes (Carmona De Jesus and
Padilla 2015). The rates at which entrapped contaminants are
removed depend on contaminant and medium properties and
flow regimes. For high matrix permeability rocks, numerical
models indicate that DNAPLs in fractures will dissolve
faster than those in matrix of low permeability or inacces-
sible to flow (Dickson and Thomson 2003; VanderKwaak
and Sudicky 1996). Although conceptually framed, the
overall transport behavior of DNAPLs and associated solutes
in karst aquifers is poorly understood.

3 Potential Contaminant Exposure

The potential for humans and ecosystems to be exposed to
contaminants in karst systems over space and time depends
on an interrelated set of factors that affect the dimensional
mobility, persistence, and mode of exposure. These factors
include the hydrogeological characteristics of the karst sys-
tem, type and properties of contaminants, and anthropogenic
activities. Hydrogeological characteristics (e.g., recharge
components, sinkhole density, permeability, conduit geom-
etry and connectivity, rock—conduit interactions, matrix
reactivity, geochemical conditions) and type (e.g., dissolved,
volatile, non-aqueous) and properties of contaminants (e.g.,
state, solubility, volatility, degradability, speciation, sorp-
tivity, particle size) affect the fate and transport processes
that control the magnitude, direction, and rate of contami-
nant movement and storage. Anthropogenic activities that
affect potential exposure are commonly related to land,
water, waste, and contaminant use and management. These
activities influence input sources of contaminants (type,
location, density, distribution, rates, phase/concentration,
mass flux), as well as water source, delivery, and discharge
to other environmental compartments (e.g., rivers, coastal
zones, wetlands, springs). In simplified conceptual models
(Fig. 4), contaminants move from input sources to points of
exposure, where, depending on their characteristics and land
use/management, they can be inhaled as vapors, absorbed
through the skin, and/or consumed as food or drinking water.
In karst systems, where water is often available for use, input
sources are abundant, and the hydrogeological characteris-
tics support significant transport of water and contaminants,
the potential for exposure is high. Yet, the ability of scien-
tists and engineers to predict exposure point concentrations
and reduce human and ecological exposure is limited.
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Fig. 4 Conceptual model illustrating contaminant pathways from source to human exposure points

4 Case Studies
4.1 Karst Region of Northern Puerto Rico
(KRNPR)

The northern karst region contains two of the most extensive
and productive freshwater aquifers in Puerto Rico (Lugo
et al. 2001). These aquifers are characterized by
well-developed conduit networks within eogenetic lime-
stones having primary porosity as high as 30% and also high
permeability. They have significant flow components along
conduits and through the rock matrix (Renken et al. 2002).
The karst aquifer system in this region comprises three major
hydrogeological units (Fig. 5): the upper aquifer, which is
mainly composed of the Aymamon and Aguada Limestone
Members; the lower aquifer, which is formed by the Lares
and Montebello Limestone Members; and a confining unit
that separates the upper and lower aquifer, which is com-
prised by the Cibao Formation (Renken et al. 2002).

The upper aquifer is unconfined and linked to the surface
throughout most of its outcrop area. The lower aquifer is
confined toward the coastal zone and outcrops to the south
of the shallow aquifer, where it is recharged. The outcrop
extents are much more vulnerable to contamination due to
direct interaction with the surface.

KRNPR has had a long history of toxic spills, chemical
waste, and industrial solvent release into the subsurface
(Padilla et al. 2011; Hunter and Arbona 1995). The highly
permeable characteristics of the aquifer system have
prompted extensive groundwater contamination (Padilla
et al. 2011, 2015; Yu et al. 2015) that results in high
potential for exposure and significant adverse health
impacts. Serious contamination in the KRNPR has caused
the inclusion of 12 National Priorities List (NPL) and 15
corrective action sites within the Resource Conservation and
Recovery Act (RCRA) between 1983 and 2016 (Fig. 5).
There are many other sources of contamination, including
unlined landfills and illegal waste dumps. Recent
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(Padilla et al. 2011) and past (Guzman-Rios et al. 1986)
studies in this region have reported the presence of organic
contaminants in the karst groundwater system. Of particular
interest is the contamination with CVOCs and phthalates,
including trichloroethene (TCE), tetrachloroethene (PCE),
trichloromethane (TCM), carbon tetrachloride (CT),
di-ethyl-hexyl phthalate (DEHP), Di-butyl phthalate (DBP),
and di-ethyl phthalate (DEP) because they are ubiquitous in
the environment and they have potential health impacts. The
above-mentioned CVOCs are within the top 50 predominant
contaminants in Superfund sites, with TCM and TCE listed
as No. 11 and No. 16, respectively, in the EPA’s 2015
CERCLA Priority List of Hazardous Substances (ATSDR
2016). Phthalates have been found in and around landfills
and Superfund sites (Irizarry 2014). DEHP, the only regu-
lated phthalate specie, is listed as No. 77 of predominant
contaminant in Superfund sites and the most frequently
detected phthalate compound in the northern karst region of
Puerto Rico (Torres-Torres et al. 2016). CVOCs and
phthalate contaminants have been identified as potential
precursors of preterm birth complications (Meeker et al.
2009; Meeker 2012; Sonnenfeld et al. 2001; Forand et al.
2012), and are being evaluated as one of the causes for the
extremely high rates of preterm birth rates in Puerto Rico
(NCHS 2012) compared to other jurisdiction in the USA.
Spatiotemporal data of CVOCs in the KRNPR show a
widespread distribution that varies in space and time (Figs. 6
and 7). The variability is attributed to (1) changes in

contamination input sources; (2) dynamic fate and transport
processes; (3) variation in remedial and monitoring schemes;
(4) differences in spatial and temporal data resolution; and
(5) changes in groundwater use. Although greater contami-
nation is found in the upper aquifer, CVOCs are found in
both the upper unconfined and lower confined aquifers.
Greater detection in the upper aquifer is attributed to higher
number of contaminant input sources and a much greater
sampling density in the upper aquifer than the lower one.
The principal detected CVOCs, which include TCE, PCE,
DCE, CT, TCM (chloroform), DCA, and DCM, are asso-
ciated with some known contaminated sites, but their spatial
distribution extends beyond known sources of contamina-
tion. The large extent is attributed to rapid mobility of
contaminants within conduits and high-permeability zones,
delay in remedial response of highly contaminated sites,
inability to capture the heterogeneous plume, and the exis-
tence of other potential sources of contaminations. The
temporal distribution of CVOCs in the KRNPR shows a
high capacity of the karst system to store and slowly release
contaminants over long periods. Although in general,
CVOCs concentrations tend to decrease over time (Fig. 8),
percent detection has remained high for over 30 years of
contamination. The concentration decrease is mostly asso-
ciated with active remediation activities of the major
Superfund sites, although some is due to degradation of
major CVOC parents (e.g., TCE, CT) into other CVOCs
(e.g., TCE and CT degraded to DCE and TCM,
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respectively). It is important to note that, even under active
remediation, CVOC concentrations have not reached regu-
latory levels and a significant number of samples still have
concentrations above the maximum contaminant level
(MCL).

The spatiotemporal data of phthalates also show wide-
spread presence of these contaminants in the KRNPR
(Torres-Torres et al. 2016), but their distribution is much less
associated with highly contaminated sites. This is because
sources of phthalates, which are contained in many personal
care and consumer products, are much more widely dis-
tributed than CVOCs. As a result, areas of greater phthalate
detection are more highly associated with hydrogeological
properties and conditions of the region. In general, the
detection of phthalates in groundwater is greater in the upper
aquifer (similar to CVOCs) and in regions of higher
hydraulic conductivities and sinkhole coverage. They are
also detected at a higher percent in areas of high urban and
industrial development. Like CVOCs, phthalates are found
in both aquifers of the KRNPR.

The aquifer system of the KRNPR serves as a source of
water to individual households, rural communities, munici-
pal distribution systems, and industries. Initial assessment of
potential population exposure from groundwater contami-
nation in the KRNPR suggests that contaminants are
reaching the drinking water system. Measurement of CVOC
and phthalate contaminants in tap water across the KRNPR
indicate that potential exposure at the point of use depends
on various factors, including water use, storage, treatment,
and distribution material, among others. It also depends on

the type of contaminants. General comparisons between
groundwater and tap water during a four-year study period
(2012-2015) suggest that, except for TCM, concentrations
and detection frequencies for CVOCs are generally higher in
groundwater than tap water and that the distribution of major
species also changes. Groundwater samples show greater
detection of parent contaminants (TCE, PCE, CT), whereas
TCM was the predominant specie in tap water. Detection of
phthalates, on the other hand, tends to be higher in tap water
than groundwater, with higher concentration predominance
of DBP in groundwater and DEHP in tap water. These
results indicate a complex relation between contaminants in
groundwater and those found in tap water that must take into
account potential losses and sources of contaminants, as well
as fate and transport processes within the distribution
system.

4.2 Continental Karst

Transport experiments and water quality measurements in
continental karst aquifers of eogenetic character have shown
significant transport of solutes between conduits and the
rock matrix that results in high contaminant storage in these
aquifer systems. Tracer experiments in the Biscayne Aquifer
(an eogenetic karst system) in southeastern Florida show that
solute transport in this karst limestone aquifer occurs over
multiple flow paths that exhibit a wide range of fluid velocity
(Shapiro et al. 2008). This results in an initial rapid transport
of solutes through highly transmissive zones having greater
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advecting velocities, followed by chemical diffusion into
immobile (or less mobile) water contained in less transmis-
sive intervals of interparticle and separate-vug porosity that
provide high aquifer storage (Shapiro et al. 2008). Flushing

of the solutes after their input is terminated is, therefore,
limited by mass transfer into immobile or slow advecting
water and the high aquifer storage. Transport and hydraulic
response of this aquifer suggests that it behaves as a
dual-porosity medium; however, the results of the tracer test
showed rapid transport similar to other types of karst
(Renken et al. 2008). Tracer and water quality measurements
at a local conduit system in the Floridan aquifer of
north-central Florida show conduit-flow-dominated transport
that is significantly influenced by exchange with rock matrix
(Screaton et al. 2004). Although not directly comparable,
transport of water and contaminants in these continental
eogenetic aquifers reflects similar transport and storage
characteristics as those found in the KRNPR.

Water and contaminant transport in more diagenetically
altered carbonate rocks is commonly assumed to be con-
centrated in conduits (Martin and Dean 2001). This is,
however, dependent on the level of karstification and con-
nectivity among network of fractures and conduits. Tracer
experiments in a highly karstified (conduit-dominated) sys-
tem in southeastern Minnesota show, for instance, an
advective-dominated transport with little mass exchange
between the conduits and the rock matrix (Luhmann et al.
2012). Early arrival of suspended sediments relative to dis-
solved tracers during these experiments indicates that settled
sediments within the conduits were re-suspended and
transported preferentially along lines of higher flow
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velocities. Studies of a karstic dolostone aquifer system in
Ontario, Canada, show, however, that transport in this
aquifer system may be controlled by conduit- and
diffusive-flow components (Perrin et al. 2011). The presence
of karst geomorphological features, such as sinkholes,
springs, and caves, suggests the existance of conduit-
controlled flow and transport. Other work has, however,
described the dolostone as a fractured system with variable
hydraulic conductivity without mentioning the occurrence or
influence of solution conduits (Perrin et al. 2011). Studies of
areas showing significant contamination with polychlori-
nated biphenyls (PCBs), chlorobenzenes, TCE, and pesti-
cides in the upper part of the dolostone aquifer have reported
contaminant distributions and groundwater flow as having
no influence from solution conduits. Other areas, however,
show flow characteristics dominated by the influence of
conduits, including troughs in the potentiometric surface, the
presence of high hydraulic conductivities, rapid water level
and hydrochemical responses to recharge events, and the
existence of sinkholes and underground streams near the
site. Tracer tests of the area show high velocities in conduits
connecting a sinking stream and a spring, but much slower
velocities in the shallow contaminated part of the rock.
Analysis of well logs shows that, although conduits occur in
the area, the flow system is governed by interconnected
fractures with substantial hydraulic conductivities indepen-
dent of the conduits. Detailed monitoring of distributed and
point source contaminants further shows strong transverse
dispersion and contaminant distribution consistent with
transport by flow in a network of ubiquitous connected
fractures that can be described by equivalent porous media
models (Perrin et al. 2011).

A study of groundwater flow, transit times, and halo-
genated volatile organic compounds (HVOCs) levels in a
karstic, fractured, carbonate-rock aquifer in West Virginia
suggests that this system is dominated by diffuse flow
through a network of fractures (Plummer et al. 2013).
Although rapid advective transport of contaminants is shown
through the system, ubiquitous detection of low-level con-
centrations of HVOCs suggests the presence of long-term
external and internal persistent sources. Sources external to
the carbonate rock include seepage from a closed landfill.
The internal ones, including infiltration of HVOCs from the
epikarst, exchange with low-permeability zones in the frac-
tured rock, and upward leakage of older water containing
HVOC:s, indicate a high capacity of the system to store and
slowly release contaminants over long periods of time.

A study in a complex carbonate aquifer of the Zechstein
Formation in Germany shows frequent detection of emerging
contaminants in groundwater samples (Reh et al. 2013).
Their presence in the aquifer system is associated with urban
and agricultural land use. Although emerging contaminants
are detected in both aquifers, like the KRNPR, the upper

aquifer generally exhibits higher number and seasonal vari-
ability of detections than the lower aquifer. Contamination in
the lower aquifer is attributed to potential hydraulic con-
nections between these two systems. Overall, greater detec-
tion of less degradable contaminants indicates that
degradation processes are occurring over their residence time
in the system. Residence time estimation of over 20 years for
some of the emerging contaminants (Reh et al. 2013) indi-
cates high storage capacity of the aquifer system. High
storage capacity of contaminants in continental karst is also
observed in a study looking at the occurrence and transport of
pharmaceuticals in the karst groundwater system of the
Franconian Alb in southern Germany. This aquifer consists
of conduits, an epikarst, and a fracture network (Einsiedl
et al. 2010). Conduits in this system transport water and
contaminants at high velocities over long distances. The
water and contaminant transport in the fracture systems is
characterized by long mean transit times and strongly influ-
enced by diffusion processes between the mobile fracture
water and the more immobile rock matrix (Einsiedl et al.
2010). Low tracer recoveries and the frequent occurrence of
pharmaceutical in groundwater at low concentrations in this
aquifer show that most of the water, tracers, and contami-
nants go into storage in the fractured system and do not move
rapidly and concentrated along the conduit to spring outlets
(Einsiedl et al. 2010). Low contaminant concentrations are
attributed to high dilution processes and storage properties.

5 Modeling Contaminant Transport in Karst
Aquifers

5.1 Overview
Modeling karst groundwater flow and contaminant transport in
karst systems pose particular challenges because of their highly
heterogeneous nature, wide spectrum of flow regimes (ranging
from laminar to turbulent flow), lack of proper data for accurate
characterization, and limited applicable models, among others.
In spite of these limitations, numerical models can be used to
describe flow and transport trends, as long as they are applied
within the limits of their realm. Particular challenges arise when
trying to locally predict direction and rate of solute transport
(Quinlan et al. 1996). This requires accurate knowledge about
the distribution, geometry, and direction of subsurface fractures
and conduits. These characteristics are often unknown at the
local level. As a result, modeling of hydraulic heads, volumetric
flows, general directions, and contaminant transport is often
done at a regional scale, in which the size of the modeled area is
large enough to approximate equivalent porous media (Scanlon
et al. 2003).

Several modeling approaches exist for simulating
groundwater flow and contaminant transport in karst
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aquifers. These approaches, which include lumped and dis-
tributed models, are briefly described here. Greater detail on
these methods is provided by others (Ghasemizadeh et al.
2012; Hartmann et al. 2014; Scanlon et al. 2003). Lumped
parameter models do not include spatial dimensions and
inherently assume equivalent porous medium (Scanlon et al.
2003). These models require minimal data and are rapid, but
cannot be applied to simulate spatial variability in hydraulic
heads, water quality, contaminant transport, and groundwa-
ter directional flow. Distributed parameter models are used
to simulate spatial variability in groundwater flow and can,
therefore, simulate spatial transport of contaminants and
resulting contaminant distribution. They discretize the model
domain into a grid of homogeneous sub-units, with each
sub-unit having specific properties (e.g., hydraulic, fate and
transport) and conditions (Ghasemizadeh et al. 2012). The
challenge of distributed models resides in the amount of
system data to properly simulate the karst systems. Several
distributed models have been applied to simulate karst
groundwater. These include equivalent porous media, dou-
ble porosity, discrete fracture or discrete conduit network,
and hybrid models.

Equivalent porous media (EPM) models treat the frac-
tured media with conduits as an equivalent porous media,
using bulk parameters instead of the properties of the media
and individual fractures and conduits, and do not account for
strong heterogeneity (Ghasemizadeh et al. 2012) and rapid
flow through conduits. These models do not do well at
simulating direction and rates of groundwater flow and
contaminant transport at local scales in highly karstified
aquifers because they do not integrate detailed information
on fracture and conduit architecture. EPM models have,
however, been successful at simulating contaminant trans-
port and distributions at the regional level in slightly kars-
tified aquifers. Simulations of TCE transport in the karst
region of northern Puerto Rico show that EPM models can
be used to address general contaminant concentrations in
observations wells at the regional level (Ghasemizadeh et al.
2012, 2015; Septlveda 1999). The models, however, cannot
simulate irregular spatial distributions, nor high temporal
concentration variations resulting from the presence of
preferential flow paths in karst conduits at local levels.

Scanlon et al. (2003) show that EPM models can ade-
quately simulate regional groundwater flow in the Edwards
Aquifer, USA. In more karstified aquifers that are influenced
by local conduit features, EPM models tend to underestimate
the rate of contaminant movement. Tracer tests conducted in
carbonate aquifers in Anniston, Alabama, USA, and Walk-
erton, Ontario, show higher tracer velocities than those
predicted by the model (Quinlan et al. 1996). Similarly, an
EPM model developed to assess the rate of contaminant
movement in the groundwater system under the Oak Ridge

Tennessee, USA, underpredicted the distance at which
contaminants would move.

Double porosity (DP) models, also known as double
continuum or two-region models, treat the heterogeneity of
karst systems through the application of two interacting
continua, one represents moderately karstified aquifer zones
(diffuse flow, high storage capacity) and the other represents
highly karstified zones with high flow, low storage capacities
(Hartmann et al. 2014). Interactions between these continua
are assumed to follow a linear exchange rate. It is applicable
to moderately to highly karstified systems. These models
generally represent the rock matrix as regions of relatively
low or no flow, but high storage capacity, whereas conduits
are represented by regions of higher relative water velocities
with minimal storage capacity. Field and Pinsky (2000) have
applied DP models to simulate solute transport in karst
solution conduits. DP models, however, assume laminar
flow and still suffer from the limitation of simulating rapid
flow through the conduits.

Discrete fracture/conduit network (DF/CN) models sim-
ulate flow and transport within individual fractures/conduits
or set of fractures/conduits under laminar or turbulent con-
ditions (Ghasemizadeh et al. 2012). The DF/CN approach
assumes negligible permeability in the rock matrix and
attributes flow and transport only to the fractures or conduits.
It is, therefore, not applicable to karst systems with signifi-
cant transport within the rock matrix, such as those found in
eogenetic karst systems. Discrete fracture and discrete con-
duit models differ only by the type of geometric data used to
describe fractures or conduits, but both require detailed
information of fracture or conduit geometry. These models
are sometimes used interchangeably as many times detailed
information of these features is not available. Large data
requirements on fracture/conduit characteristics restrict the
use of these models to local systems. The DF/CN approach
has been used to simulate solute transport through sparsely
fractured rock in Sweden (Dverstorp et al. 1992) and the
hydraulics of a variably saturated large cave in Switzerland
(Jeannin 2001).

Hybrid models (HMs) integrate discrete models and
EPM. HMs simulate the matrix in a continuum in which the
conduits are embedded as discrete elements. It is included in
the widely wused groundwater model MODFLOW
(MODFLOW-CFP), but presently CFP cannot simulate
solute transport or chemical reactions (Ghasemizadeh et al.
2012; Hartmann et al. 2014; Shoemaker et al. 2008).
Another HM, the HFEMC, has been used to simulate
groundwater flow and solute transport in systems influenced
by both conduit and matrix transport (Orban et al. 2010).
The model reproduces the spatial tritium and nitrate con-
centrations and the nitrate temporal trends in a regional chalk
aquifer in the Geer basin in Belgium. Results show that the
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spatial distribution of the contaminants in the basin is related
to the prevailing hydrodynamic conditions, and not to the
local hydrodispersive processes (Orban et al. 2010). HMs are
largely limited by the required knowledge on the charac-
teristics of the matrix and the karst conduits, and have
generally been applied to study synthetic situations related to
flow, transport, and dissolution processes in karst aquifers
(Ghasemizadeh et al. 2012).

5.2 Challenges in Coupling Contaminant
Transport to Flow in Models

The challenges in modeling water flow in karst aquifers are
further complicated when contaminant transport is added to
the model. The assessment and prediction of contaminant
fate, transport, and potential exposure in karst systems is
greatly impacted by limited knowledge, scarcity of data and
information, and limitations in efficient numerical modeling
tools for these systems. Uncertainty is related to spatiotem-
poral variability on the hydrogeological and biochemical
characteristics influencing the fate and transport processes,
and to the anthropogenic activities acting on the systems.
The uncertainty related to geophysical heterogeneities (e.g.,
location, geometry, extent, direction, connectivity of conduit
networks), bulk hydraulic characteristics (e.g., hydraulic
conductivity, anisotropy), and hydrologic components (e.g.,
internal and external runoff, recharge) is well known across
the karst community. Other sources of uncertainty arise from
limited knowledge on the biogeochemical processes (e.g.,
sorption, mass transfer, reactions, contaminant—particle
interactions), storage properties affecting the mobility and
persistence of contaminants in karst aquifers, the role of
mobile and fixed sediments in the aquifer, and on the
interrelated interactions of these processes and properties
with the heterogeneous physical system and flow regimes.
The high storage capacity of contaminants in karst aquifers
is observed in the contamination observed in the karst region
of northern Puerto Rico, as well as in most of the contami-
nation examples provided in this paper.

High uncertainty also exists on local anthropogenic
variables that affect fate, transport, and exposure processes,
and hinder our ability to predict and minimize contaminant
exposure. These include variables related to characteristics
of contaminants input sources (e.g., rates, mass, location,
period), groundwater extractions, water distribution systems,
and water use and consumption.

6 Conclusions

This paper demonstrates that karst groundwater systems
are easily contaminated, resulting in extensive contami-
nation of the aquifer. The high storage capacity in these

systems results in slow-release and long-term contami-
nation and potential exposure. Modeling results have
shown that most of the storage occurs at the rock matrix
(Green et al. 2006). In general, fate and transport pro-
cesses are highly heterogeneous, depending on local and
regional characteristics of the hydrogeological system and
the contaminant. CVOC and phthalate concentration dis-
tributions in the karst regions of northern Puerto Rico
indicate that contaminant distributions are heavily influ-
enced by input source characteristics, with emerging (e.g.,
phthalate) contaminant distributions much more extensive
and difficult to assess than plumes of legacy (e.g.,
CVOCs) contaminants. Sources of these emerging con-
taminants are likely to be discontinuous in space and time,
and there is generally less data available for emerging than
legacy contaminants because of the lack of monitoring
requirements. Higher detection frequencies of phthalates
are more closely associated with hydrogeological prop-
erties and conditions of the region. Contaminant distri-
butions for legacy contaminants are generally more
defined and closely related to the sources of contamina-
tions. Assessment of potential exposure indicates that the
relationship between contaminants in groundwater and
those in tap water is similarly, highly dependent on the
contaminant and source characteristics.

The assessment and prediction of contaminant fate,
transport, and potential exposure in karst systems is often
limited by lack of data and information, and limitations in
efficient numerical modeling tools for these systems.
Uncertainty is related to spatiotemporal variability on the
hydrogeological, biochemical, and anthropogenic charac-
teristics influencing the fate and transport processes in the
system. Uncertainty is also provided by the modeling
approach applied. Solute transport at the regional scale in
less karstified systems, such as those in eogenetic aquifers,
can be generally simulated with EPM models. Contaminant
transport at local scales and/or in highly karstified aquifers
may require the use of more sophisticated models (e.g., DP,
Df/DC, and hybrid models). Lack of parameters and high
modeling uncertainty, however, limit their applicability.
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Puerto Rico’s Karst Protection—Beyond
the Laws and Regulations

Abel Vale-Nieves

Abstract

My lecture will briefly explain the process of karst conservation in Puerto Rico by
Ciudadanos Del Karso. However, most of my lecture will question current anthropocentric
views on Laws and Regulations and their limitations. The main objective is to take a hard
look at those ideas, on which laws and regulations have been based, so that we can consider
new ideas from new perspectives, and start thinking outside the box. Good evening and I
hope that so far everyone has enjoyed the weather in Puerto Rico and the conference. It is a
pleasure to be at this conference on Karst, Groundwater contamination and Public Health.
On behalf of myself and the Board of Directors of Ciudadanos Del Karso, our deepest and
most humble thanks to the Karst Waters Institute for bestowing the Karst Award of 2015.
In June 2015, Ciudadanos Del Karso also received the France HABE Prize awarded by the
Department of Karst and the Cave Protection of the International Union of Speleology
(UIS) at Postojna, Slovenia.

1 Puerto Rico’s Karst Background

Karst represents 28% of Puerto Rico and it is a vital natural
area for its many resources, as we normally describe Nature,
i.e., biodiversity, spectacular vistas, subterranean rivers,
caves, and aquifers. It contains some of the most productive
aquifers of Puerto Rico, on which close to 500,000 people
depend, as well as industry, commerce, and agriculture.

By the mid-twentieth century, Puerto Rico experienced
almost total deforestation, due mainly to agriculture and
wood harvesting for fuel and the karst regions were no
exception. After mid century, the people that lived in the
karst region and other agricultural regions of the island, left
looking for jobs mainly in the coastal cities of Puerto Rico or
in the USA. The karst region started to recover and became
within Puerto Rico, the region with the heaviest forest cover,
with immense value for water storage, biodiversity, tourism,
and other activities not necessarily compatible with its nat-
ural values.

A. Vale-Nieves (X))
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To understand better what happened in Puerto Rico
during the past century that impacted its natural systems, we
need to provide some background on its demography. By the
year 1900, the population was one million, by 1950 it was
two million, and by 1975 it was three million and around
3.8 million by the year 2000, in an island of 3450 square
miles. We had attained a population density of over 1100
people per square mile, almost four times the initial popu-
lation in 100 years. To better understand the demography
that I just described, the USA has 3.8 million square miles,
which includes Alaska and Hawaii. If the USA had the
population density of Puerto in 2000, the population would
have been 4.2 billion instead of the 300 million for that year,
more people than China and India combined. This should
provide an idea of the stress that the karst and the natural
systems were bearing due to the huge population density we
had and still have. For the first fifty years of the last century,
the per capita consumption was relatively low, but during the
last fifty years, Puerto Rico developed into a consumer
society which imitates the worst of the suburban lifestyle of
the USA. The use of pesticides, herbicides, and other bio-
cides and runoff from agro-industry (such as dairy farms),
industry, and other nonpoint sources of pollution found their

51

W.B. White et al. (eds.), Karst Groundwater Contamination and Public Health,

Advances in Karst Science, DOI 10.1007/978-3-319-51070-5_6



52

A. Vale-Nieves

way to surface and groundwater. Unfortunately, this is
something that is not easily seen; its effects are perceived
with time in the health of living organisms. It is a sort of
“invisible threat”.

Karst and other natural areas began to recover from tra-
ditional agricultural practices after the 1950s. But population
growth around the cities with its need for houses, commerce,
factories, schools, hospitals, roads, water, power, and many
other so-called civilization needs started to take its toll on the
karst region. This time, this was a visible threat. Between
1975 until the year 2000, a fast trend of urban sprawl and
infrastructure development unraveled through the Kkarst
region, which imitated what was happening in other parts of
the Island where the environment was not as vulnerable as
the karst region. These developments threatened the natural
values of the karst.

As a result, Ciudadanos Del Karso—CDK (In English, it
would mean Citizens of the Karst)}—was born in 1994, out
of the need to protect the karst region. As a nonprofit,
nongovernment organization—NGO, we undertook an effort
to protect the karst. Our main objectives were research,
public education, citizen’s actions to protect the karst, and
purchase of land for conservation. In the first ten years after
its foundation, CDK had achieved several goals. For
example, four educational posters were made available free
for public and private schools on karst processes and its
vulnerability, its bats species, and herpetofauna. There was a
25-min video called Las Raices del Agua (the origins of our
water) which was provided free of charge to the Common-
wealth’s public TV station and schools. In addition, we
worked with the Puerto Rico Planning Board to include the
protection of the Karst in what was known as the Public
Policies for Puerto Rico’s Land Use Plan, where the
importance of the protection of the Karst was set as a public
policy for the first time. We also helped to protect approx-
imately 10,000 acres and stopped some projects in the karst
region through the courts. Thanks to the collaboration of the
US Forest Service’s International Institute of Tropical For-
estry, whose headquarters are in Puerto Rico, we helped
publish, in English and Spanish, The Puerto Rican Karst—A
vital Resource, the most comprehensive publication on the
island’s karst region to this date. Many other actions were
undertaken as well, which helped citizens on the island to
finally incorporate and understand the term “karst” as part of
their common or daily speech. This was accomplished,
especially, by publicizing our main motto: “Karst is water
and life”.

Yet that was not enough. Therefore, we pursued legisla-
tion to protect the karst. I do not intend to talk about all the
process that resulted in the law and the regulations that
protect the karst in Puerto Rico, so I will summarize it. The
law took us at least one year to get approved in the Legis-
lature of Puerto Rico and it was approved in August of 1999,

as Law 292, Law to Protect the Karst Physiography of
Puerto Rico. Law 292 gave the Department of Natural and
Environmental Resources—DNER, two years to prepare a
study that would set aside the critical areas of the karst
region that needed to be conserved based on its ecological,
geological, or hydrological importance. The Planning Board
was then required to use this study as the basis to delimit the
region of the karst that had to be set aside for conservation
through a land use plan and other regulatory means. Nothing
happened within the two years that the law gave these
agencies to prepare the study and adopt a land use plan.
Therefore, the only recourse we had was to request a man-
damus, or order to act, against the DNER and the PR
Planning Board. In this effort, we were legally represented
by the Environmental Law Clinic of the University of Puerto
Rico Law School. The Commonwealth’s courts granted us
our petition. However, even with the court order and
supervision, it took until the year 2014 for the Common-
wealth government to comply with their legal responsibility,
finally establishing a specific land use framework to protect
the karst. Close to 33% of the karst within Puerto Rico
received the highest degree of protection possible under the
law.

2 Beyond the Laws and Regulations

An article published on December 6 of this past year by a
local newspaper brings to the reader’s attention a study made
by Puerto Rico’s Environmental Quality Board in which it
found that in several of the water reservoirs and in several
rivers of the island, the agency found concentrations of
antibiotics, cosmetics, steroids, insect repellents, and other
contaminants. In 80% of 14 rivers sampled, they found many
pharmaceutical products, hormones, and other contaminants.
In this cornucopia of contaminants, there is the potential that
any of them or a combination of them can cause genetic
disorders, cancers, hormone disruption, reproduction prob-
lems, etc., in all forms of life.

The article explains how many of these contaminants just
go through the water treatment plants that provide our
drinking water. But in the story, it advises us that there is a
possible technical solution: nano-filters. Who knows if this is
another techno fix and at the end we have another problem
as a result of trying to fix the existing one. Other example of
techno fixes is the proposed technologies for scooping the
excess CO, from the atmosphere, reducing the threat of
global warming.

After such a strenuous course to get legal protection for
the karst, we have to ask ourselves if we are ever going to
achieve the necessary protection for nature, including the
karst. It seems nonsensical but we are trying to protect nature
from ourselves. We have seen some of the problems of
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groundwater contamination in the karst, but we are just
trying to catch up with the chemical industry, agro-industry,
and with many other contaminants and in the process trying
to find out which are hazardous to life. So far, the agencies
such as the Environmental Protection Agency or the Health
Department have been reactive, that is, they act only after a
chemical is found to be harmful and many lives have been
lost or persons become very ill, or other life forms have been
threatened.

Industry’s vast financial resources, besides being used to
make us consume far beyond our needs, are also used to
deny claims against them or confuse the public whenever it
has been denounced as affecting human health or life in
general. Just as an example, how can we forget the denial of
the tobacco industry that smoking had anything to do with
cancer, just the same way the chemical industry did with
DDT. Or the fossil fuel industry, by trying to convince us
that CO, has anything to do with global warming. Or more
recently, that fracking is not contaminating the water supply
on which many communities in the USA depend.

So here we are, after several centuries of thinking that the
world we live in has to be fixed, with the vision that we are
the center of the world and infinite growth is possible,
labeling it by the term progress. But this progress so far has
been totally anthropocentric, ignoring the world’s life evo-
lution and the laws of nature that govern it. By laws of
nature I mean the physical and biological world, as science
has explained it through research.

My point is that this planet has approximately 4.5 billion
years, and life has been present over 3.5 billion years. So we
have over 3.5 billion years of continuous evolution, bio-
chemical experiments of what works according to the con-
ditions in the different geological eras. All life forms that can
adapt and reproduce are expected to continue to live in their
geologic time.

Yet most of society forgets about the evolution of life and
in many cases many even deny it. Meanwhile, the pharma-
ceutical or agrochemical industries come up with a complete
arsenal of chemicals, in order to try to control bacteria,
insects, and plants. Bacteria, that is, construed harmful to a
herd of animals or to humans or to plants, or insects that we
have been taught that are disgusting, unhealthy or that are
considered a pest for farm products, or the weeds that invade
the agriculture field, are systematically trying to be con-
trolled or exterminated.

And we are told that they are safe and nonhazardous. That
they would only act on an intended purpose, which is to kill
something that has life. But how, and this is something that
we should always ask ourselves, can they be safe when, the
basic structure of life which is DNA (i.e., double helix) is
shared among all living organisms. The code or sequence of
DNA (instructions for our cells) is different in different life
forms. Even so, our DNA is likely more similar to plants

than different. For example, we share approximately 60% of
our DNA with a banana plant, birds, and insects. With other
mammals, it can be between 75% to as high as 96%.

Many things have happened in these endless wars of
humans against our “enemies”, but I want to concentrate on
two of them. One is that biological evolution shows that
eventually the bacteria, insects, or weeds will evolve and
become resistant to our latest invention. Trying to get rid of
them, when we share part of the DNA, is a prescription to
more damage to life of which we are part.

The second one is that human laws can never be above
the physical or biological laws of Nature. In Nature with
capital N or in the biosphere, everything is interconnected
and interdependent between the abiotic and biotic. Because
of our anthropocentric world view, many of the environ-
mental and health problems that we face today are a direct
result of ignoring this reality. Therefore, living organisms
and humans are subject to the laws of nature, regardless that
our human laws ignore this fact. And not taking into account
the laws of nature is one of the reasons we have ourselves in
such a detrimental environmental condition.

Human laws are a societal construction and through
centuries they have changed. Slavery and serfdom were
legal, colonialism was legal, denying men the right to own
property or women the right to vote was legal, so as it was
with apartheid for many years. In our legal system, nature is
seen as a provider of resources for humans and we have
come up with some environmental laws to address some of
the problems we have caused. Legal systems are social
constructions of those that have power, and not really a
source of justice, although we have thought that law and
order exist for the purpose of establishing justice.

Ignoring the laws of nature was possible, when the world
population was smaller. But not any longer, with 7.4 billion
and growing, with all the needs and with all the media
creating consumer societies.

We have to adopt laws that are biocentric and envi-
ronmentally ethical, because in the end, we can only
survive as a species if we live according to nature.

Looking beyond the box: Can we protect Nature as
long as we treat it as human property?

3 Efforts to Recognize Rights and Intrinsic
Value of Nature

Nature can exist without humans, but we cannot exist
without Nature, yet we ignore this at our peril. We can rest
the case, on who has the upper hand in life.

The rights of nature idea acknowledges that nature, in all
its life forms, has the right to exist, persist, maintain, and
regenerate its vital cycles. The concept recognizes that other
beings—plants, animals, fungi, entire ecosystems—have
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rights, just like humans. These other life forms do not just
have instrumental value to humans as things to be used.
They also have intrinsic value; they have worth in-and-of
themselves.

So the time has come for us humans to understand that
Nature has a right to exist, flourish, and evolve. If we have
granted legal rights to corporations, which are a figure of our

invention during the last centuries, we should also recognize
those that belong to Nature, which has been all the way with
us since we are part of it. And I wish to close my lecture with
the words of the Senegalese forestry engineer Baba Dioum,
who in 1968 said: “In the end we will conserve only what we
love; we will love only what we understand; and we will
understand only what we are taught”.



Contaminant Transport in Karst Aquifers:
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Abstract

Karst aquifers differ from aquifers in porous media by the highly diverse pathways by
which water and any associated contaminants travel from recharge to discharge. The
effective hydraulic conductivities may vary by 10-12 orders of magnitude between
alternate pathways through the same aquifer. There are three distinct contributions to the
permeability: a system of pipe-like conduits with varying degrees of development and
integration, a system of disolutionally modified fractures, and the primary permeability of
the rock matrix. For any given aquifer, hydraulics and response to contamination inputs
depend on the sources of recharge, the specific mix of permeability components, and the
physical properties of the contaminants—in effect a matrix of interactions. Categories of
contaminants include water-soluble compounds, both organic and inorganic, low-solubility
liquids, both heavier and lighter than water, and particulates, organic and inorganic, ranging
in size from nanometers to meters. Inputs are through sinking streams, storm flow into
closed depressions, and infiltration through soils that may be thin and discontinuous.
Natural discharge is typically through large springs that are frequently used as water
supplies. Features that separate karst aquifers from porous media aquifers are large aperture
pathways that permit particulate contaminants to enter the aquifer with little filtration,
localization of flow paths into conduit systems which constrict contaminant concentrations
to narrow pathways instead of spreading into a plume, and high-velocity flows which can
move particulates and also transmit contaminants rapidly from point of injection to point of
discharge. Storm flows are exceptionally important in the transmission of contaminants.
Storm inputs raise the hydraulic head in the conduit system, increase both flow volume and
velocity, and can flush both clastic sediments and contaminants that have remained in
storage in the conduit system. During base flow, the conduit systems act as drains with
hydraulic gradients in the surrounding fracture and matrix pointing to the conduit. During
storm flow, increased head in the conduit reverses gradients, forcing contaminated storm
water back into the fractures where it may intercept wells. Rising water levels can force the
fumes of volatile organics upward to reach sinkholes and basements. Flooded surface
streams may reverse the gradients in the master conduit systems and force contaminated
surface water deep into the aquifer.

W.B. White (X))

Department of Geosciences, The Pennsylvania State University,
University Park, PA 16802, USA

e-mail: wbw2@psu.edu

© Springer International Publishing AG 2018 55
W.B. White et al. (eds.), Karst Groundwater Contamination and Public Health,
Advances in Karst Science, DOI 10.1007/978-3-319-51070-5_7



56

W.B. White

1 Introduction

In general, contamination threats to karst aquifers are not
different from contamination threats to other aquifers. The
sources of contamination are the same, but the impacts can
be much more severe, particularly in the transmission
pathways from contamination source to public water supply.
One might say that karst aquifers have the same problems as
other aquifers only more so. As a result, water quality issues
in carbonate aquifers are an especially important topic that
has been widely recognized (Memon and Prohic 1989;
Gibert 1990; Field 1992; Green et al. 2006; Mahler and
Massei 2007; Afrasiabian 2007; Lindsey et al. 2008), but
there is much less information on the detailed transport
mechanisms of specific contaminants. The objective of the
present paper is to provide an overview of a wide range of
contaminants and how these contaminants are transported,
stored, and released in karst aquifers.

1.1 Unique Hydrologic Aspects of Karst Aquifers
Discussion of any aquifer begins with a consideration of its
permeability, the pathways through which water may move
through the aquifer. In the idealized porous media aquifer,
the starting point in most textbooks, the permeability con-
sists of the spaces between mineral grains. Thus, the per-
meability is dictated by the size and packing of the grains
and is characterized by a single number, either the perme-
ability (with units of area) or the hydraulic conductivity
(with units of velocity). The permeability of karst aquifers is
considerably more complicated. It can be described by what
has been called the “triple permeability model” (Worthing-
ton et al. 2000).

(1) Primary or matrix permeability: The spaces between the
mineral grains just as in the ideal porous media aquifers.
Many Paleozoic limestones are dense with little matrix
permeability; young limestones that have not suffered
deep burial and tectonic deformation tend to have a
much greater permeability.

Fracture permeability: Karstic rocks tend to be fractured
by tectonic forces producing pathways with apertures
ranging from tens of micrometers to centimeters. The
fracture permeability is highly variable but generally
much larger than the matrix permeability.

Conduit permeability. Conduits are disolutionally
enlarged continuous pathways that behave hydraulically
as pipes or open channels. Caves are fragments of
conduits, but pathways too small for human exploration
also may function as conduits. An aperture of about one
centimeter is the practical boundary between fracture
permeability and conduit permeability.

@
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Both domestic and community water supplies in karst
regions are obtained from springs and wells (Fig. 1). Karst
springs draining purely fracture and matrix systems, as indi-
cated by uniform discharge, lack of turbidity, and small
chemical variation, provide reliable water supplies generally
of good quality except for high hardness. Springs draining
conduit systems have a highly variable discharge, sometime
become turbid to muddy after storms, and are at risk from
pollutants introduced through sinking streams and sinkholes.
Wells drilled in carbonate aquifers only rarely intersect con-
duits and mostly draw their water from the fractures and in
some aquifers, the matrix. Well waters may also be contami-
nated either directly or because of connections to the conduit
system. Thus, in considering contaminant pathways from
source to water supply, the interchanges between the different
permeability types within the karst aquifer are important.

Aspects of karst aquifers that impact contaminant trans-
port include the following:

Localized inputs of surface water from sinking streams and
sinkhole drains with little or no filtration by the soil.

Thin soils and an epikarst that permits rapid draining
through solutionally widened fractures.

Localized flow in conduits with little lateral dispersion, thus
transmission over long distances with little dilution at the
velocities in the range of km/day.

Large apertures and high-velocity turbulent flows in conduits
allow transport of particulates and larger fragments of solid
contaminants.

Rapid response to storm flows with reversed gradients
between conduits and surrounding fractures and matrix.
Contaminants can be stored in the conduit system or in the
conduit sediments to be flushed later during storm flows.
Backflooding from flooded surface streams can drive con-
taminants upstream deep into conduit systems.

1.2 Potential Contamination Sources

The movement and storage of contaminants in karst aquifers
must be examined both in terms of the sources of contami-
nants and by the physical and chemical characteristics of the
contaminants. A listing of contamination sources—which
could easily be extended—includes the following:

(1) Sewage:

Septic tanks, outhouses, and other disposal systems;
Broken pipes;

Treatment plant outfalls;

Spray fields and wastewater treatment.
Contaminants from agricultural practices:

Manure and other barnyard waste;

2
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Lagoons for hog lot and poultry brooder wastes;
Herbicides and pesticides spread on fields;
Discarded agricultural chemical containers.
Municipal and domestic wastes:

Street and parking lot runoff;

Sinkhole dumps;

Sanitary landfills.

Runoff from construction activities
Contamination from highway and rail transportation:
Road salt;

Wrecked rail cars and tanker trucks.

Industrial wastes

Outfalls;

Lagoons and landfills;

Injection wells.

Mine tailings and related wastes

Acid mine waters;

Heavy metal contamination.
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Each of these sources may contain a broad range of
contaminants. Some of the sources have received extensive
research. Others are obvious as possible sources, but few
data may exist concerning their impacts.

How contaminants move and are stored and released in
karst aquifers depends more on the chemical and physical
nature of the contaminants than their sources. There are
water-soluble contaminants, liquid contaminants, and
particulates, the latter ranging in size from nanometers to
meters (i.e., from viruses and bacteria to junk
refrigerators).

2 Conceptual Models and Hydrodynamics
of Karstic Aquifers

The geologic settings for karst aquifers are highly variable
and, as a result, so are their hydrologic and hydrodynamic
frameworks (see, e.g., Audra and Palmer 2015). These
geologic and hydrologic variables determine much about the
transport and storage of contaminants. The sections that
follow review only a few of the essential features that impact
contaminant transport. Karst hydrology is an extensively
developed science, and much more detail is available in
books such as White (1988), Ford and Williams (2007),
Palmer (2007), and Kresic (2013). With regard to deciding
whether a particular aquifer has karstic behavior that would
influence contamination risk management, the cautionary
tale of Quinlan et al. (1991) is well worth reading.

The subsystems that make up karst aquifers are sketched
in Fig. 1. These systems provide the mechanisms as to how
water enters the aquifer, how water is transmitted and stored
in the aquifer, and how water is discharged from the aquifer.
The varying importance and degree of development of the
individual subsystems produces the great diversity of
hydrologic behavior observed in karst aquifers.

2.1 Allogenic Inputs (Sinking Streams)

Drainage basins are rarely underlain entirely by carbonate
rocks so that portions of the basins will be drained by surface
streams. Surface storm runoff is directed to the surface
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streams. Some surface streams cross the karstic portion of
the drainage basin with minor loss of water into the under-
lying aquifer while maintaining a surface channel and sur-
face flow. In other streams, the surface channels may be dry
except during periods of storm runoff. In many karstic
basins, the surface streams are completely captured under-
ground without even a surface channel downstream from the
sink point.

The fraction of the overall basin area that is drained by
sinking streams is a useful characterizing parameter for karst
aquifers. Any surface runoff in the basin is ultimately carried
into the aquifer. This is an important consideration in urban
drainage basins where street runoff and storm drains may
discharge into sinking streams. Sinking streams are an
important source of injected contamination because the sink
point is often an open cave entrance (or a debris-clogged
cave entrance). Surface runoff can carry agricultural chem-
icals, road salt, and any trash from along the stream banks
directly into the aquifer.

2.2 Closed Depressions and the Epikarst

Infiltration of CO,-rich water into carbonate rock terrains
gradually dissolves roughly bowl-shaped depressions
(Fig. 2a). The term “sinkhole” is used in a very broad sense
to describe closed depressions created by a variety of dis-
solution, collapse, and soil-piping processes. Sinkholes dis-
rupt overland flow and act as localized catchments which
inject water into the underlying aquifer, typically through a
widened fracture or open drain at the bottom. Sinkholes are
often soil-filled, sometimes to the level where there is little
expression of the sinkhole at the land surface (Fig. 2b).
Sinkholes are often considered the signature landform of
karst regions, but the absence of sinkholes is not evidence
for the absence of karstic transport processes in the
subsurface.

Karst lands are typically covered with soil and regolith of
widely varying thickness. Some regions have soil and
regolith of sufficient thickness to completely mask the bed-
rock surface beneath. Other regions have bedrock ledges
protruding through the soil (Fig. 3a). In rare situations where
the soil and regolith have been removed, the underlying rock
surface is found to be highly irregular with deep crevices
dissolved along fractures and the intervening rock masses
remaining as pinnacles (Fig. 3b). The overall relief from the
bottoms of the crevices to the tops of the pinnacles is highly
variable but may reach values of ten meters or more. The
irregular rock surface along with its regolith in-filling is
known as the epikarst (Jones et al. 2003). Some workers
include the soil as part of the epikarst and some do not.

(C))
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Fig. 2 a Closed depressions (sinkholes) on the sinkhole plain,
southeast of Mammoth Cave National Park, KY. Photograph by the
author. b Soil-filled sinkhole exposed in a road cut. Centre County, PA.
Photograph by the author
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Some include the closed depressions as part of the epikarst
and some do not.

The epikarst is a primary recharge source for karst
aquifers. Disolutionally widened fractures at the base of the
epikarst provide pathways for the rapid injection of soil
water and storm runoff into the underlying aquifer. Spills,
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Fig. 3 a Projecting bedrock ledges with intermediate soil-filled
trenches for the epikarst in the Pddarea Craiului Mountains, Romania.
Photograph by the author. b The regolith has been stripped from this
quarry in the Cumberland Valley near Harrisburg, PA, exposing the
pinnacle topography of the underlying bedrock surface. Photograph by
the author

agricultural chemicals, and other contaminants on the land
surface can, depending on soil thickness, move rapidly into
the aquifer. In other situations, the epikarst may serve as a
storage reservoir for contaminants.

2.3 The Conduit System

Groundwater moving through soluble rocks dissolves the
rock and so tends to localize itself into disolutionally
widened pathways. As the pathways enlarge, their hydraulic
resistances decrease and flow velocities increase often to the
onset of turbulence. This is a runaway process resulting in
more and more of the total flux of water being localized in
the conduits.

Conduits take on a range of patterns depending on local
gradients and sources of water (Fig. 4). Those with a large
component of allogenic input tend to be more pipe-like,
carrying the sinking stream water from the sink point to the
spring. Larger and more complex branchwork systems have

multiple recharge sources both from multiple sinking
streams and also from closed depressions within the karst.
Low gradients and multiple sources tend to produce mazes
rather than single or branchwork passages. Mazes that form
along bedding plane partings tend to have an anastomotic
pattern, whereas those formed along vertical fractures tend to
have the network pattern of the fracture system (Palmer
1991). The development of conduit systems is mainly a
chemical process, and great progress has been made in
computer modeling of conduit development (Dreybrodt et al.
2005).

Not all conduits are caves although most caves are frag-
ments of conduits. However, conduits can be much smaller
than caves. The size boundary between conduits and solu-
tionally widened fractures is about 10 mm, dictated by the
needed aperture for the onset of turbulence and a shift in
dissolution kinetics, and lies well below the threshold for
human exploration. Conduits function as pipes or channels.
Some lie below regional base levels and are always
water-filled. Some have been abandoned by regional
base-level lowering. The larger fragments can be examined
as dry caves if they happen to have a surface connection that
provides an entrance. Many lie close to regional base levels
and contain free-surface streams during low flow periods and
are completely submerged during flood flow. This oscillation
between open channel flow and pipe flow is a factor in
contaminant transport.

The conduit system is a most important part of the aquifer
system with respect to contaminant transport. It serves to
keep injections of contaminants localized instead of
spreading into a plume. High flow velocities in conduits
mean that contaminants introduced by spills or other acci-
dents will rapidly transit the aquifer and reach water supplies
in a matter of hours or days. Under certain conditions, the
conduit is self-flushing. Injected contaminants are swept
though rapidly. Pulses of contaminants can be modeled, and
the movement of dye pulses can be used to test and constrain
the models (Field and Pinsky 2000).

2.4 The Primary Porosity and Fracture System

Dense, well-lithified Paleozoic and Mesozoic limestones
typically have very low primary porosities. In contrast,
Cenozoic limestones that have not been subject to deep
burial or tectonic deformation typically have a large primary
permeability with interconnected pores and vugs. These are
sometimes referred to as telogenetic karst and eogenetic
karst, respectively. Most limestones, especially the dense
Paleozoic and Mesozoic limestones, are fractured with
arrays of joints, joint swarms, bedding plane partings, and
faults of various orientations. The fractures are the primary
pathways for groundwater movement. Water wells in
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well-compacted limestones are fed by the fractures inter-
sected by the wells. In eogenetic limestones, the primary
porosity is a more important component of the flow system.
The conduit system acts as a drain, and depending on the
fracture and matrix permeability and local gradients, there is
a flux of water into the conduit system from the surrounding
bedrock.

An examination of four diverse aquifers (Worthington
1999) showed that the matrix and fractures held more than
95% of the storage but that the conduits (called “channels”
by Worthington) conducted more than 95% of the flux.
Fractures become widened by dissolution so that flow
velocities in fractures can be substantial. One set of actual
measurements gave values of 1-33 m/day along a single
fracture with values of 2-388 m/day along fracture net-
works (Novakowski et al. 2006). The interchange of water
between the conduits and the surrounding bedrock lends
itself to modeling (i.e., Bodin et al. 2007; Faulkner et al.
2009). Conduit flow is not intrinsically different from
surface stream flow, except that in the case of submerged
conduits, exchange of water with the fractures and matrix
can take place around the entire perimeter of the conduit
and not just on the channel bottom. Models for
stream/groundwater exchange are also applicable (Hussein
and Schwartz 2003). The difficulty with interchange
modeling is the difficulty in determining accurate values
for the fracture and matrix permeability and the local
gradients.

. BASIN BOUNDARIES —— > Fuzzy

2.5 Importance of Storm Flow

Storm water enters porous media aquifers by infiltration
through the soil, regolith, and the pore spaces of the bedrock
in the vadose zone. The pathways have a high hydraulic
resistance so that the excess water from most storms appears
as overland flow into surface streams and the aquifer
response is subdued. Storm water enters karst aquifers from
flooded sinking streams and by rapid surface runoff into
closed depressions. The storm water moves rapidly through
the conduit system, and the increase in velocity is often
sufficient to mobilize sediment piles and other solid debris
that may have been swept into the system by earlier storms.
Spring discharges rise rapidly and may become turbid or
muddy. Storm flows are important for mobilizing contami-
nants that may reside in sinking stream basins, on the land
surface, or in the epikarst.

The low hydraulic resistance of the conduit system cre-
ates a trough in the water table with the gradients in the
surrounding bedrock directed toward the conduit (Fig. 5).
During storm flow, the conduit may flood converting an
open channel flow system to a pipe flow system. The water
table trough fills, the water table rises, and the gradients in
the matrix may reverse with conduit water moving into the
matrix. On the land surface above, a loosing stream may
become a gaining stream. Closed depressions may be floo-
ded by water moving up the drains and forming temporary
ponds. Springs that drain directly into surface streams may
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Fig. 5 Cartoon showing effects of storm flow on karst water table and
on the exchange of water between conduit and the surrounding bedrock

exhibit reversed flow if the surface stream floods. Base-level
backflooding can carry surface water long distances up the
conduit if the overall conduit gradient is low.

2.6 Groundwater Basins

Surface waters are characterized by their drainage basins.
From any chosen location (gauge point) on a surface stream,
it is almost always possible to draw a boundary that follows
the drainage divide to the headwaters of the stream and back
down the other side to return to the chosen location. The
boundary defines the divide between runoff that flows into
the stream of interest and runoff that flows into some adja-
cent stream. In contrast, aquifers are usually characterized by
their thickness but rarely by their lateral extent. In karst
aquifers, the conduit system takes the place of the surface
stream, and the spring where the conduit water emerges
becomes the gauge point. By water tracing and by mapping
the potentiometric surface, it is sometimes possible to

determine specific groundwater basins for karst aquifers with
well-developed conduit systems as demonstrated by the
pioneering work of Jones (1973) and Quinlan and Ewers
(1989).

Unlike surface water basins, karst groundwater basins
may have overflow routes that are activated during storm
flow. Basin boundaries have their best definition in systems
with moderate to high gradients where conduit flow paths
behave most like surface streams. Low gradient aquifers
with network-like or poorly developed conduit systems tend
to have poorly defined or fuzzy boundaries whose position
shifts depending on recharge (Fig. 4). Contaminants intro-
duced into a groundwater basin tend to remain in the basin,
and their threats to water supplies can be predicted. Pre-
diction of contaminant behavior becomes more problematic
for groundwater basins with poorly defined boundaries. In
both cases, storm flow could take contaminants along
unexpected pathways.

2.7 Pathways to the Public

Water is utilized by the public by means of privately owned
wells drilled into karst aquifers, by high-production wells
drilled for public water supplies, by springs on private lands
used as individual water supplies, and by large karst springs
tapped for public water supplies. Small private water sup-
plies are usually untreated except possibly a filter to remove
particulates. Public water supplies receive such treatment as
required by regulation but those drawing their water from
springs or wells are likely to provide less treatment than
water supplies drawn from rivers or surface reservoirs. The
additional contamination threats to karst water supplies fol-
low from the unique characteristics of karst hydrology as
outlined above. There is the rapid injection of surface water
through sinkholes and sinking streams with little filtration by
the soil. There is the possibility of storm inputs flushing
stored contaminants long after the initial contamination
event. There is the possibility that reversed gradients during
flood events will contaminate wells that are not otherwise
contaminated. The details of all of these threats to the public
are determined by both the characteristics of the aquifer and
the specific physical and chemical characteristics of the
contaminants.

3 Contaminated Recharge: Water-Soluble
Contaminants

Water-soluble contaminants are materials which would be
taken completely into solution at all concentrations likely to
be found in the environment. Water-soluble inorganic
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compounds include ammonia and the nitrate ion, mostly
derived from human and animal wastes and perhaps the most
widespread of inorganic contaminants. Water-soluble con-
taminants include other inorganic ions such as chloride and
sulfate as well as some highly toxic species such as cyanide
ions derived from some industrial wastes. Some organic
compounds are also water soluble such as alcohols, car-
boxylic acids, phenols, and some agricultural chemicals.
There are hundreds of organic compounds produced by the
chemical industry that are found in consumer products and
are thus found in landfill leachates, septic tanks, and treat-
ment plant outfalls. The human population ingests incredible
quantities of biologically active compounds ranging from
vitamins and pain killers to extremely potent prescription
medications designed for a great variety of health issues.
Portions of these compounds pass unmodified through the
human body, through sewage treatment facilities, and into
the environment.

3.1 Chlorides and Other Brine Constituents

The chloride ion, Cl, is not particularly toxic with a
drinking water standard of 250 mg/L and that only because
higher concentrations make the water taste salty. Chloride is
a common minor component of karst waters with typical
concentrations from a few to a few tens mg/L. Most chloride
salts are water soluble, so Cl is considered a conservative
ion with no possibility of precipitation within the aquifer.
The two main sources of excess chloride are seawater
intrusion in coastal areas and runoff from road salt.

In more northern regions, the primary source of excess
chloride in aquifers is salt placed on highways for ice
removal. As traffic on streets and highways has increased,
safety considerations have required greater and greater
applications of salt to keep highways clear of snow and ice.
Winter thaw events and spring rain events dissolve the salt
and carry it away. In karst areas, “away” often means drai-
nage into sinkholes or sinking streams, thus introducing the
salt into the karst aquifer. A study of the Salt Creek Basin in
the greater Chicago, Illinois area (Saleem 1977) showed
chloride levels in an entire fractured dolomite aquifer rising
continuously over the period of record.

3.2 Seawater Invasion

Conduit systems developed in coastal carbonate aquifers
during Pleistocene sea-level minima so that these conduits
now lie well below sea level and often discharge from
off-shore springs. Open conduits in coastal aquifers permit
seawater to penetrate inland driven by tides, ocean currents,
and storm surges. Saltwater mixing with freshwater from the

interior can discharge to the surface again as brackish
springs. Saltwater intrusion is a long-standing problem for
coastal aquifers (Stringfield and LeGrand 1969) and has
been widely investigated with many of the investigations
focusing on the mechanisms by which saltwater can mix
with freshwater moving toward the coast (Fleury et al.
2007). Investigations and modeling of how seawater can
produce brackish springs as much as several kilometers from
the coast have been made in Greece (Arfib and de Marsily
2004; Maramathas et al. 2006) and France (Drogue and
Bidaux 1986) among many others. Density differences and
the venturi effect are both functional mechanisms. A re-
markable example is the Greek Island of Cephalonia where
seawater sinks on the southwestern side of the island and
re-emerges at a spring on the northeastern side, 15 km dis-
tant (Drogue 1989).

More important than the natural saltwater intrusions, are
the saltwater intrusions caused by removing freshwater from
aquifers in coastal areas. Overpumping wells lower the
hydrostatic head of the freshwater lens allowing seawater to
rise into the well field. South Florida which is heavily
dependent on groundwater from the Biscayne Aquifer has
found it necessary to move its well fields landward as
increased salinity made existing wells unusable.

3.3 Nitrate, Nitrite, and Ammonia

Nitrogen is an essential component of proteins and other
plant and animal compounds in which the nitrogen occurs in
reduced form as amino acids. Breakdown of organic material
in manure piles and other decay sites produces reduced
nitrogen as ammonia, NHj3. It is this compound that gives
barnyards part of their characteristic odor. Ammonia
hydrolyses in water to form the mildly alkaline ammonium
hydroxide which in turn dissociates to form the highly water
soluble ammonium ion, NH, ©.

NH; + H,O «> NH,OH «> NH;* + OH~

Ammonia and ammonium oxidize rapidly in the oxidizing
surface environment through microbial-catalyzed reactions
to the nitrite and ultimately the nitrate ions.

4NHy " +60, — 4NO, +8H™* +4H,0
[Nitrosomonas]

4NO,” +20; — 4NO3;~ [Nitrobacter]

Considering the movement and interchange of nitrogen
between the surface atmosphere, plants and animals, the soil,
the groundwater system, and eventual discharge of nitrogen
into rivers results in an extremely complex nitrogen cycle
much of it involving the participation of microorganisms.
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All nitrate compounds are highly soluble in water so that
at the concentrations found even in highly contaminated
groundwater, the nitrate ion is conservative. There are no
precipitation reactions that will remove nitrate from solution
although there is some evidence for denitrification in the soil
(Panno et al. 2001). The concentration of nitrate ion
observed at karst springs will be determined by the con-
centration at the source adjusted for dilution by other water
sources merging in the main conduit. For this reason, nitrate
concentrations have been proposed as tracers for contami-
nation sources (Mahler and Garner 2009; He et al. 2010).

Many measurements have been made of the nitrate con-
centrations in karst springs including examples from Penn-
sylvania (Kastrinos and White 1986), Indiana (Wells and
Krothe 1989), Wisconsin (Reeder and Day 1993), Illinois
(Panno and Kelly 2004), Arkansas (Peterson et al. 2002;
Igbal and Krothe 1995), Texas (Mahler et al. 2008), Florida,
Suwannee River Basin (Katz et al. 1999), Florida, the
Woodville Karst Plain (Katz et al. 2004), and in France
(Nebbache et al. 2001). The EPA-specified drinking water
standard for nitrate is 45 mg/L expressed as NO3;~ and
10 mg/L expressed as nitrogen. The natural background in
most karst waters is in the range of a few mg/L (Panno et al.
2006), but nitrate contamination is so widespread that few
springs or streams achieve such low values. Contaminant
sources typically bring the concentration up to a few tens of
mg/L NO;3;~, but there are relatively few springs that actually
exceed the drinking water standard.

The sources for nitrate contamination were found to be
the usual suspects: (1) nitrogen-bearing fertilizers, usually
ammonium nitrate; (2) manure either from barnyards or
manure spread on fields; and (3) septic tanks. Of these,
fertilizers, either chemical or manure, are the most important
source. There is a rough correlation between nitrate levels in
karst springs and the fraction of the spring basin used in
agriculture (Kastrinos and White 1986). Measurement of the
N/'N and '®0/'°0 ratios allows a determination of the
nitrate source (Panno et al. 2001; Katz et al. 2004). Nitrate
derived from manure and sewage has a higher concentration
of the heavy isotope than nitrate derived from fertilizer.

Nitrate levels in conduit-fed springs tend to be highly
variable because of the either flushing or dilution due to
storms, whereas nitrate levels in fracture-fed springs tend to
be relatively constant although the actual nitrate levels vary
greatly from one spring to another. Although storm water
dilution has been observed, it is actually a pulse of nitrate
emerging from springs during storm flow that is frequently
observed. The nitrate concentration tends to ride the
hydrograph, reaching a maximum during peak flow (Fig. 6).
In northern climates, frozen ground tends to hold the nitrate
so that concentrations in springs are lower in the winter. This
is followed by a pulse of released nitrate in the spring when
the ground thaws (Reeder and Day 1993). The background

concentration represents nitrate leached from the soil,
whereas the storm pulse represents nitrate from the surface
flushed through large pores in the soil and open fractures in
the epikarst (Wells and Krothe 1989; Peterson et al. 2002).
In the case of the north Florida springs, the concentration of
nitrate compared with groundwater ages match changes in
fertilizer use over the age record examined (Katz et al.
1999).

3.4 Agricultural Chemicals

Modern agriculture depends heavily on pesticides and
fungicides to control insects and other organisms that attack
crops. No-till farming also depends heavily on herbicides to
control weeds and clear ground for planting. Chemicals
sprayed on fields are intended to do their job of controlling
pests and weeds and then degrade before infiltrating in the
groundwater. In karst regions, the chemicals can be flushed
through thin soils, and, once through the epikarst, they move
rapidly into the groundwater system and can be detected at
springs (Currens 1995). Attempts have been made to model
the transport of agricultural chemicals through the soil
(Roulier et al. 2006). Once in the karstic vadose zone, there
is little evidence for further degradation of the chemicals.
Penn State’s research farms are located on Ordovician
limestones which are drained by a master conduit that dis-
charges at Rock Spring. The spring was monitored for
agricultural chemicals during 1992 (Underwood 1994). One
herbicide, atrazine, used extensively for weed control in corn
cultivation, exhibits a storm pulse (Fig. 7). Since both flow
and contaminant concentration increase during storm flow,
the actual flux of agricultural chemical discharged from the
spring is the convolution of the hydrograph, Q(#), and con-
taminant chemograph, C(#), integrated over the storm pulse.

Flux — / 0(1)C(1)dt

It seems likely that agricultural chemicals remaining on the
croplands in karst are flushed by storm flow before they can
degrade, reach the conduit, and move rapidly through it to
the spring.

3.5 Pharmaceuticals

Large quantities of vitamins, antibiotics, pain killers, and
subscription medicines are consumed by humans. A sub-
stantial fraction of these compounds pass through the human
body and into the waste disposal system. Even larger
quantities of growth hormones and antibiotics are fed to
cattle and poultry as a means of maximizing yield.



W.B. White

64
Fig. 6 Nitrate loading in 14.00
kg/four-hour period calculated
from nitrate analysis of spring 12.00 -
water superimposed on the
discharge hydrograph of Rock o 10.00
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Fig. 7 Chemograph for atrazine concentration in Rock Spring, Centre
County, PA, over the period March to November, 1992. Adapted from
Underwood (1994)

A substantial fraction of these compounds also pass through
the animals and are incorporated into the manure. In karst
regions, human or animal waste that is injected into the karst
drainage system can be swept through the system rapidly
and reach springs or wells before there is time for the
compounds to degrade. Biologically active compounds can
have an adverse effect on aquatic organisms in cave and
surface streams. The pharmaceuticals ibuprofen and
diclofenac were found in the treated wastewater in southern
Germany (Einsied] et al. 2010). Both made their way to a
karst spring through sinkholes and pathways through the
fractured vadose zone with a total transit time of 4.6 years.
Ibuprofen was found to degrade over this time period but
diclofenac did not.

A pharmaceutical of considerable interest is the growth
hormone 17 B-estradiol widely used in the poultry and beef
industry and known to produce mutations in aquatic
organisms. The hormone was found in five springs in
northern Arkansas (Peterson et al. 2000). Data for two of
these springs (Fig. 8) measured in response to a winter storm
event show an irregular response from Brady Spring, a dif-
fuse flow spring, and a rapid falloff from Stafford Spring, a
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Fig. 8 Concentrations of 17 B-estradiol following a storm event in two
northwest Arkansas springs. Data from Peterson et al. (2000)

conduit spring. Similar results were found in eight springs in
southern Missouri where concentrations of 17 B-estradiol
ranged from 13 to 80 ng/L (Wicks et al. 2004). The mea-
sured concentration of the hormone in the pore waters of
cave sediments indicated that the compound is relatively
stable in the cave environment (Peterson et al. 2005).

4 Water-Immiscible Liquids

Light, non-aqueous phase liquids (LNAPLs) are those that
will float on water. Gasoline, diesel fuel, jet fuel, home
heating oil, and raw petroleum are common examples.
Dense, non-aqueous phase liquids (DNAPLs) will sink in
water. Mostly these are chlorinated (or brominated) com-
pounds. They include such low molecular weight, relatively
volatile compounds as methylene chloride, CH,Cl,,
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trichloroethylene, C,HCl; (TCE), and perchloroethylene,
C,Cly (PCE), as well as higher molecular weight, relatively
nonvolatile compounds such as polychlorinated biphenyls
(PCB’s)

Although non-aqueous phase liquids are described as
immiscible and, indeed, are immiscible when present in
large quantities, they are not entirely insoluble. They also
have a finite and sometimes considerable vapor pressure at
nominal groundwater temperatures. A few examples are
given to illustrate the range of values. The main aromatic
constituents of gasoline, referred to collectively as BTEX,
have solubilities ranging from 1780 mg/L for benzene to
150 mg/L for ethylbenzene (Table 1). Some typical chlori-
nated compounds (Table 2) likewise display a wide range of
solubilities and vapor pressures. The behavior of
non-aqueous phase liquids in karst aquifers is guided in large
part by these physical properties.

4.1 Light Non-aqueous Phase Liquids (LNAPLSs)
Petroleum and its products have received much of the
attention because there is so much of it. Petroleum is
transported from wells to refineries through pipelines and in
railroad tanker cars. Gasoline, kerosene, diesel fuel, and
heating oil are transported everywhere by pipelines and
tanker trucks. Accidents are inevitable, and some of them
will be in karst regions. Instances are known where a
wrecked tanker truck dumped its contents into a sinkhole.
There are other instances where leaking pipelines or storage
tanks have lost so much product that there is a lake of
hydrocarbon floating on the water table. Many of the site
investigations and remediation attempts address the basic
spill problem (e.g., Fels 1999; Schaezler et al. 2001;
Stephenson et al. 2003). The task is made difficult by the
complex pathways followed by the hydrocarbons as they
move through the subsurface. These pathways are described
as “pseudoplumes” by Ewers et al. (2012).

LNAPL spills in karst terrain often disappear quickly,
swept underground by sinking streams or draining into
sinkholes. However, the spill may or may not appear rapidly
at a nearby spring. Sometimes, the contaminant disappears
underground and cannot be found. The conceptual model of
Ewers et al. (1991) shows the possibilities. In the deep
conduit scenario (Fig. 9), the conduit is completely

Table 1 Solubilities for BTEX

> Compound
components of gasoline
(LNAPLs) Benzene
Toluene
0-Xylene
Ethylbenzene

Data from Fetter (1999)

water-filled. There are various sites for the storage of
hydrocarbons that may be spilled on the land surface. Pro-
duct that spills into a sinkhole (a) flows down the sinkhole
drain until it reaches the water table where it remains
floating. Product that enters the conduit upstream and is
carried along by the stream will rise into any available
ceiling channels and be trapped there (b). LNAPL spilled on
the land surface or leaking from pipes or storage tanks
buried in the regolith penetrate downward through the epi-
karst where they may be stored in the regolith itself (d), or
percolate into solution cavities developed along fractures or
bedding planes at the base of the epikarst (c). In situations ¢
and d, the LNAPL remains stored in the epikarst and does
not reach the water table. Of course, there will be a con-
tinued flushing of these pockets of LNAPL due to rainfall
percolating through the epikarst.

The conceptual model is rather different if the master
conduit lies close to the water table (Fig. 10) so that during
low flow periods, water moves through sections of the
conduit as a free-surface stream. LNAPL floats on the sur-
face stream and moves down stream at the same rate as the
water. Shallow conduits contain a range of obstacles—sed-
iment banks, masses of flowstone, and breakdown. Break-
down is formed by ceiling collapse and can act as a
somewhat permeable dam. Water ponds behind the break-
down, draining through openings at the bottom of the
breakdown pile. The LNAPL is trapped, floating on the
pond. Shallow conduits are often undulating, with reaches of
free-surface stream and reaches that are always completely
flooded. The final sump is also a trap for LNAPL.
The LNAPL remains, floating on the ponds, until the next
storm surge flushes the system, an event that may take place
long after the original spill.

Conduits generally create a trough in the water table so the
LNAPL contamination in the conduit tributaries and in the
fracture system tends to migrate toward the master conduit.
During flood flow, the trough fills and conduits with
free-surface steams shift into a regime of pipe flow.
Ponded LNAPL is lifted with the rising water and pressed
against the ceiling. Any pockets in the ceiling will form traps
for the LNAPL just as in the deep conduit model. If the
ceiling is tight, the LNAPL is forced through the obstructions
as piston flow. A slug of LNAPL then continues down the
conduit. For this reason, spills of LNAPL do not necessarily
appear at the karst springs immediately after the spill.

Solubility (mg/L)
1780

500

170

150
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Table 2 Solubility and vapor
pressure of some chlorinated
solvents (DNAPLs)

Compound

Methyl chloride
Chloroform

Carbon tetrachloride
Vinyl chloride
Trichloroethylene (TCE)
Tetrachloroethylene (PCE)

Solubility (mg/L)

Vapor pressure (Torr at 20 °C)

20,000 349

8000 160

800 90

1.1 2660 (gas)
1100 60

150 14

Data from Fetter (1999)

Fig. 9 Conceptual model for the

Fig. 9 Hydrocarbon Traps
injection and storage of LNAPLs

into a karst aquifer with a deep,
continuously pipe-full conduit.
Adapted from Ewers et al. (1991)
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If the ceiling is not tight, fractures permit either liquid
LNAPL or fumes from the ponded LNAPLs to migrate
upward to the surface. During periods of storm flow, the
piston effect of the rising water pushes a higher concentra-
tion of fumes to the surface. When houses and other struc-
tures are built on the epikarst, particularly if excavations
have gone down to top of rock, fumes may enter houses
where they can be an explosion hazard and cause health
problems for the inhabitants. Such a major health hazard was
created in Bowling Green, Kentucky, where a variety of
toxic chemicals were carried under the city by the stream in
Lost River Cave. The health risks from toxic fumes were
sufficient to produce an EPA emergency response and
require fume remediation for a number of homes and schools
(Crawford 1984; Stroud et al. 1986)

Many common light hydrocarbon compounds have sub-
stantial solubilities and vapor pressures. For accumulations
of LNAPL ponded behind obstructions in conduits, the
continuous sweep of freshwater beneath the pool will
eventually dissolve and remove the pool. Differential solu-
bility will change the composition of pools and change the
mixture of compounds. Likewise, the ponded LNAPL will
gradually evaporate because of the vapor pressure of the
compounds. In the process, of course, the air-filled cave
passages become contaminated with hydrocarbon fumes.
The turnover in cave air due to barometric changes will
eventually flush out the contaminants but while they are
present they are a substantial hazard to cave explorers, more
so in the early days of exploration with open-flame carbide
lamps. Gasoline and other hydrocarbon products contain a
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Fig. 10 Conceptual model for
transport and vaporization of
LNAPL in a shallow conduit with
a free-surface stream subject to
flooding

Basement
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mix of compounds, roughly 70 compounds in the case of
gasoline, and those with the higher vapor pressure will
evaporate first, also changing the composition of the con-
taminant pool. Preferential volatilization from a petroleum
spill in a glacial outwash aquifer was documented (Bae-
decker et al. 2011).

4.2 Dense Non-aqueous Phase Liquids (DNAPLs)

Dense non-aqueous phase liquids (DNAPLs) consist mainly
of chlorinated hydrocarbons used as solvents and degreasers.
Their movement through karst aquifers is poorly known. As
with LNAPLS, the primary sources are leaking storage tanks
and pipelines in industrial installations and from highway
and rail accidents involving tanker trucks and rail cars. The
initial contamination will be in the soil and the epikarst.
The pathways for heavy organic liquids migrating below
the level of the epikarst will be fractures and sinkhole drains.
In well-fractured limestones or in eogenetic karst with
extensive primary porosity, DNAPLs can be widely dis-
tributed throughout the aquifer as has been demonstrated for
the northern karst belt of Puerto Rico (Padilla et al. 2015; Yu
et al. 2015). Other possible storage sites in the aquifer
include cavities and dry cave passages in the vadose zone. If
the aquifer contains a well-developed conduit system,
DNAPL can collect in pools beneath the water surface and
become incorporated into the clastic sediments that occupy
the conduit. Because of the density difference, DNAPL
compounds can occupy the pore spaces within the sediment
pile where they can be sequestered for long periods of time.
The water table generally stands higher near the bound-
aries of karst groundwater basins with hydraulic gradients
that point toward the conduit system. DNAPLs reaching the

water table do not necessarily follow the groundwater down
gradient toward the conduit but can continue to move ver-
tically into any available storage spaces below local base
level or can follow the dip of bedding planes in directions
quite different from the hydraulic gradient.

The entrapment and dissolution of DNAPLSs in the frac-
tured matrix can be modeled (Yang et al. 2012). Dissolution
of DNAPL depends on fracture aperture and also on the
variation of the aperture widths. A larger variation in aper-
ture means some enlargement of width where larger blobs of
DNAPL can aggregate. A permeability boundary that allows
the DNAPL to pool also slows down the dissolution. Dif-
ferential dissolution in multicomponent DNAPL pools may
change the density of the mix (Roy et al. 2002). If the light
component is lost, the increased density of the remaining
pool may initiate movement deeper into the aquifer. Like-
wise, loss of dense component may convert DNAPL into
LNAPL with subsequent migration upward.

The transport of DNAPL in the conduit system has both
similarities and differences to the transport of LNAPLs.
Processes in common include volatilization and dissolution.
Volatilization is not as effective in the case of DNAPL,
because the overlying water provides a protective blanket.
Either type of contaminant can degrade in the aquatic
environment, but the effectiveness of this process is strongly
dependent on the specific DNAPL being considered.
DNAPLs have a finite solubility (Table 2) and are also
gradually stripped away by the continuing flow of freshwater
in the conduit. DNAPL that forms distinct pools beneath
flowing streams or in low places in water-filled conduits
dissolves at rates given by the exposed area of the DNAPL
pool and the specific dissolution kinetics of the particular
compound. DNAPL pools can also be regarded as a sort of
bedload and can be dragged downstream when flow
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velocities exceed a necessary threshold. Higher velocities
may actually entrain the DNAPL pool so that it is flushed
downstream in suspension. Unlike LNAPLs floating on the
water surface and thus continuously in contact with the
water, DNAPL that has sunk into the sediment pile on the
floor of the conduit is protected. There will be a slow per-
colation of water through the sediment much like any other
porous media flow, but like other porous media flow, the
flow velocities are very small, with only a slow turnover
with the fast-moving water above. Thus, the stripping of
DNAPL from the sediment pile will be much slower than the
stripping of DNAPL constrained in distinct pools.

The migration of DNAPLSs is very sensitive to the local
geology. Because of its higher density, the migration of
DNAPL is gravity-driven independent of local gradients
within the groundwater flow system. It was possible to
analyze a DNAPL site in the Ste. Genevieve and St. Louis
Limestones in southwestern Kentucky without considering
conduit flow (Chieruzzi et al. 1995). The DNAPL was found
to migrate down the one-degree dip in a shallow system of
vugs and bedding plane partings (Jancin and Ebaugh 2002).

A most unusual case study was a train derailment near
Lewisburg, Tennessee, in 1990 (Crawford and Ulmer 1993,
1994). Ruptured tank cars spilled both styrene (an LNAPL)
and chloroform (a DNAPL) into a karstic aquifer in the
Ordovician Ridley Limestone (Fig. 11). The compounds
were found to have pooled in the upper Ridley Limestone
supported by the lower Ridley confining layer. A column of
fluid was found in the recovery well with chloroform on the
bottom, an intermediate layer of water, and then a layer of
styrene on top. The styrene was picked up by a cave stream,
flowed southeast, and appeared at a spring. The chloroform
followed the dip of the bedding to the southwest where it
was intercepted by another recovery well. The site illustrates
the risks in drilling test or recovery wells because if these
had penetrated the lower Ridley confining layer, they would
have been pathways for contamination of the lower aquifer
which is used as a water supply in the area.

DNAPLs and other compounds are slowly degraded by
chemical reaction with the water. The actual kinetics of this
process have been measured by Knauss et al. (1999) for the
specific example of trichloroethylene. The degradation
reaction is:

2C,HCl; +30,+2H,0 < 4CO, +6HT +6CI-

The end products of the breakdown process are CO, and
HCI. Because the reaction is with oxygenated water which is
always in excess supply, the rate equation has the simple
form:

dc

— = —kC"
dt ¢

By laboratory experiments, Knauss et al. found n = 0.85 and
k=58 x 10" s" at 100 °C.

A conceptual model for DNAPL transport in karst aqui-
fers was published by Wolfe et al. (1997). The rather com-
plicated process of storage and DNAPL transport in karst
aquifers has been reviewed by Loop and White (2001). Their
conceptual model for DNAPL transport is given in Fig. 12.

5 Metals

The term “metal,” of course, is ambiguous. About two-thirds
of the elements on the periodic table are metals. Most of
these do not impose environmental threats because they are
rare in nature and are rarely used in commercial products.
The most common heavy metal in nature, iron, is benign and
essential to human health, but many other metals are toxic
and a few, such as mercury and lead, are highly toxic.

Metals in karst aquifers can be divided into three
categories:

(a) Alkaline earth metals derived from the carbonate rock—
mainly calcium and magnesium with minor amounts of
strontium and barium.

Metals occurring as part of the natural background -
mainly aluminum, iron, and manganese with trace
amounts of many other metals.

Contaminant metals introduced into aquifers through
human influences.

(b)

(©)

The chemistry of the alkaline earth metals in karst
groundwaters is the core of karst geochemistry but need not
be further discussed here. There are extensive discussions of
alkaline earth-carbonate systems in textbooks such as
Langmuir (1997).

Sources that might introduce metal contamination into
karst aquifers include the following:

Runoff from highways and outfalls from urban storm sewers.
Spills, leaks, and outfalls from metal processing industry
Leachate from landfills and sinkhole dumps

Leachate from mine tailing piles

Acid mine drainage.

The aqueous chemistry of individual metal-water systems
is well understood (Baes and Mesmer 1976; Stumm and
Morgan 1996), and thermodynamic calculations can be
made to determine the limiting solubilities. In general,
metals tend to be more soluble in acid solution and become
less soluble as the pH increases. Variable valence metals
tend to be more soluble in their lower valence states and less
soluble in their more oxidized states. A few metals, such as
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SCHEMATIC OF HYDROGEOLOGY AND CONTAMINANT MOVEMENT
Not to scale AT TRAIN DERAILMENT SITE

UP-DIP PRODUCT

CHLOROFORM PRODUCT (CP) MOVES SOUTHWEST
ZONE OF WEATHERED AND VARIABLY OPEN BEDDING PLANES AT TOP
OF LOWER RIDLEY CONFINING LAYER.

GROUNDWATER WITH RELATIVELY LOW-LEVELS OF CHLOROFORM AND
4 STYRENE IN SOLUTION IS CARRIED BY SMALL CAVE STREAM
1 SOUTHEAST ALONG STRIKE TO WILSON SPRING.

Fig. 11 Sketch of underlying geology and distribution of non-aqueous phase liquids at the Lewisburg, Tennessee, train-wreck site. Adapted from
Crawford and Ulmer (1994)
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aluminum, are amphoteric and increase their solubility at
high pH. Karst water, with its high carbonate contact, acts as
a buffer constraining pH to the near-neutral regime where
metals have minimum solubility. Karst waters also tend to be
oxidizing. In addition, in karstic systems, the high carbon
dioxide activities cause carbonates to be the limiting insol-
uble phase. Calculations for such systems as the Zn—-O-H,
Cd-O-H, and Pb-O-H systems show that in all cases,
precipitation of hydroxide or carbonate phases will limit the
concentration of metal ions in karstic waters to low values.
However, in all cases, at the pH and Pco, values of karst
water, the equilibrium metal solubility could still be well
above drinking water standards.

5.1 Iron and Manganese: The Ubiquitous

Background Metals

Iron, in the oxidizing environment of caves and karst aqui-
fers, is firmly locked in the Fe** state where it occurs as
highly insoluble iron hydroxides and oxyhydroxides. Iron is
precipitated when it is carried into the aquifer from reducing
environments such as landfills. Coatings and speleothems of
goethite (FeOOH) and ferrihydrite (Fe(OH)3;) have been
found in caves.

Although manganese is a common background metal and
is considered toxic, it is rarely found in karst waters. Mn?*
carried into karst aquifers is oxidized and precipitated onto
stream sediments as black, highly insoluble Mn** oxides.
The mineralogy of these coatings is variable, but birnessite
((Na,Ca)(Mn** Mn**),04-3H,0) appears to be the most
common phase. The mineral coatings act as extremely
effective scavengers for heavy metals. Chemical analyses of
manganese oxides from a selection of karst conduits reveal
percentage quantities of such metals as copper, zinc, nickel,
and—in one case—cobalt (White et al. 2009). The analytical
data on both iron and manganese deposits illustrate a “mu-
tual exclusion.” The hydrated iron oxide deposits contain
negligible concentrations of other metals including man-
ganese, while the manganese oxide coatings are highly
enriched in other transition metals but contain only relatively
small amounts of iron.

5.2 Contaminant Metals

A widely distributed source for metals is storm runoff from
highways and parking lots. Particulates and condensates from
vehicle exhausts accumulate on the pavement surface and are
removed by the first flush during storm flow. Measurements
in Dade County, Florida, (Waller et al. 1984) revealed higher
concentrations of lead and zinc near a highway compared to
control measurements in a more remote area.

An extreme example is the city of Bowling Green, Ken-
tucky, which uses the stream in the Lost River Cave System,
which flows beneath the city, as a natural storm drain. Street,
roof, and parking lot runoff are injected directly into the karst
through injection wells. Analysis of waters collected at four
points along the flow line (Reeder and Crawford 1989)
(Fig. 13) shows high concentrations of metals but little sys-
tematic pattern from the most upstream point outside the city
to the final discharge from the Lost River Rise.

5.3 Role of Small Particulates in Metal
Transport

The controlling factor in metal transport appears to be adsorp-
tion onto various substrates rather than equilibrium solubility.
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Fig. 13 Concentrations of metals in the Lost River Cave System at
Bowling Green, Kentucky. Sampling points are organized in the
downstream direction. Federal well is outside the city to the south. The
Lost River Blue Hole is just inside the southern edge of the city. Bypass
Cave is near the center of the city. The Lost River Rise is the large
spring where the water emerges at the northern edge of the city. The
plotted values represent the highest observed values. Data from Reeder
and Crawford (1989)
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Metals can adsorb onto clays and other clastic particulates, onto
organic material in the water, and onto iron or manganese
oxides which often form coatings on cave streams.

Shevenell and McCarthy (2002) confirmed the link
between metals and solids for groundwater in the karst
aquifer that underlies the Oak Ridge Reservation, Tennessee.
They determined colloidal compositions via (a) the chemical
difference in total and filtered water samples, (b) direct soil
measurements using X-ray diffraction, scanning electron
microscopy, and energy-dispersive X-ray spectroscopy, and
(c) speciation modeling. In most wells, they found that
aluminum, iron, manganese, and nickel were present pri-
marily in the solid phase.

Karst springs fed by conduits often become turbid or even
extremely muddy following rain storms. Such springs pro-
vide a means for testing metal transport on suspended par-
ticles. Several springs on or near the Fort Campbell Army
Base in western Kentucky were sampled through the course
of a storm hydrograph (Vesper and White 2003). The
unfiltered, turbid, samples were evaporated, and the
remaining solids digested, and analyzed for aluminum and a
suite of other metals. There was a peak in the aluminum
concentration coincident with the peak of the hydrograph,
and there were peaks in the concentrations of the other
metals coincident with the peak in the aluminum concen-
tration (Fig. 14). These matched chemographs are good
evidence that metals in karst aquifers precipitate but then
adsorb onto particle surfaces, and it is these particles that are
carried through the aquifer. Further analyses of the sedi-
ments themselves show the presence of adsorbed metals
(Vesper and White 2004).

5.4 Aluminum—Acid Mine Drainage

Although aluminum is considered a toxic metal, it provides
very little risk in the near-neutral pH environment. The
solubility of aluminum near neutral pH is so low that Al is
usually below detection limits in groundwater analyses. An
exception is the water draining coal mining refuse and
abandoned coal mines. Oxidation of pyrite produces sulfuric
acid and lowers the pH. The solubility of aluminum
increases with the cube of the hydrogen ion activity so that
acid mine streams have both a low pH and a high concen-
tration of aluminum and other metals. When such waters
enter a karst aquifer, it would be expected that the acidity
would be rapidly neutralized and the metals precipitated.
The actual situation appears to be more complicated.
Crystals of calcite placed in a cave stream affected by acid
mine drainage dissolved several orders of magnitude more
slowly than the crystals dissolved in similar chemical con-
ditions in the laboratory suggesting the formation of a pro-
tective layer on the surface (Wicks and Groves 1993).

Drainage from abandoned coal mines on the Cumberland
Plateau enters the top of the Mississippian limestone
sequence and reappears as springs in the deep valleys that
have been eroded into the plateau. On the East Fork of the
Obey River, the Enchanted River Spring (Fig. 15) appears as
an azure pool with a pH ranging from 4 to 5. Acid water has
penetrated the entire thickness of the karstic limestone and
remained acidic (Sasowsky and White 1993; Webb and
Sasowsky 1994). The azure color of the spring is due to the
flocculation of aluminum as the pH gradually increased
(Fig. 16). The iron has apparently precipitated within the
aquifer, perhaps forming a protective coating on the conduit
walls, but the aluminum continues to the surface.

6 Small Particulates and Pathogens

6.1 Clays and Colloids
Karst aquifers carry a sediment load with an extremely wide
range of particle sizes. The justification for separating small
particulates from large particulates is that large particulates
require high flow velocities to move them and large aper-
tures to allow their movement. Small particulates are trans-
ported in suspension at lower velocities and can move
through fractures and other pathways with small apertures.
Small particulates in natural waters consist of clay min-
erals, fine-grained silica (typically quartz), hydrated iron
oxides, and a variety of organic materials. Atteia et al.
(1998) tabulated the particle sizes from a variety of natural
waters and found values ranging from 4 nm to 150 pm.
Some authors also make a distinction between particles and
colloids. A break in the distribution of particle sizes at about
5 pum (Atteia and Kozel 1997) suggested that the break point
is a natural division between the smaller colloids and the
larger particles. A more significant distinction is the density
and internal structure. Colloids tend to be loosely packed,
poorly crystalline, hydrated, and low-density objects with
very active surfaces. Particles such as quartz or clay minerals
are more dense and have a well-defined crystal structure.
Small particulates can be flushed from the epikarst,
through the vadose zone, and into the main karstic drainage.
The release is due to piston flow as hydraulic heads are built
up in the vadose zone (Pronk et al. 2008a). The flushing of
particulates tends to be concentrated on the rising limb of the
storm hydrograph as uncompacted particles are lifted out as
a first flush during storm events. Comparison of the move-
ment of 1-um spheres with fluorescent dye shows that the
particles actually travel faster than the dye during low flow
conditions although both travel at comparable velocities
during high flow (Goppert and Goldscheider 2008). A study
of agricultural chemicals and polyaromatic hydrocarbons
released by snow melt (Simmleit and Herrmann 1987)
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demonstrated that even thin soils in karst regions trap most
of these contaminants. However, small particulates released
from the soil into the underlying aquifer carry the organic
pollutants with them.

6.2 Pathogens

Viruses—size range 50-100 nm, bacteria—size range 1—
4 pm, and protozoa such as Gharida lamblia and Cryp-
tosporidium parvum which travel as cysts, can be considered
small particulates. These organisms are easily transported
into and through karst aquifers because of the absence of
filtering from the soil. They can be transported in suspension

Julian Date, 1999

in the water or as attachments to other particles of sediment
or organic material.

Microorganisms can be sampled at springs, wells, and in
caves. Sampling from springs and wells has been mostly for
investigations of groundwater contamination, but the
microbiology of caves has become a rich field of investi-
gation in its own right (Northup and Lavoie 2001).
Sulfur-oxidizing and sulfur-reducing bacteria are an impor-
tant part of the mechanism for the formation of hypogenetic
caves. Bacteria are involved with the deposition of black
manganese oxides coatings in cave streams. Microorganisms
in caves can be taken as extremophiles and as such are of
interest to the field of astrobiology where investigators
attempt to deduce the possibility of life-forms on other
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Fig. 15 Enchanted River Spring,
east fork of the Obey River,
Fentress County, Tennessee.
Photograph by the author
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Fig. 16 Relation of aluminum concentration to pH for various water
samples in the East Fork, Obey River drainage basin. From Sasowsky
and White (1993)

planets (Boston et al. 2001). This review is concerned only
with pathogenic organisms for which there is a summary of
their occurrence in caves (Jurado et al. 2010).

Most attention has been given to the fecal coliforms, fecal
streptococci, and often a particular emphasis on Escherichia
coli. The presence of these organisms is the most common
indicator of pollution from sewage or animal waste. Inven-
tories of bacterial contamination in West Virginia (Mathes
2000), Ontario (Conboy and Goss 2000), and western Ire-
land (Thorn and Coxon 1992) all reveal widespread presence
of fecal bacteria in carbonate wells. The West Virginia study
examined the relationship of contaminated wells to the
density of septic tanks and found no correlation. Because
these organisms are very small, they appear to move readily
through solutionally widened fractures and so are very

widespread. They even appear in carbonate conglomerate
aquifers (Goppert and Goldscheider 2011).

There have been many fewer studies of viruses in karst
aquifers. Johnson et al. (2011) found enterovirus and reo-
virus in carbonate wells and springs in East Tennessee.
A norovirus outbreak in a dolomite aquifer in Wisconsin was
apparently traced to a faulty septic system, showing that
viruses can also migrate through fractured aquifers (Bor-
chardt et al. 2011).

The protozoa Giarida lamblia and Cyptosporidium par-
vum are released in a cyst form in animal feces and are
present in many surface waters. The cysts are carried into
karst aquifers by surface runoff and sinking streams and
travel through the aquifer to be discharged at the springs.
A study of Burns Cave No. 2 Spring in Greenbrier County,
West Virginia, showed that while fecal colliform tended to
peak with peaks in the discharge, the concentration of
Cryptosporidium did not seem to be related to discharge
(Fig. 17) (Boyer and Kuczynska 2003).

It is well established that much of the bacteria load travels
through the karst adsorbed on small particulates, mostly clay
particles (Mahler et al. 2000). It would then be expected that
bacterial contamination of springs would be associated with
events of high turbidity. However, some bacteria travel as
free particles, so that the relation of bacterial contamination
to turbidity is not highly accurate (Dussart-Baptista et al.
2003). Pronk et al. (2006) suggest that dissolved organic
carbon is a better indicator of bacterial contamination than
turbidity. The poor correlation arises in part because there
are multiple sources for the turbidity particles. Some are part
of the remobilization of loosely bound particles already
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deposited in the conduit system. Some are fresh particles
derived from surface soils or from sinking streams. The
surface-derived particles tend to be more contaminated and
have a smaller particle size leading to the suggestion that
particle-size distribution curves might also be an indication
of spring water contamination (Pronk et al. 2008b).

Bacteria appear to be compatible with limestone surfaces
and readily colonized limestone test blocks to form biofilms
(Personné et al. 2004). The flushing of bacteria from springs
and their appearance in wells is closely associated with
rainfall events. Laroche et al. (2010) examined the appear-
ance of multiple strains of E. coli at a stream, its sink point,
and spring, and a well and found rapid movement including
antibiotic-resistant strains during rain events. Some insight
into the movement of contaminants through conduit systems
in response to storm events is given by a study of the Sauve
Spring in France (Personné et al. 1998). The Vidaurle River
receives effluent from a sewage treatment plant just upstream
from a swallet that takes the entire low flow of the river
(Fig. 18a). The karst drainage system re-emerges 7 km away
at the Sauve Spring. Measurements at the spring following a
flood pulse (Fig. 18b) show that coliform bacteria respond to
the flood pulse and rise with the rising limb of the hydro-
graph. However, the concentration of enterococci bacteria is
largely independent of the flow rate.

Understanding and predicting the behavior of bacterial
contaminants in karst aquifers is an exercise in competing
rate processes. These include flow rates through various
pathways in the aquifer and their response to storm inputs,
the episodic movement of the fine-grained sediments that act
as carriers for some fraction of the bacteria, and the die-off
rate of the various species and strains of bacteria. Die-off
rates for E. coli were measured by placing inoculated

Date

chambers in a karst spring in Arkansas and observing the
decay of the organisms (Fig. 19) (Davis et al. 2005). These
results indicate that E. coli could survive in the karst envi-
ronment for three to four months, a long time compared to
the residence time of water in many karst aquifers. Davis
et al.’s experimental results are in agreement with a study of
contaminated karst springs in Israel (Magal et al. 2013)
where a massive contamination event was flushed from the
system in less than three months.

Microbial contamination of karst water is very common
because the sources are very common. Barnyards, manure
spread on fields, and septic systems are the primary sources
of fecal bacteria. Spray irrigation of wastewater as a means
of water conservation must be designed with great care in
karst regions (Hildebrand and Oros 1987). Thin soils above
the epikarst are typical in karst terrains. Rainfall events flush
contaminants through the soil and the epikarst, and once in
the underlying aquifer, further movement is rapid. A partic-
ular threat to wells and springs used as water supplies are
sewage lagoons, either for sewage treatment or for storage of
waste from hog lots and poultry brooders. If such structures
are poorly lined or unlined, seepage pressure from the water
column can induce soil piping and sinkhole collapse with the
effect of dumping the entire contents of the lagoon into the
underlying aquifer. Several such collapses have been docu-
mented (Alexander and Book 1984; Alexander et al. 1993).

7 Sediment, Coarse Particulates, and Trash

The apertures of solutionally widened fractures and conduits
are sufficient to permit the passages of clays, silt, sand, and
even pebbles and cobbles. Collectively known as clastic
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Fig. 18 a Geographical setting for a study of bacteria transport through a karst aquifer. Adapted from Personné et al. (1998). b. Concentrations of
enterococci, coliforms, and ammonia following a flood event at the Sauve Spring in the south of France

sediments, a flux of these materials is an essential part of
karst hydrology. In a karst region without surface streams,
all insoluble weathering material must be discharged from
Clastic sediments

the region by underground routes.

themselves can be considered as contaminants because
muddy water is not usually acceptable in water supplies.
Clastic sediment piles in conduits act as adsorption media for
other serious contaminants such as metals and organics.
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Fig. 19 Die-off of E. coli exposed to water from Copperhead Spring,
Arkansas (circles) and the Illinois River (squares). From Davis et al.
(2005)

7.1 Clastic Sediment: Transport and Storage
Clastic sediments can be sampled at springs. The spring
discharge tends to represent the fine-grained end of the
sediment load. Sediment piles can be sampled in caves
with active streams. Cave sediments tend to represent the
coarse-grained portion of the sediment load. The complex
relationship of sediment sources, sediment transport pro-
cesses, and sediment deposits has been reviewed by Her-
man et al. (2012). Sediments can be moved by being
dragged along the stream bed by the shear force of water
flowing over it (bedload) and by being taken into sus-
pension by the turbulent action of the water (suspended
load). Unlike the flow of water, the flow of sediments is
episodic. Flow velocities must reach a certain threshold
before the sediments can move as bed load or as sus-
pended load. Sediments moving downward through frac-
tures at the base of the epikarst or downward through
sinkhole drains have a gravity assist to the action of
infiltrating water.

The fine-grained suspended load is the most important
vehicle for contaminant transport. The concentration of
suspended particles in spring discharges tends to peak on the
rising limb of storm flow hydrographs (Fig. 20) and to fall
off more quickly than the recession limb of the hydrograph
(Herman et al. 2008). The total load of clastic material
passing through karst aquifers varies widely between aqui-
fers depending on both available sediment sources and on
the hydraulics of the conduit system. What may be an
extreme example is the Massa springs in Italy which are
impacted by a marble quarry and discharge up to 83 metric
tons of suspended sediment during a single storm event
(Drysdale et al. 2001).

7.2 Input from Surface Streams: Trash,

Sediment, and Contaminants

Surface streams can impact karst aquifers from both
upstream and downstream directions. Sinking surface
streams can carry sediment, plant debris (leaves, brush, and
even entire tree trunks), and trash directly into the conduit
system. Low gradient master conduits that discharge through
springs on river banks are subject to reversed flows that will
carry muddy and perhaps contaminated river water deep into
the aquifer when the surface river is in flood. Base-level
backflooding is widely recognized in karst regions but
poorly documented (Albéric 2004).

The shifting gradients and flow paths that result from the
placement of storm inputs over the drainage basin control the
distribution of contaminants through the aquifer. Under base
flow conditions, water and possible contaminants introduced
at sink points are swept through the conduit system and
ultimately discharged from the spring. The gradient in the
surrounding matrix is toward the conduits so that flow is
toward the conduits. Water wells extracting water from the
surrounding bedrock might not be impacted by any polluted
water flowing down the conduit even if the conduit is
nearby. Storm recharge in the drainage basin of the sinking
streams can flood the conduit system, reverse the gradient so
that water flows from the conduit into the fractures and
matrix, and thus may contaminate nearby wells (Fig. 5).
Storm recharge upstream in the surface water basin, but not
in the sinking stream basins, can produce flood flow in the
surface stream, reverse the gradient at the spring, and drive
contaminated muddy surface water up the conduit and pos-
sibly into the surrounding matrix where it can also con-
taminate wells. Overall, the flow patterns are difficult to
model and the contamination risks are difficult to predict.

7.3 Lined Landfills, Unlined Landfills,
and Sinkhole Dumps

The modern landfill is a highly engineered structure with
multiple linings, a leachate collection system, a monitoring
system, and sometimes a system for capturing the methane
released from the landfill. The primary threat from sanitary
landfills sited on karst terrain is the possibility of liner fail-
ure. Breaching of the liner, caused by stresses induced from
soil piping within the karst beneath the landfill, would allow
leachate to drain directly into the underlying karst aquifer.
The reason why siting landfills on karst is problematic is that
potential for piping failure is extremely difficult to predict
and groundwater monitoring around the landfill is difficult
because of the localized flow paths within the karst. Placing
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Fig. 21 A sinkhole dump in
central Pennsylvania containing
trash and construction waste.
Photograph by E.L. White. Used
with permission

monitoring wells to reliably intercept escape pathways for
leaking leachate is nearly impossible although monitoring
springs offers some assurance.

The early sanitary landfills that replaced the city dump
more than half a century ago were essentially pits dug in the
ground, filled with waste, and then covered with soil. The
waste decayed and compacted causing the soil cover to sag
and collapse, effectively turning the waste cells into sink-
holes. The decaying waste produced a highly reducing
environment which in turn mobilized metals and other
contaminants which could be leached into underlying aqui-
fers. In karst regions, it was common to use sinkholes as
landfills since they did not require as much excavation. In
one documented case (Murray et al. 1981), the installation of
a landfill near Arnold, Missouri, caused a spring, 1.5 km

distant, to turn black and begin emitting hydrogen sulfide
gas. Others, such as the Lemon Lane landfill near Bloom-
ington, Indiana, have received industrial waste and are now
superfund sites (Valentin 1995). It was early recognized that
unlined landfills in karst are a major pollution risk, but many
of the older landfills remain in place.

The most primitive form of landfill is the ubiquitous
sinkhole dump. Rural residents and even entire communi-
ties have from long tradition used sinkholes as waste dis-
posal sites. Farmers routinely use sinkholes to dispose of
dead animals and also (nearly) empty containers that held
their agricultural chemicals. Construction wastes and
industrial waste have been dumped as trash (Fig. 21).
Sinkholes act as funnels, collecting storm water runoff and
channeling it into the sinkhole drain. Storm water leaches
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through the trash, and what enters the karst drainage sys-
tem below is essentially landfill leachate. Additionally,
inwash during intense storms and soil-piping failures in the
underlying sinkhole sediment combines to transport solid
trash into the underlying conduit system. The trash
becomes a form of clastic sediment and is moved down the
flow field during intense storm flow in the same manner as
any other clastic sediment. Trash carried deep within the
conduit system becomes a source term for continuing
contamination of the groundwater and is located where
cleanup is essentially impossible.

Only a few trash injections into karst systems through
sinkholes have been systematically examined. A systematic
survey of illegal dump sites in two counties in the Appa-
lachian Valley of Virginia found the 23% of the illegal dump
sites were in sinkholes (Slifer and Erchul 1989). A survey of
sinkhole density and groundwater quality in eastern USA
(Lindsey et al. 2009) showed a correlation between sinkhole
density and decreased water quality.

8 Final Statement

What has been presented above is not exactly a review of the
possible sources and processes of contamination in karst
aquifers. It is more a catalog of contamination threats that
have happened or which could happen. If anything, it is a
guide to useful and important research subjects that could be
undertaken. Although a great deal has been learned about
specific contaminated sites, we are a long way short of being
able to write a general protocol for how to deal with con-
tamination threats to karst aquifers.

References

Afrasiabian, A. 2007. The importance of protection and management of
karst water as drinking water resources in Iran. Environmental
Geology 52: 673-6717.

Albéric, P. 2004. River backflooding into a karst resurgence (Loiret,
France). Journal of Hydrology 286: 194-202.

Alexander Jr., E.C., and P.R. Book. 1984. Altura Minnesota lagoon
collapses. In Sinkholes: Their Geology, Engineering & Environ-
mental Impact, ed. B.F. Beck, 311-318. Rotterdam: A.A. Balkema.

Alexander Jr., E.C., J.S. Broberg, A.R. Kehren, M.M. Graziani, and W.
L. Turri. 1993. Bellechester Minnesota lagoon collapse. In Applied
Karst Geology, ed. B.F. Beck, 63—72. Rotterdam: A.A. Balkema.

Arfib, B., and G. de Marsily. 2004. Modeling the salinity of an island
coastal brackish karstic spring with a conduit-matrix model. Water
Resources Research 40: W11506.

Atteia, O., and R. Kozel. 1997. Particle size distributions in waters from
a karstic aquifer: from particles to colloids. Journal of Hydrology
201: 102-119.

Atteia, O., D. Perret, T. Adatte, R. Kozel, and P. Rossi. 1998.
Characterization of natural colloids from a river and spring in a
karstic basin. Environmental Geology 34: 257-269.

Audra, P., and A.N. Palmer. 2015. Research frontiers in speleogenesis.
Dominant processes, hydrogeological conditions, and resulting cave
patterns. Acta Carsologica 44: 315-348.

Baedecker, M.J., R.P. Eganhouse, B.A. Bekins, and G.N. Delin. 2011.
Loss of volatile hydrocarbons from an LNAPL oil source. Journal
of Contaminant Hydrology 126: 140-152.

Baes Jr., C.F., and R.E. Mesmer. 1976. The Hydrolysis of Cations, 489.
New York: John Wiley.

Bodin, J., G. Porel, F. Delay, F. Ubertosi, S. Bernard, and J.-R. de
Dreuzy. 2007. Simulation and analysis of solute transport in 2D
fracture/pipe networks: the SOLFRAC program. Journal of Con-
taminant Hydrology 89: 1-28.

Borchardt, M.A., K.R. Bradbury, E.C. Alexander Jr., R.J. Kolberg, S.C.
Alexander, J.R. Archer, L.A. Braatz, B.M. Forest, J.A. Green, and
S.K. Spencer. 2011. Norovirus outbreak caused by a new septic
system in a dolomite aquifer. Ground Water 49: 85-97.

Boston, P.J., M.N. Spilde, D.E. Northup, L.A. Melim, D.S. Soroka, L.
G. Kleina, K.H. Lavoie, L.D. Hose, L.M. Mallory, C.N. Dahm, L.
J. Crossey, and R.T. Schelble. 2001. Cave biosignature suites:
microbes, minerals, and Mars. Astrobiology 1: 25-55.

Boyer, D.G., and E. Kuczynska. 2003. Storm and seasonal distributions
of fecal coliforms and Cryptosporidium in a spring. Journal of the
American Water Resources Association 39: 1449-1456.

Chieruzzi, G.O., JJ. Duck, J. M. Valesky, and R. Markwell. 1995.
Diffuse flow and DNAPL recovery in the Ste. Genevieve and St.
Louis limestones. In Karst Geohazards, ed. B.F. Beck, 213-225. A.
A. Balkema: Rotterdam.

Conboy, M.J., and M.J. Goss. 2000. Natural protection of groundwater
against bacteria of fecal origin. Journal of Contaminant Hydrology
43: 1-24.

Crawford, N.C. 1984. Toxic and explosive fumes rising from carbonate
aquifers: A hazard for residents of sinkhole plains. In Sinkholes:
Their Geology, Engineering and Environmental Impact, ed. B.F.
Beck, 297-303. Rotterdam: A.A. Balkema.

Crawford, N.C., and C.S. Ulmer. 1993. Groundwater investigations to
determine contaminant movement in the karst aquifers of the
Lewisburg, Tennessee area. In Applied Karst Geology, ed. B.F.
Beck, 79-87. Rotterdam: A.A. Balkema.

Crawford, N.C., and C.S. Ulmer. 1994. Hydrogeologic investigation of
contaminant movement in karst aquifers in the vicinity of a train
derailment near Lewisburg, Tennessee. Environmental Geology 23:
41-52.

Currens, J.C. 1995. Mass flux of agricultural nonpoint-source pollutants
in a conduit-flow-dominated karst aquifer, Logan County Kentucky.
In Karst GeoHazards, ed. B.F. Beck, 179-187. Rotterdam: A.A.
Balkema.

Davis, R.K., S. Hamilton, and J. Van Brahana. 2005. Escherichia coli
survival in mantled karst springs and streams, northwest Arkansas
Ozarks, USA. Journal of the American Water Resources Associ-
ation 41: 1279-1287.

Dreybrodt, W., F. Gabrovsek, and D. Romanov. 2005. Processes of
Speleogenesis: A Modeling Approach, 375. Postojna-Ljubljana,
Slovenia: Carsologica 4, Karst Research Institute ZRC-SAZU.

Drogue, C. 1989. Continuous inflow of seawater and outflow of
brackish water in the substratum of the karstic island of Cephalonia,
Greece. Journal of Hydrology 106: 147-153.

Drogue, C., and P. Bidaux. 1986. Simultaneous outflow of fresh water
and inflow of sea water in a coastal spring. Nature 322: 361-363.

Drysdale, R., L. Pierotti, L. Piccini, and F. Baldacci. 2001. Suspended
sediments in karst spring waters near Massa (Tuscany), Italy.
Environmental Geology 40: 1037-1050.

Dussart-Baptista, L., N. Massei, J.-P. Dupont, and T. Jouenne. 2003.
Transfer of bacteria-contaminated particles in a karst aquifer:
Evolution of contaminated materials from a sinkhole to a spring.
Journal of Hydrology 284: 285-295.



Contaminant Transport in Karst Aquifers ...

79

Einsiedl, F., M. Radke, and P. Maloszewski. 2010. Occurrence and
transport of pharmaceuticals in a karst groundwater system affected
by domestic wastewater treatment plants. Journal of Contaminant
Hydrology 117: 26-36.

Ewers, R.O., A.J. Duda, E.K. Estes, P.J. Idstein, and K.M. Johnson.
1991. The transmission of light hydrocarbon contaminants in
limestone (karst) aquifers. In Proceedings of the Third Conference
on Hydrogeology, Ecology, Monitoring and Management of
Ground Water in Karst Terranes, ed. J.F. Quinlan, 287-306.
Dublin, OH: Association of Ground Water Scientists and Engineers.

Ewers, R.O., K.A. White, and J.F. Fuller. 2012. Contaminant plumes
and pseudoplumes in karst aquifers. Carbonates and Evaporites 27:
153-159.

Faulkner, J., B.X. Hu, S. Kish, and F. Hua. 2009. Laboratory analog
and numerical study of groundwater flow and solute transport in a
karst aquifer with conduit and matrix domains. Journal of
Contaminant Hydrology 110: 34—44.

Fels, J.B. 1999. Source-identification investigations of petroleum
contaminated groundwater in the Missouri Ozarks. Engineering
Geology 52: 3—13.

Fetter, C.W. 1999. Contaminant Hydrogeology, 2nd ed, 500. Upper
Saddle River, NJ: Prentice Hall.

Field, M.S. 1992. Karst hydrology and chemical contamination.
Journal of Environmental Systems 22 (1): 1-26.

Field, M.S., and P.F. Pinsky. 2000. A two-region nonequilibrium
model for solute transport in solution conduits in karstic aquifers.
Journal of Contaminant Hydrology 44: 329-351.

Fleury, P., M. Bakalowicz, and G. de Marsily. 2007. Submarine springs
and coastal karst aquifers: A review. Journal of Hydrology 339: 79-92.

Ford, D., and P. Williams. 2007. Karst Hydrogeology and Geomor-
phology, 562. Chichester, UK: John Wiley & Sons.

Gibert, J. 1990. Behavior of aquifers concerning contaminants:
Differential permeability and importance of the different purification
processes. Water Science and Technology 22 (6): 101-108.

Goppert, N., and N. Goldscheider. 2008. Solute and colloid transport in
karst conduits under low- and high-flow conditions. Ground Water
46: 61-68.

Goppert, N., and N. Goldscheider. 2011. Transport and variability of
fecal bacteria in carbonate conglomerate aquifers. Ground Water
49: 77-84.

Green, R.T., S.L. Painter, A. Sun, and S.R.H. Worthington. 2006.
Groundwater contamination in karst terranes. Water, Air, and Soil
Pollution 6: 157-170.

He, Q.F., P.H. Yang, W.H. Yuan, Y.J. Jiang, J.B. Pu, D.X. Yuan, and
Y.G. Kuang. 2010. The use of nitrate, bacteria and fluorescent
tracers to characterize groundwater recharge and contamination in a
karst catchment, Chongqing, China. Hydrogeology Journal 18:
1281-1289.

Herman, E.K., L. Toran, and W.B. White. 2008. Threshold events in
spring discharge: Evidence from sediment and continuous water
level measurement. Journal of Hydrology 351: 98-106.

Herman, E.K., L. Toran, and W.B. White. 2012. Clastic sediment
transport and storage in fluviokarst aquifers: An essential compo-
nent of karst hydrogeology. Carbonates and Evaporites 27: 211—
241.

Hildebrand, P.B., and R. Oros. 1987. Wastewater reuse in Kkarst
terrain—A case study. In Karst Hydrogeology: Engineering and
Environmental Applications, ed. B.F. Beck, and W.L. Wilson, 259.
Rotterdam: A.A. Balkema.

Hussein, M., and F.W. Schwartz. 2003. Modeling of flow and
contaminant transport in coupled stream-aquifer systems. Journal
of Contaminant Hydrology 65: 41-64.

Igbal, M.Z., and N.C. Krothe. 1995. Infiltration mechanisms related to
agricultural waste transport through the soil mantle to karst aquifers
of southern Indiana, USA. Journal of Hydrology 164: 171-192.

Jancin, M., and W.F. Ebaugh. 2002. Shallow lateral DNAPL migration
within slightly dipping limestone, southwestern Kentucky. Engi-
neering Geology 65: 141-149.

Johnson, T.B., L.D. McKay, A.C. Layton, S.W. Jones, G.C. Johnson, J.
L. Cashdollar, D.R. Dahling, L.F. Villegas, G.S. Dout, D.E.
Williams, and G. Sayler. 2011. Viruses and bacteria in karst and
fractured rock aquifers in East Tennessee, USA. Ground Water 49:
98-110.

Jones, W.K. 1973. Hydrology of Limestone Karst, 49. Morgantown,
WV: West Virginia Geological and Economic Survey Bulletin 36.

Jones, W.K., D.C. Culver, and J.S. Herman. 2003. Epikarst, 160.
Leesburg, VA: Karst Waters Institute Special Publication 9.

Jurado, V., L. Laiz, V. Rodriguez-Nava, P. Boiron, B. Hermosin, S.
Sanchez-Moral, and C. Saiz-Jimenez. 2010. Pathogenic and oppor-
tunistic microorganisms in caves. International Journal of Spele-
ology 39: 15-24.

Kastrinos, J.R., and W.B. White. 1986. Seasonal, hydrogeologic, and
land-use controls on nitrate contamination of carbonate ground
waters. In Proceedings of the Environmental Problems in Karst
Terranes and Their Solutions Conference, 88—114. Dublin, OH:
National Water Well Association.

Katz, B.G., H.D. Hornsby, J.F. Bohlke, and M.F. Modray. 1999.
Sources and chronology of nitrate contamination in spring waters,
Suwannee River basin, Florida, 54. U.S. Geological Survey
Water-Resources Investigations Report 99-4252.

Katz, B.G., A.R. Chelette, and T.R. Pratt. 2004. Use of chemical and
isotopic tracers to assess nitrate contamination and ground-water
age, Woodville Karst Plain, USA. Journal of Hydrology 289: 36—
61.

Knauss, K.G., M.J. Dibley, R.N. Leif, D.A. Mew, and R.D. Aines.
1999. Aqueous oxidation of trichloroethene (TCE): A kinetic
analysis. Applied Geochemistry 14: 531-541.

Kresic, N. 2013. Water in Karst, 708. New York, NY: McGraw Hill.

Langmuir, D. 1997. Aqueous environmental geochemistry, 600. Upper
Saddle River, NJ: Prentice Hall.

Laroche, E., F. Petit, M. Fournier, and B. Pawlak. 2010. Transport of
antibiotic-resistant Escherichia coli in a public rural karst water
supply. Journal of Hydrology 392: 12-21.

Lindsey, B.D., M.P. Berndt, B.G. Katz, A.F. Ardis, and K.A. Skach.
2008. Factors affecting water quality in selected carbonate aquifers
in the United States, 1993-2005, 117. U.S. Geological Survey
Scientific Investigations Report 2008-5240.

Lindsey, B.D., B.G. Katz, M.P. Berndt, A.F. Ardis, and K.A. Skach.
2009. Relations between sinkhole density and anthropogenic
contaminants in selected carbonate aquifers in the eastern United
States. Environmental Earth Science. doi:10.1007/312665-009-
0252-9.

Loop, C.M., and W.B. White. 2001. A conceptual model for DNAPL
transport in karst ground water basins. Ground Water 39 (1): 119-127.

Magal, E., Y. Arbel, S. Caspi, H. Glazman, N. Greenbaum, and Y.
Yechieli. 2013. Determination of pollution and recovery time of
karst springs, an example from a carbonate aquifer in Israel. Journal
of Contaminant Hydrology 145: 26-36.

Mahler, B., and N. Massei. 2007. Anthropogenic contaminants as
tracers in an urbanizing karst aquifer. Journal of Contaminant
Hydrology 91: 81-106.

Mahler, B.J., and B.D. Garner. 2009. Using nitrate to quantify quick
flow in a karst aquifer. Ground Water 47 (3): 350-360.

Mahler, B.J., J.-C. Personné, G.F. Lods, and C. Drogue. 2000.
Transport of free and particulate-associated bacteria in karst.
Journal of Hydrology 179: 179-193.

Mahler, B.J., D. Valdes, M. Musgrove, and N. Massei. 2008. Nutrient
dynamics as indicators of karst processes: Comparison of the Chalk
aquifer (Normandy, France) and the Edwards aquifer (Texas, U.S.
A.). Journal of Contaminant Hydrology 98: 36—49.


http://dx.doi.org/10.1007/s12665-009-0252-9
http://dx.doi.org/10.1007/s12665-009-0252-9

80

W.B. White

Maramathas, A., P. Pergialiotis, and 1. Gialamas. 2006. Contribution to
the identification of the sea intrusion mechanism of brackish karst
springs. Hydrogeology Journal 14: 657-662.

Mathes, M. V. 2000. Relation of bacteria in limestone aquifers to septic
systems in Berkeley County, West Virginia. U.S. Geological Survey
Water-Resources Investigations Report 00-4229: 1-12.

Memon, B.A., and E. Prohic. 1989. Movement of contaminants in
karstified carbonate rocks. Environmental Geology and Water
Science 13 (1): 3-13.

Murray, J.P., J.V. Rouse, and A.B. Carpenter. 1981. Groundwater
contamination by sanitary landfill leachate and domestic wastewater
in carbonate terrain: Principal source diagnosis, chemical transport
characteristics and design implications. Water Resources 15:
745-757.

Nebbache, S., V. Feey, 1. Poudevigne, and D. Alard. 2001. Turbidity
and nitrate transfer in karstic aquifers in rural areas: The Brionne
Basin case-study. Journal of Environmental Management 62:
389-398.

Northup, D.E., and K.H. Lavoie. 2001. Geomicrobiology of caves: A
review. Geomicrobiology Journal 18: 199-222.

Novakowski, K., G. Bickerton, P. Lapocevic, J. Voralek, and N. Ross.
2006. Measurements of groundwater velocity in discrete rock
fractures. Journal of Contaminant Hydrology 82: 44-60.

Padilla, 1.Y., V.L. Rivera, and C. Irizarry. 2015. Spatiotemporal
response of CVOC contamination and remedial actions in eogenetic
karst aquifers. In Proceedings of the 14th Sinkhole Conference,
NCKRI Symposium 5, 337-345. Carlsbad, NM.

Palmer, A.N. 1991. Origin and morphology of limestone caves.
Geological Society of America Bulletin 103: 1-21.

Palmer, A.N. 2007. Cave Geology, 454. Dayton, OH: Cave Books.

Panno, S.V., and W.R. Kelly. 2004. Nitrate and herbicide loading in
two groundwater basins of Illinois sinkhole plain. Journal of
Hydrology 290: 229-242.

Panno, S.V., K.C. Hackley, H.H. Hwang, and W.R. Kelly. 2001.
Determination of the sources of nitrate contamination in karst
springs using isotopic and chemical indicators. Chemical Geology
179: 113-128.

Panno, S.V., W.R. Kelly, A.T. Martinsek, and K.C. Hackley. 2006.
Estimating background and threshold nitrate concentrations using
probability graphs. Ground Water 44: 697-709.

Personné, J.C., F. Poty, L. Vaute, and C. Drogue. 1998. Survival,
transport and dissemination of Escherichia coli and enterococci in a
fissured environment. Study of a flood in a karstic aquifer. Journal
of Applied Microbiology 84: 431-438.

Personné, J.C., F. Poty, B.J. Mahler, and C. Drogue. 2004. Coloniza-
tion by aerobic bacteria in karst: Laboratory and in sifu experiments.
Ground Water 42: 526-533.

Peterson, E.W., R.K. Davis, and H.A. Orndorff. 2000. 17 B-estradiol as
an indicator of animal waste contamination in mantled karst
aquifers. Journal of Environmental Quality 29: 826-834.

Peterson, E.W., R.K. Davis, J.V. Brahana, and H.A. Orndorff. 2002.
Movement of nitrate through regolith covered karst terrane,
northwest Arkansas. Journal of Hydrology 256: 35-47.

Peterson, E.-W., C.M. Wicks, and C.A. Kelley. 2005. Persistence of 17
B-estradiol in water and sediment-pore water from cave streams in
central Missouri. Environmental and Engineering Geoscience
11 (3): 221-228.

Pronk, M., N. Goldscheider, and J. Zopfi. 2006. Dynamics and
interaction of organic carbon, turbidity and bacteria in a karst
aquifer system. Hydrogeology Journal 14: 473-484.

Pronk, M., N. Goldscheider, J. Zopfi, and F. Zwahlen. 2008a.
Percolation and particle transport in the unsaturated zone of a karst
aquifer. Ground Water 46: 1-9.

Pronk, M., N. Goldscheider, and J. Zopfi. 2008b. Particle size
distribution as indicator for fecal bacteria contamination of drinking

water from karst springs. Environmental Science and Technology
41: 8400-8405.

Quinlan, J.F., and R.O. Ewers. 1989. Subsurface drainage in the
Mammoth Cave area. In Karst Hydrology: Concepts from the
Mammoth Cave Area, ed. W.B. White, and E.L. White, 65-103.
New York, NY: Van Nostrand-Reinhold.

Quinlan, J.F., P.L. Smart, G.M. Schindel, E.C. Alexander, Jr., A.
J. Edwards, and A.R. Smith. 1991. Recommended
administrative/regulatory definition of karst aquifer, principles for
classification of carbonate aquifers, practical evaluation of vulner-
ability of karst aquifers, and determination of optimum sampling
frequency at springs. In: Proceedings of the Third Conference on
Hydrogeology, Ecology, Monitoring and Management of Ground
Water in Karst Terranes, 573—-635. Nashville, TN.

Reeder, P., and N.C. Crawford. 1989. Potential groundwater contam-
ination of an urban karst aquifer: Bowling Green, Kentucky. In
Engineering and Environmental Impacts of Sinkholes and Karst, ed.
B.F. Beck, 197-206. Rotterdam: A.A. Balkema.

Reeder, P., and M.J. Day. 1993. Seasonality of chloride and nitrate
contamination in Southwestern Wisconsin karst. In Applied Karst
Geology, ed. B.F. Beck, 53-61. Rotterdam: A.A. Balkema.

Roulier, S., N. Baran, C. Mouvet, F. Stenemo, X. Morvan, H.-
J. Albrechtsen, L. Clausen, and N. Jarvis. 2006. Controls on
atrazine leaching through a soil-unsaturated fractured limestone
sequence at Brévilles, France. Journal of Contaminant Hydrology
84: 81-105.

Roy, J.W., J.E. Smith, and R.W. Gillham. 2002. Natural remobilization
of multicomponent DNAPL pools due to dissolution. Journal of
Contaminant Hydrology 59: 163-186.

Saleem, Z.A. 1977. Road salts and quality of ground-water from a
dolomite aquifer in the Chicago area. In Hydrologic Problems in
Karst Regions, ed. R.R. Dilamarter, and S.C. Csallany, 364-368.
Bowling Green, KY: Western Kentucky University.

Sasowsky, I.D., and W.B. White. 1993. Geochemistry of the Obey
River Basin, north-central Tennessee: A case of acid mine water in a
karst drainage system. Journal of Hydrology 146: 29—48.

Schaezler, D.J., T.M. Baer, P.L. Schumann, and R.N. Berry. 2001.
Enhanced recovery of petroleum hydrocarbon soil vapors and
contaminant smear in Karst. In Geotechnical and Engineering
Applications of Karst Geology and Hydrology, ed. B.F. Beck, and J.
G. Herring, 313-317. Lisse, Netherlands: Balkema Publishers.

Shevenell, L., and J.F. McCarthy. 2002. Effects of precipitation events
on colloids in a karst aquifer. Journal of Hydrology 255: 50-68.

Simmleit, N., and R. Herrmann. 1987. The behavior of hydrophobic,
organic micropollutants in different karst water systems. Water, Air,
and Soil Pollution 34: 79-109.

Slifer, D.W., and R.A. Erchul. 1989. Sinkhole dumps and the risk to
ground water in Virginia’s karst areas. In Engineering and
Environmental Impacts of Sinkholes and Karst, ed. B.F. Beck,
207-212. Rotterdam: A.A. Balkema.

Stephenson, J.B., R.D. Kaufmann, J.A. Archer, C. Bertz, and
P. Bradley. 2003. Environmental investigation of a diesel spill in
a karst area of Kentucky. In Sinkholes and the Engineering and
Environmental Impacts of Karst, ed. B.F. Beck, 415—425. American
Society of Civil Engineers Geotechnical Special Publication
No. 122.

Stringfield, V.T., and H.E. LeGrand. 1969. Relation of sea water to
fresh water in carbonate rocks in coastal areas with special reference
to Florida, U.S.A., and Cephalonia (Kephallinia) Greece. Journal of
Hydrology 9 (4): 387-404.

Stroud, F.B., J. Gilbert, G.W. Powell, N.C. Crawford, M.J. Rigatti, and
P.C. Johnson. 1986. U.S. environmental protection agency emer-
gency response to toxic fumes and contaminated ground water in
karst topography: Bowling Green, Kentucky. In Proceedings of the
Environmental Problems in Karst Terranes and Their Solutions



Contaminant Transport in Karst Aquifers ...

81

Conference, 197-225. Dublin, OH: National Water Well
Association.

Stumm, W., and J.J. Morgan. 1996. Aquatic Chemistry, 1022. New
York, NY: John Wiley & Sons.

Thorn, R.H., and C.E. Coxon. 1992. Hydrogeological aspects of
bacterial contamination of some western Ireland karstic limestone
aquifers. Environmental Geology and Water Science 20: 65-72.

Underwood, K.L. 1994. Evaluation of pesticide and nitrate mobility in
a conduit-flow dominated karst basin. M.S. Thesis, 204. University
Park, PA: The Pennsylvania State University.

Valentin, M.M. 1995. Is closure-in-place a suitable remedy for unlined
landfills in sinkholes. In Karst Geohazards, ed. B.F. Beck, 249—
254. Rotterdam: A.A. Balkema.

Vesper, D.J., and W.B. White. 2003. Metal transport to karst springs
during storm flow: an example from Fort Campbell,
Kentucky/Tennessee, USA. Journal of Hydrology 276: 20-36.

Vesper, D.J., and W.B. White. 2004. Spring and conduit sediments as
storage reservoirs for heavy metals in karst aquifers. Environmental
Geology 45: 481-493.

Waller, B.G., H. Klein, and L.J. Lefkoff. 1984. Attenuation of
stormwater contaminants from highway runoff within unsaturated
limestone, Dade County, Florida, 13. U.S. Geological Survey
Water-Resources Investigations Report 84-4083.

Webb, J.A., and L.D. Sasowsky. 1994. The interaction of acid
mine drainage with a carbonate terrane: evidence from the Obey
River, north-central Tennessee. Journal of Hydrology 161:
327-346.

Wells, E.R., and N.C. Krothe. 1989. Seasonal fluctuation in 8'°N of
groundwater nitrate in a mantled karst aquifer due to macropore
transport of fertilizer-derived nitrate. Journal of Hydrology 112:
191-201.

White, W.B. 1988. Geomorphology and Hydrology of Karst Terrains,
464. New York: Oxford University Press.

White, W.B., C. Vito, and B.E. Scheetz. 2009. The mineralogy and
trace element chemistry of black manganese oxide deposits from
caves. Journal of Cave and Karst Studies 71: 136—143.

Wicks, C.M., and C.G. Groves. 1993. Acid mine drainage in carbonate
terrains: geochemical processes and rates of calcite dissolution.
Journal of Hydrology 146: 13-27.

Wicks, C., C. Kelley, and E. Peterson. 2004. Estrogen in a karstic
aquifer. Ground Water 42 (3): 384-389.

Wolfe, W.J., CJ. Haugh, A. Webbers, and T.H. Diehl. 1997.
Preliminary conceptual models of the occurrence, fate, and transport
of chlorinated solvents in karst regions of Tennessee. U.S.
Geological Survey Water-Resources Investigations Report 97-4097.

Worthington, S.R.H. 1999. A comprehensive strategy for understand-
ing flow in carbonate aquifers. In Karst Modeling, ed. A.N. Palmer,
M.V. Palmer, and 1D. Sasowsky, 30-37. Leesburg, VA: Karst
Waters Institute Special Publication 5.

Worthington, S.R.H., D.C. Ford, and G. Davies. 2000. Matrix, fracture,
and channel components of storage and flow in a Paleozoic
limestone aquifer. In Groundwater Flow and Contaminant Trans-
port in Carbonate Aquifers, ed. 1.D. Sasowsky, and C.M. Wicks,
113-128. Rotterdam: A.A. Balkema.

Yang, Z.B., A. Niemi, F. Fagerlund, and T. Illangasekare. 2012. Effects
of single-fracture aperture statistics on entrapment, dissolution and
source depletion behavior of dense non-aqueous phase liquids.
Journal of Contaminant Hydrology 133: 1-16.

Yu, X., R. Ghasemizadeh, I. Padilla, C. Irizarry, D. Kaeli, and A.K.
Alshawabkeh. 2015. Spatiotemporal changes of CVOC concentra-
tions in karst aquifers: Analysis of three decades of data from Puerto
Rico. Science of the Total Environment 511: 1-10.



Part Il

Karst Groundwater Contaminants and Tools
for Their Evaluation



Trace Metal Accumulation and Re-mobilization
in Phreatic Karst Conduits

Amy L. Brown and Jonathan B. Martin

Abstract

Little is known about how trace metals accumulate and cycle in conduits within the phreatic
zone. These water-filled conduits can receive floodwater that allows metals to accumulate,
similar to air-filled caves, but are more susceptible to reducing conditions following floods
because oxygen is limited to dissolved concentrations. If sufficient reactive organic carbon
is transported into the aquifer, oxygen consumption will lower Eh and mobilize manganese
and iron. To evaluate this accumulation and mobilization of metals, we analyzed the
geochemical and isotopic composition of water, solid metal oxide, and limestone samples
from two phreatic systems in north-central Florida where river water displaces aquifer
water following storms. River water was a net source of trace metals to the aquifer;
however, manganese depletion in the interior of the metal oxides relative to concentrations
in intruding river water indicates not all metals are retained in the aquifer as redox
conditions changed. The metal oxides are actively incorporating metals from floods, with
anthropogenically sourced lead from surface water on the outer portion of the metal oxide.

1 Extended Abstract

Storm flow impacts groundwater quality in karst aquifers
due to a large range in aquifer permeability, which allows
both rapid transport of contaminants into the subsurface
(Vesper and White 2003, 2004) as well as long-term storage
in matrix porosity (Martin and Dean 2001; Wong et al.
2012). This contaminant transport and retention can be
altered by changes to aquifer redox state triggered by
intruding surface water, but these impacts have not been
extensively studied in karst systems. Intruding storm water is
initially oxidizing, but depending on the available microbes,
terminal electron acceptors (TEA), and reactive organic
carbon, storm water intrusion can trigger a transition to
conditions more reducing than baseflow (Brown et al. 2014).
Such changes from hypoxic to anoxic conditions trigger
multiple shifts in water quality that include mobilizing trace
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metals (Jacobs et al. 1988), increasing denitrification (Green
et al. 2008), inhibiting the degradation of organic contami-
nants (Greskowiak et al. 2006; Lapworth et al. 2012;
Massmann et al. 2006), and altering the sorption of con-
taminants (Borch et al. 2009). These reactions could degrade
(e.g., mobilize toxic metals) or remediate (e.g., denitrifica-
tion) water quality through changes in aquifer redox state.
Understanding these changes to aquifer redox state is par-
ticularly critical to karst system management where both
rapid intrusion of surface water and long residence times
occur.

The extent of aquifer redox changes can be traced through
the fate and mobility of iron and manganese, which could
provide key information, as well as direct impacts, on water
quality. Storm flow transports iron and manganese into the
subsurface as dissolved ions, bound to organic carbon, and
as colloids and particles carried by turbulent flow (Atteia and
Kozel 1997; Brown et al. 2014; Vesper and White 2003).
Dissolved oxygen and nitrate in the intruding water may
inhibit mobilization of trace metals following intrusion.
Oxygen-rich water causes iron and manganese to precipitate
as solid Fe oxide and Mn oxide, thereby sequestering other
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Fig. 1 Location map. Madison
Blue Spring and Peacock Spring
are shown adjacent to the
Withlacoochee and Suwannee
Rivers.
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potential toxic trace metals (Frierdich et al. 2011; White
et al. 2009). As available oxygen and nitrate are consumed,
solid metal oxides become the preferential electron acceptor
for organic carbon oxidation. These reactions cause the
reductive dissolution of the Fe oxide and Mn oxide and
could release co-precipitated toxic trace metals such as
chromium, nickel, and lead (Frierdich et al. 2011; White
et al. 2009).

Aquifer redox dynamics and trace metal mobility trig-
gered by storm water intrusion can be readily observed at
Madison Blue Spring and Peacock Spring, two submerged
cave systems in the Upper Floridan aquifer adjacent to rivers

in the Suwannee River Basin (Fig. 1). These observations
provide the ability to evaluate timing of redox changes and
relate them to the stoichiometry of redox reactions. The
headwaters of the Suwannee River drain a shallow, sandy
aquifer with little storage capacity because of the underlying
low-permeability unit (the Hawthorn Group) that confines
the karstic Floridan aquifer. Consequently, storms occurring
in the headwaters trigger rapid changes in river stage.
Downriver, the Hawthorn Group has eroded away, and the
river flows directly over the limestone of the upper Floridan
aquifer. Under normal flow conditions, this reach receives
baseflow from numerous springs and seeps discharging from
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Fig. 2 Dissolved oxygen through time. Dissolved oxygen plots from four intrusion events are shown, two at Peacock Spring and two at Madison
Blue Spring. Day 0O represents the initiation of river water intrusion. Dotted line shows baseflow oxygen concentrations measured at the spring
vent. Solid lines show continuous data from the cave entrance. Dashed line at Peacock Spring shows oxygen data 1100 m into the conduit system.
Time points P1, P2, M1, and M2 are shown in Fig. 4 with estimated metal mobilization.

the unconfined Upper Floridan aquifer. Following storms in
the headwaters, river stage rises rapidly allowing river water
to intrude into the aquifer, displacing groundwater for peri-
ods from days to months (Gulley et al. 2011).

Springs in this region discharge oxic water (~2 mg O,/L)
with elevated nitrate concentrations (1-2 mg/L NOj3 as N) that
originate from anthropogenic contamination (Katz 2004). The
intrusion of surface water and reactive organic carbon initially
increases oxygen over baseflow levels, resulting in more
oxidizing conditions than baseflow (Fig. 2). As surface
intrusion slows, the redox state becomes more reducing than
baseflow when organic carbon consumes available oxygen
and nitrate (Brown et al. 2014). Although nitrate concentra-
tions were not continuously tracked through any of the storm
events, grab samples indicate 0.1-0.2 mg/L. NO; as N was
contained in the intruding water, or about an order of magni-
tude lower than baseflow conditions. With sufficiently
reducing conditions, metals transported into the system with
intruding storm water will be reductively dissolved. These
mobilized metals could be flushed from the system as the
intruded water discharges to the surface during the storm
recession, but the extent of metal transport will be controlled
by the persistence of reducing conditions in the conduits. Not
all metals discharge during the recession as shown by solid
metal oxide deposits (Fig. 3) found in these caves systems
(Martin 1990). The magnitude of metal sequestration and

release in the dynamic redox environment following storm
water intrusion is unknown.

Mobilization of iron and manganese was modeled in
siliciclastic aquifer systems using the electron trapping
capacity (ETC) of the water (Kedziorek and Bourg 2009).
The ETC is based on oxygen and nitrate concentrations
(Eq. 1), since these compounds inhibit trace metal mobi-
lization. This model was previously used to evaluate the
redox state of water at the spring boil at Madison Blue
Spring for the March 2012 event shown in Fig. 2 (Brown
et al. 2014). Here, we apply the model to examine the
likelihood of manganese and iron mobilization in the
phreatic conduits of the aquifer over the range of oxygen and
nitrate values observed during and after representative
intrusion events at each cave system (Fig. 4), with specific
estimates of ETC during two intrusion events. In the absence
of nitrate, oxygen concentrations fall low enough to favor
both iron and manganese mobilization for all of the modeled
events. In July 2013, anoxia, which likely favored denitri-
fication and low concentrations of nitrate in surface water,
would result in iron and manganese mobilization (P1), fol-
lowed by manganese mobilization (P1) as oxygen concen-
trations slowly recovered. In contrast, conditions at Madison
Blue Spring were hypoxic, with a lesser extent of denitrifi-
cation and higher nitrate concentrations in intruding surface
waters. As a result, conditions are only sufficiently reducing



88

A.L. Brown and J.B. Martin

(a)

<4

el />>
%
‘@

Fig. 3 Example solid metal oxides: a Peacock Spring. b Madison Blue Spring

0.4 —

ETC
=
(N}

02
L~ 4
p2 “ M1
4 Mn Mobilization
L~ /
//
l,P i Fe and Mn Mobilization
00 1 T T T T T T T 1
0.0 0.5 1.0 15 20
mg O,/L

Fig. 4 Electron trapping capacity for oxygen and nitrate concentra-
tions typical in the cave system. Baseflow nitrate ranges from 1 to
2 mg/L NOj as N, preventing Fe and Mn mobilization. Intruding river
water has nitrate concentrations an order of magnitude lower (0.1-
0.2 mg/L NO; as N) and transports reactive organic carbon that can
further alter TEAs. Gray box represents zone of manganese mobiliza-
tion. Orange box represents zone of iron and manganese mobilization.
Yellow and light blue dotted line shows modeled evolution of oxygen,
nitrate, and ETC for March 2012 at Madison Blue and July 2013 at
Peacock from surface water intrusion through return to baseflow.

to mobilize manganese (M1) briefly, with subsequent man-
ganese mobilization inhibited by increasing nitrate even as
low dissolved oxygen levels persisted (M2).

Electron Trapping Capacity: ETC = 4[0,] + 5[NO;] (1)

where [O,] and [NOj] are molar concentrations. ETC <
0.1 mM favors Fe and Mn mobilization. ETC < 0.2 mM
favors Mn mobilization.

These results illustrate one of many controls on con-
taminant transport driven by changes in aquifer redox state.
The oxidation of organic carbon transported into the aquifer
with storm water can directly control water quality via
consumption of oxygen or denitrification, but also indirectly
by controlling mobilization and sequestration contaminants
sorbed to iron and manganese oxides. The mobility of metal
oxides depends on the combined effects of oxygen and
nitrate concentrations in the water. The presence of excess
anthropogenic nitrate in aquifer water could enhance reten-
tion of metal oxides, resulting in the sorption and seques-
tration of other contaminants. These sequestered
contaminants could subsequently be released with a return to
anoxic conditions. Therefore, predictive models examining
the fate and transport of contamination in karst aquifers
should include consideration of the aquifer redox state,
especially when storm flow dramatically alters the concen-
tration of redox-sensitive compounds in the subsurface.
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Evaluation of Spill Response System
for Mammoth Cave National Park Using
Quantitative Dye Tracer Studies

JeTara Brown, Thomas Byl, Rickard Toomey lll, and Lonnie Sharpe Jr.

Abstract

This research examines the effectiveness of check dams as containment basins using
quantitative tracer studies. The focus of this study is to understand transport mechanisms
from the surface into the caves and to ensure that the materials and size of the dams are
sturdy enough to hold back a spill. The study included tracer studies originating from
potential sources of contamination on the surface, along the water flow path and into the
cave system. A known amount of Rhodamine-WT20 dye was released during storms. The
flow path was monitored by portable fluorometers in the cave at different locations.
The result of placing two small check dams along the surface flow path resulted in
lengthening the time-of-travel from 2 hours to 16 hours. It also reduced the amount of dye
entering the cave by 90%. This research will help provide options to emergency responders

of spills.

1 Extended Abstract

Mammoth Cave National Park is located in south-central
Kentucky (Fig. 1) and has been designated an International
Biosphere Reserve since 1990. The Park is home to the
world’s largest cave with more than 400 miles of passages
and a cave ecosystem that is linked to the surface through
groundwater recharge. Groundwater quality in the Mam-
moth Cave region of Kentucky is critical to the cave’s
ecosystem, tourism, and the health of the Green River.
Despite its vulnerability, groundwater is used as a vital
resource to many communities around the world, including
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the USA. In fact, groundwater is used as a source of water
supply by about one-half the population of the USA.
Approximately, 11% of karst springs in Kentucky are used
for domestic water supplies. This means over 10,000 homes
rely on groundwater as their water supply source. These
people have a dire need to protect the quality of the water
that they are drinking. Most karst springs previously used in
Kentucky for a public water supply have been abandoned
because of groundwater contamination (Kentucky Geologi-
cal Survey 2012).

Mammoth Cave National Park itself has a biodiversity of
43 mammals, 15 reptiles, 19 amphibians, and 3 fish which
all rely on the groundwater for survival. The National Park
Service controls the main part of the cave and encourages
tourism while protecting the unique and fragile ecosystem in
the cave. The Park is committed to the protection of its
employees, visitors, and the environment during an emer-
gency event as stated in their Emergency Action Plan. The
primary objective of the managers of Mammoth Cave
National Park is to protect the ecosystem and provide the
tourists with a safe and sanitary cave experience by pro-
tecting their groundwater. With more than 500,000 visits per
year, it is natural for accidents and spills to occur on the
surface. Spills commonly come in the form of parking lot
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Fig. 1 Map of Mammoth Cave National Park by Rebel Rivers Canoe Club Source The Rebel River Canoe Club http://rrcc.blogspot.com/2006_

11_01_archive.html

runoff due to the transport of auto diesel fuels through storm
water flow and broken sewer lines. As a result, the Park is
very concerned about their ability to contain high volume
contaminants from spills or the wrongful release of chemi-
cals. Therefore, it is important to develop a system that
prevents the pollutants from harming the fragile cave
ecosystem. Unfortunately, the same hydrogeological pro-
cesses that formed the cave make the karst system vulnerable
to contamination. Many of the natural storm drainage
flowpaths go directly to distinct sinkholes rather than the
filters that the Park has in place.

On May 27, 2014, a sewer line break occurred on
Mammoth Cave Parkway near Green Ferry Road. According

to the Mammoth Cave National Park After Action Report,
the accident was caused by the failure of a 2-in. brass ball
valve. The ball valve failed when repairs were being made to
resolve a much-smaller sewer leak that resulted from an
air-relief valve that failed to shut properly. The air-relief
valve failure caused a small level of sewage spillage, and
then the subsequent ball valve failure resulted in an initial
sewage geyser that spouted approximately 20-30 ft high for
a short period and then became a steady flow at ground level
for over one hour before a repair was made. The Caveland
Environmental Authority (CEA) employees and Park
employees responded by capping the geyser and placing
check dams along the flow path. According to the CEA,
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approximately 5000 gallons of sewage was spilled, and
about 3000 gallons were recovered.

In addition, a second sewage spill occurred at the same
location on April 28, 2015, when a steady flow of sewage
was detected. The cause and amount of sewage released has
yet to be identified, but it is assumed to have been flowing
for a long period of time. The need for containment basins
within the Park has increased. It is well known that pre-
venting contamination of the groundwater is preferable to
remediation. Therefore, the objective of this study was to
measure the effectiveness of temporary check dams used to
impede transport from a surface sewer leak into the cave.

Three quantitative tracer studies were conducted from
August 2014 to January 2015 to test the effectiveness of the
check dams. The presence and absence of two temporary
check dams constructed with pea gravel were the main
variables in the studies. Check dams are relatively small,
temporary structures constructed across a swale or channel,
typically constructed out of gravel, rock, sandbags, logs or
treated lumber, or sediment retention fiber roll. Check dams
can be temporary or permanent structures (Metropolitan
Council 2000). Check dams are used to slow the velocity of
concentrated water flows, a practice that helps reduce ero-
sion. As storm water runoff flows through the structure, and
the check dam catches sediment from the channel itself or
from the contributing drainage area. A check dam either
filters the water for sediment as it passes through the dam or
retains the water, allowing the sediment to settle while the
water flows over the dam. Multiple check dams, spaced at
appropriate intervals, can be very effective (Tennessee
Department of Environment and Conservation 2012). They
are most effective when used with other storm water, ero-
sion, and sediment control measures.

Check dams serve one or more of three functions: control
water, conserve soil, and improve land (Doolittle 2010).
Check dams have been built for centuries and used all
around the world. Some of the earliest known check dams
are located in North Africa and are thought by archeologists
to date back to Roman or pre-Roman times. During Naba-
tean times in the Negev Desert, check dams were used to
divert water from areas where it was not needed and/or
toward areas where it was necessary (Evenari et al. 1982).
China has been using check dams for hundreds of years.
Within the last 50 years since the foundation of the People’s
Republic of China, they have become increasingly popular.
By making use of the local geography and climate, the
people of the Loess Plateau of China skillfully invented the
check dam system in gullies several centuries ago, to retain
sediments and to form farmland. In a small watershed, var-
ious dams can be built, such as productive dams for forming
farmland, flood-control dams for preventing floodwater and
intercepting sediments, and water-storage dams for irriga-
tion. A group of such dams constitutes a check dam system.

The check dams at Kanghe Gou watershed, Fen Xi County,
built in Ming Dynasty 400 years ago, still operate in good
condition. By 2002, about 113,500 check dams had been
built, creating 3200 km? of farmlands with high productiv-
ity, and intercepting a total of 700 million m> of sediments
that pour into the Yellow River. For the Loess Plateau, the
check dam is the most important well-known project to
conserve water and soil and the ultimate line of defense in
the comprehensive control system (Xu 2004). For this study,
the check dams were only used to temporarily contain spills
and provide management more time remove as much of the
contaminants as possible before it entered the cave.

For the tracer test, the release point chosen was the same
location where the sewer break occurred: Mammoth Cave
Parkway near Green Ferry Road. The surface flow channel
used in this study was approximately 1500 ft in length from
the tracer release point to the sinkhole. Based on availability,
Rhodamine WT-20 was the dye selected for all three tests.
The dye was released in conjunction with either the onset of
storm runoff or as the storm was winding down. Prior to each
dye release, the absence of dye was verified by monitoring
waters in the cave streams a minimum of three consecutive
storms before releasing the dye. The monitoring equipment
was placed in the upper and lower cave passages, Cataracts
and Cascade Hall area in Silliman Ave, respectively. Con-
tinuous monitoring from June, 2014, through January, 2015,
was accomplished using two portable field fluorometers. The
quantitative dye tracing method used follows the procedure
in Cave Geology (Palmer 2007). Results from the test were
used to determine travel time for arrival of the leading edge of
the dye cloud, peak dye concentration, trailing edge, and
persistence of the dye cloud at the discharge point. The
amount of solute transport presented through the spec-
trofluorometric analysis was examined using the spreadsheet
methods created by Palmer (2007) and Residence Time
Distribution-Biodegradation (RTDB) method derived by
Painter et al. (2012). Both have a unique way of using resi-
dence time distribution and breakthrough curves to estimate
the amount of dye past a monitoring point. Using more than
one method helped assure that the data are correct.

For the first test on August 31, 2014 (Fig. 2), the rainfall
depth was 2.4 in. Two check dams were still in place along
the surface flow routes. There was a tracer breakthrough in
the cave 10 h after the dye was released. Sixteen hours after
the time of the release, approximately half of the recovered
dye (center of mass) had moved past the monitoring station
at Cataracts. The total amount of dye accounted for was
approximately 4 g out of the 180 g released, which is less
than 3% of the tracer used in this study. These results
indicate that the dams did a great job retaining most of the
dye on the surface despite the heavy rain.

The second test (Fig. 3) was initiated on the evening of
October 13, 2014, during a 2.1 in. rain event. Both check
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dams had been removed for this study to estimate the
amount of time it would take for the dye to reach the cave
with no obstacles. The breakthrough and center of mass were
calculated from the results. Breakthrough in the cave
occurred 4 h after the dye was released. The center of mass
occurred 10 h after the release time. The total amount of dye
accounted for via concentration and discharge was 262 g out
of the 714 g released (43%).

During the final tracer test on January 3, 2015 (Fig. 4),
the rain depth was 0.7 in. Due to timing, the release of tracer
was on the tail end of the storm instead of the rising limb like
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the other two tracer tests. Breakthrough in the cave occurred
only 50 min after the time of release. The center of mass was
determined to be 15 h after the time of release. The maxi-
mum tracer amount recovered was 288 g of dye which was
48% of the total amount of dye released.

Based on these results, we can conclude that the dams
increased mean residence time on the surface from approx-
imately 0.83-16 h, providing management more time to
implement waste recovery. The dams also reduced the
quantity of dye entering the cave by 90%. Temporary check
dams provide emergency responders with an effective way to
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impede contaminants from entering the karst groundwater
system at Mammoth Cave National Park. The dams are also
esthetically neutral for tourists, seeing that they do not dis-
turb the natural beauty of the surrounding environment. The
limestone pea gravel used in the design is a natural material
indigenous to the area, blending into its surroundings. More
work needs to be done to identify and highlight surface to
cave connections using GIS to anticipate sinkholes that are at
risk of contamination. One would also need to continue to
test the dams to better understand the life expectancy. In the
meantime, monitoring of the site and dam maintenance
should be conducted continuously to retain effectiveness.
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Bioremediation Potential in Karst Aquifers
of Tennessee and Kentucky

Thomas Byl, Michael Bradley, Lashun K. Thomas, and Roger Painter

Abstract

The carbonate aquifers of central Tennessee and Kentucky are vulnerable to dissolved and
non-aqueous phase contamination due to contaminant transport through sinkholes,
fractures, and other karst features. The complexity of local karst hydrology often prevents
the efficient removal of contaminants through the use of traditional pump-and-treat
methods. Bioremediation, in some instances, is a viable remediation option, with suitable
hydrological, geochemical, and microbial site conditions. Tracer studies are essential for
characterizing site hydrology and estimating residence times. Sample collection and
evaluation of the geochemical conditions and existing bacterial types are critical as part of
the site evaluation. Supplements have been used to stimulate specific microbial populations
and foster geochemical conditions which enhance or stimulate degradation or immobiliza-
tion of the contaminants in a karst aquifer. Bacteria indigenous to Tennessee and Kentucky
karst systems are well adapted to a variety of metabolic capabilities and aquifer conditions.
Non-traditional groundwater models that incorporate residence time distribution and decay
rates are useful tools in the remediation decision-making process.

1 Introduction

however, the fate and transport of contaminants such as
chlorinated solvents or fuels in karst areas have been poorly

Approximately, 40% of the USA east of the Mississippi
River is underlain by various types of karst aquifers (Weary
and Doctor 2014), and more than two-thirds of the state of
Tennessee is underlain by carbonate rocks and can be clas-
sified as karst (Wolfe et al. 1997). Potential sources of
groundwater contamination are common in karst regions;
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understood and are difficult to assess because of the dis-
tinctive hydraulic characteristics of karst aquifers (Field
1993; Byl and Williams 2000). The unique and complex
hydrologic conditions of karst systems can render many
traditional remediation strategies ineffective. Mathematical
models are being developed and adapted for karst aquifers;
however, there are still limitations when applying the models
to contaminants and remediation (Kuniansky 2014). From
1996 to present, the authors have been involved in studies
involving bioremediation of chlorinated solvents or fuels in
karst aquifers of central Tennessee and south-central Ken-
tucky. The objective of this review article is to examine the
role of bioremediation to mitigate contaminants in karst
aquifers. This report presents results from previously pub-
lished reports on chlorinated ethene and fuel biodegradation
at karst sites in middle Tennessee and Kentucky. The report
addresses microbial adaptations to karst, geochemistry, and
supplements to enhance biodegradation processes within the
context of karst hydrology.
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2 Microbial Adaptation to Karst Aquifers

Karst aquifers have a wide range of hydrologic conditions,
from dynamic to stagnant conditions. Karst aquifers provide
heterogenous hydrologic and chemical environments
through the interconnection of secondary porosity, variable
fracture and conduit size, changes in mineralogy and geo-
chemistry, and variable connection with surface water and
land surface. Also, karst conduits typically offer less surface
areas for biofilm development per volume of water relative
to granular aquifers. These conditions have led to adapta-
tions in karst microbial communities as compared to those
reported for sandy aquifers (Kolbel-Boelke et al. 1988;
Barton and Northup 2007; Byl et al. 2014). Despite the
lower surface area-to-volume ratio, karst aquifers support a
diverse and numerous bacterial population. Bacteria were
plentiful in water samples collected from clean and
fuel-contaminated wells in a conduit-dominated karst aquifer
in south-central Kentucky (Byl et al. 2014). Bacterial con-
centrations, enumerated through direct count, ranged from
500,000 to 2.7 million bacteria per mL in the clean portion
of the aquifer, and 200,000-3.2 million bacteria per mL in
the contaminated portion of the aquifer over a twelve month
period. Bacteria from the clean well ranged in size from 0.2
to 2.5 mm, whereas bacteria from a fuel-contaminated well
were generally larger, ranging in size from 0.2 to 3.9 mm.
Also, bacteria collected from the clean well had a higher
density relative to water and, consequently, were more
inclined to sink in the water column than bacteria collected
from contaminated wells (Fig. 1). The ability of bacteria to
change their buoyant density and float in the presence of
dissolved fuel supports the findings that free-living bacteria
can contribute equally to the biodegradation of dissolved
benzene and toluene in groundwater as compared to biofilms
in a karst system (Painter et al. 2005). In other words, the
low surface area-to-volume ratio in karst conduits does not
necessarily limit biodegradation of fuels. These findings do
not extend to all contaminants. In a study by Brown et al.
(2014), the biodegradation rate of ammonia and quaternary
ammonia compounds by karst bacteria was largely depen-
dent upon surface area and biofilm development. Additional
research is needed to understand the importance of biofilms
versus free-living bacteria on the biodegradation of different
contaminants in karst aquifers.

The karst aquifers of central Tennessee and south-central
Kentucky tend to have a diverse microbial community (Byl
and Williams 2000; Byl et al. 2014). Bacteria collected from
wells in uncontaminated karst aquifers were predominantly
(95%) Gram-negative and more likely to have flagella pre-
sent than bacteria collected from the contaminated wells,

which included a substantial fraction (30%) of
Gram-positive varieties. Various bacterial types capable of
biodegrading fuel (Byl et al. 2001) or chlorinated ethenes
(Byl and Williams 2000) have been identified in water
samples from the karst aquifers in middle Tennessee and
southern Kentucky. Bacterial types identified in Tennessee
and Kentucky karst aquifers include heterotrophic aerobic
bacteria, ammonia-oxidizing bacteria, methanotrophic bac-
teria, anaerobic nitrate-reducing bacteria, iron-reducing
bacteria, and sulfur-reducing bacteria. Although these bac-
terial types have different geochemical requirements (e.g.,
aerobic or anaerobic conditions), the heterogeneity of the
karst aquifers allows these diverse bacteria to live in close
proximity to each other (Northup and Lavoie 2001). This
microbial diversity provides an inoculum of different bac-
terial types as aquifer geochemical conditions change, pos-
sibly in response to hydrologic changes or the encroachment
of contaminants or the application of supplements.

The documented rates of contaminant biodegradation in
karst aquifers varied based on the contaminant and the
aquifer geochemical conditions. Aquifers contaminated with
petroleum hydrocarbons tend to go anaerobic which slows
down the rate of biodegradation. Anaerobic benzene and
toluene biodegradation had half-lives ranging from 22 to
26 days (Byl et al. 2014), and, anaerobic crude oil
biodegradation had a half-life of 1.6 years (Spear et al.
2011).

3 Supplements and Residence Time
in the Karst Aquifers

The initial research concerning bioremediation in karst
aquifers focused on documenting biodegradation under
natural conditions. As more information about the
microbial community became available, the research
branched out to examine enhanced bioremediation in karst
aquifers using supplements. As part of that research,
methods were developed to measure residence time dis-
tribution and biodegradation in sections of the karst
aquifer intersected by wells (King et al. 2005). Conser-
vative tracers, such as salt, were injected into karst aquifer
contaminated with fuel components (benzene and toluene)
to calculate residence time in the test zones. The rate of
contaminant disappearance was compared to the decline
of the tracer concentration to determine whether benzene
and toluene were being removed at a rate that exceeded
nonbiological processes.

Chlorinated solvents are one of the contaminants of
concern in the karst aquifers of Tennessee (Wolfe et al.
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1997). In a study by Chakraborti et al. (2003), a sanitary
landfill situated on a karst terrain in northern-central Ten-
nessee had leaked chlorinated solvents, primarily tri-
chloroethylene (TCE), into a karst aquifer. TCE has been
found in water samples collected from eight wells screened
in the karst bedrock aquifer. A mixture of rhodamine dye,
sodium lactate, molasses, and soymilk formula was injected
into seven wells to determine if the mixture would enhance
biological reductive dechlorination of TCE. Electronic
monitoring devices were placed in selected wells following
injection to monitor changes in water levels, geochemistry
(temperature, pH, dissolved oxygen, and specific conduc-
tivity). No dissolved oxygen was present in the water of
any of the supplement-treated wells one week after the
mixture was injected. Water samples were collected every
few weeks over the following year to monitor bacteria,
sulfide, nitrate, trichloroethylene (TCE) and TCE-
breakdown products (cis-dichloroethylene, cDCE), and
dye. After eight months, there was an 85-100% decrease in
TCE concentrations in the supplement-enhanced wells, and
a 65-100% decrease in cDCE concentrations in six of the
wells. Two of the seven wells initially showed an increase
in cDCE as TCE went through reductive dechlorination to
form cDCE. Concurrent with decreases in TCE and cDCE,
there was a tenfold increase in sulfur-reducing bacteria and
sulfide concentrations from initial levels. The rate of TCE
disappearance in the supplement-enhanced wells was
approximately 2-10 times faster than the rate of tracer
reduction.

4 Conclusions

The bioremediation of contaminants in unconsolidated
aquifers has been well documented; however, the biore-
mediation of contaminants in karst aquifers is still being
researched. Factors that affect bioremediation in karst are
hydrology, geochemistry, and microbiology. Multiple
lines of evidence are needed to evaluate potential biore-
mediation in karst aquifers. These lines of evidence
normally include the following: (1) Geochemical data to
determine if conditions are suitable for biodegradation of
the contaminant, (2) laboratory or field microbiological
data that indicate bacteria capable of biodegrading the
contaminant are present at the site, as well as, data that
show contaminant concentrations are decreasing through
time, and (3) hydrologic data to assess residence time of
the contaminant in the aquifer.

References

Barton, H.A., and D.E. Northup. 2007. Geomicrobiology in cave
environments: Past, current and future perspectives. Journal of
Cave and Karst Studies 69 (1): 163-178.

Brown, J.T., Z. Ahmed, and T.D. Byl. 2014. Non-target bacterial
response to white-nose syndrome treatment: Quaternary ammonia
compounds and linear alkylbenzene sulfonate. In U.S. geological
survey karst interest group proceedings, ed. E.L. Kuniansky, and L.
E. Spangler, 155 p. Apr 29-May 2, U.S. Geological Survey S.L.R.
2014-5035, Carlsbad, NewMexico. 10.3133/sir20145035.


http://dx.doi.org/10.3133/sir20145035

100

T. Byl et al.

Byl, T.D., and S.D. Williams. 2000. Biodegradation of chlorinated
ethenes at a karst site in Middle Tennessee. U.S. Geological Survey
Water-Resources Investigations Report 99-4285, 58 p.

Byl, T.D., G.E. Hileman, S.D. Williams, and J.J. Farmer. 2001.
Geochemical and microbial evidence of fuel biodegradation in a
contaminated karst aquifer in southern Kentucky. In U.S. geological
survey karst interest group proceedings, ed. E.L. Kuniansky, 151-
156. Feb 13-16, U.S. Geological Survey Water-Resources Inves-
tigations Report 01-4011, St. Petersburg, Florida.

Byl, T.D., D.W. Metge, D.T. Agymang, M. Bradley, G. Hileman, and
R.W. Harvey. 2014. Adaptations of indigenous bacteria to fuel
contamination in karst aquifers in south-central Kentucky. Journal
of Cave and Karst Studies 76 (2): 104—-113.

Chakraborti, K., G. Hileman, L. Hampton, M. Greene, and T.D. Byl.
2003. Enhanced biodegradation of TCE in a karst aquifer using
lactic acid, molasses and soy milk. In Proceedings from the 14th
tennessee water resources symposium, Apr 9—11, Montgomery Bell
State Park, Burns, Tennessee.

Field, M.S. 1993. Karst hydrology and chemical contamination.
Journal of Environmental Systems 22 (1): 1-26.

King, L.K., R.D. Painter, and T.D. Byl. 2005. Adaptation of the
Residence Time Distribution (RTD)-biodegradation model to
quantify peroxide-enhanced biodegradation in a single karst well.
In U.S. geological survey karst interest group proceedings, ed. E.L.
Kuniansky, 174-179. Sept 12—-15, U.S. Geological Survey Scien-
tific Investigations Report 2005-5160, Rapid City, South Dakota.

Koélbel-Boelke, J., E.-M. Anders, and A. Nehrkorn. 1988. Microbial
communities in the saturated groundwater environment, II. Diver-
sity of bacterial communities in a Pleistocene sand aquifer and their

in vitro activities. Microbial Ecology 16: 31-48. doi:10.1007/
BF02097403.

Kuniansky, E. 2014. Taking the mystery out of mathematical model
applications to karst aquifers—A primer. In U.S. geological survey karst
interest group proceedings, ed. E.L. Kuniansky, and L.E. Spangler,
155 p. Apr 29-May 2, U.S. Geological Survey Scientific Investigations
Report 2014-5035, Carlsbad, New Mexico. 10.3133/sir20145035.

Northup, D.E., and K.H. Lavoie. 2001. Geomicrobiology of caves: A
review. Geomicrobiology Journal 18: 199-222. doi:10.1080/
01490450152467750.

Painter, R.D., S. Kochary, and T.D. Byl. 2005. Free-living bacteria or
attached bacteria: Which contributes more to bioremediation? In U.
S. geological survey karst interest group proceedings, ed. E.L.
Kuniansky, 180-186. Sept 12—15, U.S. Geological Survey Scien-
tific Investigations Report 2005-5160, Rapid City, South Dakota.

Spear, L., A. Williams, J. Brooks, C. Cobb, B. Cobb, M. Martin,
P. Armstrong, M. Bradley, and T. Byl. 2011. Aromatic-ring
biodegradation in soils from a crude oil spill on Clear Creek, Obed
Wild and Scenic River National Park. In Proceedings from the 21st
tennessee water resources symposium, 29. Apr 13—15, Montgomery
Bell State Park, Burns, Tennessee. http://tnawra.er.usgs.gov/2011/
Proceedings11.pdf.

Weary, D.J., and D.H. Doctor. 2014. Karst in the United States: A
digital map compilation and database. U.S. Geological Survey
Open-File Report 2014-1156, 23 p. 10.3133/0fr20141156.

Wolfe, W.J., C.J. Haugh, A. Webbers, and T.H. Diehl. 1997. Preliminary
conceptual models of the occurrence, fate, and transport of chlori-
nated solvents in karst aquifers of Tennessee. U.S. Geological Survey
Water-Resources Investigations Report 97-4097, 80 p.


http://dx.doi.org/10.1007/BF02097403
http://dx.doi.org/10.1007/BF02097403
http://dx.doi.org/10.3133/sir20145035
http://dx.doi.org/10.1080/01490450152467750
http://dx.doi.org/10.1080/01490450152467750
http://tnawra.er.usgs.gov/2011/Proceedings11.pdf
http://tnawra.er.usgs.gov/2011/Proceedings11.pdf
http://dx.doi.org/10.3133/ofr20141156

Investigating and Remediating Contaminated
Karst Aquifers

Malcolm S. Field

Abstract

Subsurface investigations of contaminated karst aquifers are generally regarded as
extremely difficult. The difficulty not only is partly a result of the significant heterogeneity
and anisotropy created by the existence of open and plugged ramiform conduit systems, but
is also a result of the existence of an overlying epikarst. Even more intractable is the
effective remediation of contaminated karst aquifers for basically the same reasons. The
difficulties associated with investigating and remediating karst aquifers are further
exacerbated when situated in areas with complex folding and faulting of strata. Couple
the specifics of various contaminant types of varying degrees of reactivities, densities, and
miscibilities (e.g., VOCs, LNAPLs, DNAPLs) with the complexities typical of karst
terranes and the limitations of comprehensive karst investigations and effective remediation
techniques quickly become evident. Typical remediation techniques, such as
pump-and-treat operations, in situ thermal treatments, in situ chemical oxidation,
bioremediation, and monitored natural attenuation all exhibit significantly reduced
performances relative to other types of aquifers. Partially in recognition of the challenges
associated with specific contaminant types and groundwater investigations and remediation
techniques when applied to contaminated karst terranes the U.S. EPA developed the
concept of a TI (Technical Impracticability) waiver in which remediation below MCLs
(maximum contaminant levels) may not be required. Very few TI waivers have ever been
issued, however, and obtaining a TI waiver is quite formidable. Remediation down to
MCLs is a desirable goal, but the vagaries of karst terranes fully justify the concept of a TI
waiver at some complex sites.

1 Introduction

relationships associated with the dissolutional aspects of
carbonate and sulfate rocks. For instance, if one or more

Karst aquifers are much more susceptible to contamination resurgences are evident in a karst terrane then the existence
than are other aquifers (e.g., porous-media and fractured- of one or more discrete subsurface flow reaches is con-
rock aquifers). The susceptibility is related to the functional firmed, at least for the discharge end of the aquifer. Simi-

larly, if one or more sinkholes, sinking streams disappearing
into swallow holes, and/or losing streams leaking through

Disclaimer The views expressed in this paper are solely those of the their beds are found to exist, then the existence of one or
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more discrete subsurface flow reaches is confirmed, at least
for the recharge end of the aquifer. These discrete flow
reaches are solution conduits that were formed by the dis-
solution of the rock along selected planes of weakness,
typically bedding-plain partings and fractures.
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Pollutant releases into sinkholes, sinking streams, and/or
losing streams allow for relatively concentrated contaminants
to rapidly infiltrate and migrate through the subsurface for
discharge at the downgradient springs unless intercepted by
production wells. Diffuse percolation through less defined
surface openings is common as well, which tends to be ignored
because of the apparent extreme situation of concentrated
contaminant inflow via typical karst surface features.

Common geological structures, such as folded, fractured,
and faulted terranes, also add to the complexity of karst
areas. In addition, rapidly changing stratigraphic layers,
overturned beds, and degrees of rock purity can also be
significant in regard to water transit, fate-and-transport of
contaminants, and aquifer remediation.

Although ostensibly simple and straightforward,
groundwater flow and solute migration through solution
conduits are extremely difficult to assess, even in flat lying
relatively pure limestones (e.g., Barceloneta, P.R), because
of the typical inaccessibility of the conduits, either by direct
exploration or indirectly by boreholes. Figure 1 is a sim-
plified schematic of a flat-lying karst aquifer illustrating the
basic migration of water and contaminants down to the
underlying aquifer, to and through the main trunk conduit,
and ultimately discharged at a downstream resurgence.
Unfortunately, only input and outlet locations typically may
be determined along with transport velocities and some
related parameters (e.g., dispersivities).

Behaviors of specific contaminants also can greatly
complicate the assessment of contaminant fate-and-transport
and aquifer remediation. Volatile and semi-volatile con-
taminants (VOCs and SVOCs, respectively) will both flow
along with the subsurface waters in a karst terrane but the
volatility of such contaminants, depending on the Henry’s
Law constant for each, will result in the vapor phases of the
VOCs and SVOC:s of such contaminants to migrate through
the vadose zone. Concentrating the vapor phases in vadose
caves and homes can become extreme and dangerous from
an emergency perspective (e.g., Crawford 1984). Light
nonaqueous-phase liquids (LNAPLs) will float on the sur-
face of subsurface waters and migrate with the subsurface
waters. Dense nonaqueous-phase liquids (DNAPLs) will,
under the pull of gravity, displace the subsurface waters and
sink as rapidly as possible down to the bottom of the aquifer
and will flow as a dense mass along the bottom of the
aquifer. Concurrently, the DNAPL will slowly dissolve into
the water and this dissolved phase will flow along with the
water according to the hydraulic gradient (Fig. 2).

Assessing actual contaminant reactivities within a karst
aquifer is, in general and within solution conduits specifi-
cally for all practical purposes, impossible. However,
understanding contaminant reactivities in the subsurface is
essential if contaminant migration and exposures are to be
understood, and if remediation approaches are to be devised.

The purpose of this paper is to present a somewhat basic
overview of the efforts to understand contaminant
fate-and-transport suggest a possible approach, and consider
remediation in karst aquifers.

2 Recognition of Karst

Recognizing the existence of a karst terrane is sometimes
quite difficult. Obvious evidence for the existence of a karst
terrane is the existence of one or more sinkholes in the area;
sinkholes are regarded as diagnostic of karst (Waltham et al.
2005, p. 26). However, the absence of sinkholes is not
indicative that the terrane is not karstic.

Although karst has been defined many times by different
people over a number of years (see, for example, Field
2002), it is important to note that there are many different
degrees of karstification. The appearance of karst also varies,
but much of the literature fails to adequately describe karst
as it may exist at any particular location (Quinlan 1978,
p- 1). Quinlan (1978, p. 25-29) developed a very compre-
hensive karst-classification scheme that has withstood the
test of time (White 2011). According to White, Quinlan’s
classification scheme continues to work well for karst
landforms formed by descending (top down) meteoric water
(Table 1).

Recognition of the existence of a karst terrane is critical
to any attempts to characterize site contamination, solute
fate-and-transport in groundwater, discharge of the con-
taminants, exposure and risk assessments related to the
contamination, and remediation of the contamination. The
question of a site possibly being karstic requires that the
investigator forego the typical definitions for what consti-
tutes karst as might be found in Field (2002), and instead
consider a definition more representative of environmental
concerns, especially as it might be applied to groundwater
quality. Consider, for example, Figs. 3, 4, and 5, which
document three different examples of a karst terrane. Fig-
ure 3 is an example of a sinkhole plain in the Barceloneta,
PR area. It will be noted from Fig. 3 that large solution
conduits must exist in the north coast aquifer. However,
Fig. 4 shows a block of limestone from the north coast of
Puerto Rico illustrating the typical vuggy aspect of young
tropical limestones, which would suggest that solution
conduits are unnecessary for the transmission of significant
quantities of water and contaminants (e.g., Vik et al. 2012),
but this is an incorrect interpretation of the geology. Figure 5
is an example of very tight Paleozoic limestones in Mary-
land, USA, which clearly illustrates the need for solution
conduits for the rapid transport of large quantities of water
and contaminants.

Therefore, given the very wide range of karst terrane
types, a reasonable working definition of Kkarst with
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Fig. 1 Block diagram depicting the hydrological relationships that
exist in a maturely karsted terrane in gently dipping rocks of a
low-relief landscape. The cave is fed by / sinking streams, 2 vertically
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environmental concerns would be (Quinlan et al. 1991): “As
a generalization, if carbonate rocks such as limestone, mar-
ble, or dolomite are present, or if more soluble rocks such as
salt or gypsum are present, assume that the water moving
through these rocks is in a karst aquifer—until or unless
convincingly proved otherwise.” Stated more succinctly:
“Any soluble rock terrane is karst unless or until proven
otherwise.”

2.1 Some Reasons Why Karst Is Such a Problem
In recent years, more and more karst professionals have
begun recognizing the problems associated with karst aqui-
fers, specifically the nature of groundwater flow. Unlike
more commonly understood porous-media and fractured-
rock aquifers (in which the rock is considered to be so highly
fractured that it is said to mimic a porous-media aquifer) is

Cave Stream
at Bottom
ol Sinkhole

Concentrated Allogenic _ Ditfuse
- Allagenic
Recharge from
Sinking Stream o Recharge
b Theaugh
Siltstone

TYPES OF FLOW
(1) Overlana

@ intertiow

(3) Subcutaneous
@ shant

(& vadose

(€) vadose Seepage
(7) Vadose Stream
(F) Phreatic Seepage
(@ Serime Discharge

(tG) Ditluse Discharge

NO CONSISTENT SCALE

cave streams, and 4 seepage through conduit walls. Contaminants will
enter the aquifer through the same mechanisms that control water
inflow (after Quinlan 1989)

that most of the flow is constrained to select solution con-
duits (Fig. 1).

Water and contaminants primarily enter the subsurface
via discrete points such as sinking streams and sinkholes, but
may also percolate through overlying materials. The con-
taminants then mostly migrate via the solution conduits, but
exceptions do exist (e.g., Dense Nonaqueous—Phase Liquids
[DNAPLs]). Contaminant transport rates can be very rapid
(e.g., several meters per hour) and discharge of the con-
taminants typically occurs at discrete locations (e.g.,
springs). Long-term storage in the subsurface can still occur
as well (e.g., Even et al. 1986) resulting in a long-term
contaminant source.

Unlike terrestrial Paleozoic limestones, the north coast
karst aquifers of Puerto Rico is riddled with vugs (Fig. 4),
which has led some groundwater professionals to consider
the north coast karst aquifers to resemble giant sponges and
to transmit water and contaminants in the same manner as
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Fig. 2 Downward and lateral
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porous-media aquifers. This misunderstanding of the nature
of water and solute migration in karst aquifers has led to
serious errors in the assessment of subsurface solute trans-
port. The fact that sinkholes (some very large—the famed
Arecibo Observatory is built in a large sinkhole) and springs
exist is sufficient evidence that water and solute migration
occurs primarily via solution conduits. It is physically
impossible for the subsurface to absorb the massive quan-
tities of water that wash down sinkholes if the sinkholes are
not connected to solution conduits and the existence of
springs are clear evidence that discharge is via discrete
pathways. Vuggy carbonate aquifers are incapable to
receiving and absorbing large quantities of water that flow
into sinkholes during large precipitation events.

3 Karst Aquifer Contamination

When the public thinks about groundwater pollution, they
generally think of industrial pollution and chemical spills
from pipelines, trucks, and rail cars, but many other human
activities often result in aquifer contamination as well. For
example, agricultural activities such as CAFOs (Concen-
trated Animal Feeding Operations) often result in the release
of major inorganic compounds, nitrates, phosphates, heavy
metals (Liu Xueping et al. 2015), steroid hormones (Lui
Shan et al. 2012; Lange et al. 2002), antibiotics, other
pharmaceuticals (Shore and Pruden 2009, p. 3), and micro-
bial pathogens (Hribar 2010, pp. 8-10; Fleming et al. 1997).
While the possible environmental risks posed by major
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Table 1 Classification of karst
types as proposed by James F.
Quinlan (after Quinlan 1978)

Cover

A. Covered Kkarst
1. Subsoil karst
2. Mantled karst
3. Buried karst
4. Interstratal karst
5. Subaqueous karst
a. Drowned karst
b. Subfluvial karst
c. Submarine karst
6. Sulfate-reduction karst
B. Exposed karst
1. Naked karst
2. Denuded karst
3. Exhumed Kkarst

Climate

A. Humid temperate

B. Humid tropical

C. Humid, arctic, and subarctic
D. Arid, semi-arid

E. Alpine, subalpine

Hydrology

A. Origin of water
1. Nonhydrothermal
a. Meteoric
b. Marine
c. Water of dehydration
2. Hydrothermal
a. Meteoric
b. Meteoric plus magmatic
B. Aquifer properties
1. Degree of confinement
a. Unconfined
i. Open
ii. Capped
b. Confined
i. Artesian
ii. Sandwich
c. Partly confined
i. Perched
(a) Open
(b) Capped
ii. Leaky

Lithology

A. Rocks
1. Carbonate

a. Limestone

b. Dolomite
c. Chalk
d. Caliche

e. Phosphatic limestone
f. Other sedimentary carbonates
g. Other carbonate-cemented

h. Marble
i. Magnesite

j- Carbonatite

2. Sulfate

a. Gypsum, anhydrite
b. Other (Epsomite)

. Halide

. Sulfur
. Nitrate
Borate

O 0N AW

. Interbedded carbonate

. Noncalcareous
. Noncarbonate

B. Unconsolidated sediment

1. Carbonate
2. Sulfate
3. Halide

4. Siliciclastic

5. Alluvium

Geologic structure

A. Undeformed rocks

1. Flat-Lying
2. Homoclinal

B. Deformed rocks

1. Folded

2. Faulted

3. Folded and faulted
4. Diapiric

5. Other
Modification

A. No modification

B. Changes in climate

C. Anthropogenic changes
D. Burial

E. Rejuvenation

F. Drowning

G. Mineralization

H. Glaciation

1. Melting

J. Abandonment

Physiography

A. Relation of karst area
1. Allogenic streams
2. Autogenic streams
B. Regional landform
1. Plain and plateau
2. Mountains and isolated massifs
3. Valley and ridge
4. Coast

Dominant landforms

A. Doline karst

B. Cone karst

C. Cockpit karst

D. Tower karst

E. Crevice karst

F. Arete and pinnacled karst
G. Pavement karst

(continued)
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Table 1 (continued)
Hydrology

2. Type of flow
a. Diffuse
b. Conduit
3. Depth of flow
a. Superficial
c. Deep
4. Dominant flow direction
a. Near-horizontal
b. Near-vertical
i. Descending
ii. Ascending
c. Inclined
5. Thickness of aquifer
a. Thin
b. Moderate
c. Thick
6. Number of aquifers
a. One
b. More than one
7. Recharge
a. Type
i. Diffuse
ii. Concentrated
b. Source
i. Direct infiltration
ii. Other aquifers
iii. Spill-over
iv. Bodies of water
v. Other
8. Discharge
a. Type
i. Diffuse
ii. Concentrated
b. Destination
i. Into other aquifers
ii. Over impermeable beds
iii. Into bodies of water

inorganic compounds, nitrates, heavy metals, and microbial
pathogens to human health are reasonably well understood,
the risks posed by various pharmaceuticals to human health
are only just now beginning to be recognized.

The public also tends to consider mostly organic chemi-
cals developed in laboratories, when they think of industrial
contamination, which is not necessarily incorrect, but other
pollutant types are also of concern. In general, industrial
chemicals may be regarded as more serious pollutant relea-
ses and in some instances more common as well. For
example, the most commonly occurring chemical contami-
nate that may be found at Superfund sites is tri-
chloroethylene (TCE), which is typically used for degreasing
operations. Polychlorinated biphenyls (PCBs) are also
ubiquitous because they are typically included in lubricating
oils to help cool the oils.

Typical pollutant releases occur from any number of
human activities, such as wastewater discharge (Fig. 6).

Modification Dominant landforms

Many of the releases occur as spills from shipping accidents,
loading/unloading sites (Fig. 7), leaks from landfills and
surface impoundments (Fig. 8), sinkhole formation beneath
disposal sites (Fig. 9), leaks from underground tanks
(Fig. 10), leachate from waste piles (Fig. 11), leaks from oil
and gas well drilling operations, and illegal waste disposal or
dumping.

3.1 Need to Understand the Contaminant

Properties

Understanding basic contaminant properties and related
behavior in karst aquifers is essential to the determination of
contaminant transport and any possible remediation approa-
ches. TCE, for example, is classed as a Dense Nonaqueous
Phase Liquid (DNAPL) that when released initially sinks
down to the water table where it initially ponds until it



Investigating and Remediating Contaminated Karst Aquifers

107

Fig. 3 Sinkhole plain on the
north coast in the Barceloneta
area of Puerto Rico with an
industrial facility in the
background and surrounded by
magotes (residual limestone
hills). The frequent occurrence of
new sinkholes in the region has
routinely caused numerous
problems for the industrial
facilities in the area

Fig. 4 Block of vuggy limestone
from the north coast karst aquifer
of Puerto Rico

exceeds what is known as the organic entry pressure. Once
the organic entry pressure is exceeded, TCE displaces the
groundwater and sinks directly to the bottom of the aquifer
unless it becomes temporarily perched on obstructions, which
would be typical of karst aquifers. TCE then continues

flowing down the dip of the rock or along the base of a
solution conduit as a density phase while slowly dissolving;
the dissolved phase will migrate with the prevailing
groundwater-flow direction (Fig. 10). Lastly, TCE will also
slowly degrade to vinyl chloride, will rise up into the vadose
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Fig. 5 An example of the
complex geology of the
Stonehenge Formation at a cut in
a quarry several miles to the south
of Hagerstown, Md

Fig. 6 Industrial wastewater
disposal into a reinforced
sinkhole at the RCA del Caribe
Superfund Site, Barcenoneta, P.R.
The reinforced sinkhole was
classed as an injection well and
the wastewater disposal was
operated under an approved
permit

zone, migrate as a vapor phase, accumulate in open spaces
(e.g., basements), and is much more toxic than was the
original TCE. PCBs, on the other hand, exist as numerous
congeners, has a retardation factor of about 30,000, which
supposedly means that the PCBs cannot migrate from the
point of release. However, PCBs tend to readily sorb onto
clay particles and colloids, which in turn are transported with
the flow of groundwater by a process known as facilitated
transport (Huling 1989; Reimus 1995; Morales 2011). Facil-
itated transport may be especially prevalent in karst aquifers
because the large open solution conduits typical of karst

aquifers allow for the transport of large quantities of
sediments.

3.2 Appropriate Sampling Methodologies

In most instances, groundwater sampling consists of the
collecting grab samples from selected locations (e.g., mon-
itoring wells and springs), which is true for karst aquifers
especially if the sampling locations were shown by tracing
studies to be connected to the area or specific point of
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Fig. 7 Aerial view of the RCA
del Caribe Superfund Site,
Barcenoneta, P.R. where small
and large spills from tanker trucks
occurred during normal
operations. Note the four liquid
hazardous waste surface
impoundments at the top of the
photo and the sinkhole evident in
the left-most surface
impoundment

Fig. 8 Unlined liquid hazardous
waste surface impoundment
operated at the RCA del Caribe
Superfund Site, Barceloneta, P.R

contaminant release. Unfortunately, simple grab sampling in
karst aquifers has been shown to be almost useless
because contaminant migration in karst aquifers typically
occurs as inconsistent pulses. These inconsistent contaminant-
discharge pulses make the detection of contaminants almost
impossible to detect, because it can be nearly impossible to
schedule sample collection during the same period that the
contaminants are emerging.

3.2.1

Event-Driven Sampling

In an effort to resolve the problem of collecting grab samples
when contaminants are actually emerging, Quinlan and
Alexander (1987) proposed an event-driven sampling
scheme based on precipitation occurrences. Water samples
are scheduled to be collected at selected sampling station
before the start of a large precipitation event is to occur and

to continue at a predetermined sampling frequency
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Fig. 9 Lined liquid hazardous
waste surface impoundment
operated at the RCA del Caribe
Superfund Site, Barceloneta, P.R
that was breached by a large
sinkhole. All the liquid waste was
rapidly flushed underground

throughout the entire storm event, possibly generating hun-
dreds of samples over a very short timeframe.

However, planning to be at a sampling station before a
large precipitation event is to occur and to be able to collect
an appropriate number of samples during the rising limb of
the storm-event hydrograph and somewhat lesser number of
samples during the recession limb of the hydrograph can be
onerous, especially if it is later determined that the storm was
of insufficient size and/or duration to justify analyzing the
water samples.

3.2.2 Passive Sampling

Passive sampling may be defined as any method that is
based on the free flow of contaminant molecules from the
sampled media to a receiving phase in a passive sampling
device as a result of differences between the chemical
potentials of the analyte in the two media (Gorecki and
Namiesnik 2000; Vrana et al. 2005). Passive-sampling
methods are generally classified as either adsorptive or
absorptive. Adsorptive methods take advantage of the
physical or chemical retention by surfaces and rely on
parameters that involve surface binding and/or surface area.
Absorptive methods involve not only surface phenomena but
also analyte permeation into the interceding material.
This latter approach provides the possibility for compound
discrimination because of the membrane’s physicochemical
characteristics (Kot et al. 2000). Applying a passive-

sampling methodology at selected sampling stations in a
karst terrane may allow for the collection of time-weighted
average contaminant concentrations that will smooth out the
typically spiky nature of pulse contaminant releases but will
also be less likely to miss the emergence of contaminants
(e.g., see Schwarz et al. 2011). However, considerable
pre-analysis of the selected passive sampling device(s) is
necessary prior to application. For example, use of any
passive sampling device requires knowledge of the actual
sampling-collection rate of the sampling device. Still,
application of passive sampling devices holds great promise
for the reliable collection and analysis of contaminated karst
aquifers.

4 Karst Aquifer Remediation

The concept of remediating karst aquifers is a profound one
because of the old adage, “it sounds much easier than it really
is.” A typical approach to aquifer remediation is generally
termed pump-and-treat in which contaminated groundwater
is pumped out of the aquifer, treated until cleansed of pol-
lutants, and then either re-injected back into the aquifer or
disposed elsewhere. This remediation approach works to
varying degrees of success, but is almost useless when
applied to karst aquifers because of the extreme heterogeneity
and anisotropy of karst aquifers, the limited diameter and
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Fig. 10 Excavated gasoline
storage tank in Poolesville, Md.
The left arrow points to a painted
area of the tank where rusted
small holes (~1 cm in diameter)
were noted. The right arrow
points to the lower right side of
the tank where the backhoe
penetrated the tank during the
excavation process

length of the enclosed solution conduits, and the nature of the
flow regime within the solution conduit.

Consider, for example, the installation of a pump-and-treat
extraction well (a form of hydraulic control) installed in a
flat-lying terrestrial karst aquifer that is expected to pump out
contaminated groundwater. An immediate problem that
could affect the extraction well would be the typical aniso-
tropy of karst aquifers. Figure 12 depicts the calculated
transmissivity tensor for a pumping well installed in a karstic
aquifer located in Frederick, Md. It is apparent from Fig. 12
that rather than the hoped for symmetrical cone of depression
created by the pumping well (envision a funnel), extreme
anisotropy exists as evidenced by the elongated transmis-
sivity tensor in the NE-SW direction.

Even more basic and significant is the near impossibility
of siting the necessary extraction wells in the aquifer solu-
tion conduits. If, however, by fortuitous good luck one or
more extraction wells were actually sited in one or more
solution conduits in which contaminants are migrating,

pumping the wells would likely be problematic. First, it is
very possible that pumping the wells at a high-enough rate to
be effective would cause the solution conduit to be drained
because it is highly unlikely that the solution conduit would
be a gigantic pipe physically similar to those explored by
scuba divers in the Floridan Aquifer System. Rather, the
intersected solution conduits would more likely be very
small and include constricted zones throughout their length.
Second, the typically large quantities of accumulated sedi-
ments in solution conduits would likely clog the extraction
wells very quickly and repeatedly.

There are numerous other methodologies that fall under
the category of aquifer remediation such as air sparging,
in situ chemical oxidation, multiphase extraction,
waterflooding, surfactant enhancement, biostimulation, nat-
ural attenuation, thermal destruction, physical barriers, and
treatment barriers (USEAC 2002; Kresic and Mikszewski
2013, pp. 425-479) but they all have one thing in common,
the need to target the subsurface contamination, which is
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Miller lumber
wasle pile

Fig. 11 Illegal Miller Lumber waste pile formed from sawdust of
plywood and particle boards. Leachate from the waste pile was stored
in the leachate lagoon in which ammonia concentrations commonly

almost always likely to fail when the aquifer is karstic. To
that end, contaminated karst aquifers often fall under the
special category of Technical Impracticability (TI) Waivers
(USEPA 1993, 2011, 2012) meaning that actual remediation
of the contaminated karst aquifer cannot be achieved due to
the technical implausibility that an existing remediation
technology could be effective, regardless of how much effort
and financial resources are expended. A TI determination
may be most particularly appropriate when the karst aquifer
is contaminated with a DNAPL, although TI Waivers are
generally considered appropriate for any type of aquifer
contaminated by DNAPLs (Dawson and Golian 2001).

4.1 What Is a Tl Waiver?

Technical Impracticability, or TI, refers to the realization
that aquifers contaminated by DNAPLs may be impossible
to remediate to expected goals (e.g., Maximum Contaminant
Levels), which then require consideration of ARAR
(Applicable or Relevant and Appropriate Requirement)

ranged from 2000 to 8000 mg/L. The lagoon was breached as often as
every two years resulting severe surface water and groundwater
contamination

Waivers. ARAR waivers represent alternative potentially
more realistic remediation goals such as allowing for greater
risk levels, interim measures, equivalent standard of per-
formance, inconsistent application of state standards, and
fund balancing (Kresic and Mikszewski 2013, p. 481). A TI
Waiver does not, in general, require or even suggest that no
remedial action is the expected decision to be implemented
as part of an EPA Record of Decision (ROD). No remedial
action may be the decision to be taken but only after
determination that no other ARAR may be workable.

4.2 Why Is a Tl Appropriate for Application
to Contaminated Karst Aquifers?

As explained in the Introduction of this paper, the com-
plexity of a typical flat-lying karst aquifer can be significant.
If the karst aquifer is situated in an area of folded and faulted
rocks such as occurs in portions of the Appalachians, the
complexity multiplies. Couple this complexity with some
contaminants, such as DNAPLs, and the ability to fully
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Fig. 12 Transmissivity tensor of a pumping well installed in the karst
aquifer in Frederick, Md. It will be noted that the dominant
transmissivity is in the NE-SW direction, which limits the withdrawal

investigate, assess, and remediate the contamination
becomes overwhelmingly difficult and costly. Even when
site investigation has been comprehensive and reasonable
understanding of the karst aquifer and contamination have
been achieved, effective remediation of the aquifer may
remain elusive no matter which remedial methods are
selected and no matter how much money is expended. As
such, it is appropriate for TI Waiver to be considered during
the period in which remedial actions are being debated.

5 Summary

Karst aquifers represent the most complex of all aquifer types.
Typical aquifer investigative techniques have been known for
many decades to, at times, be even worse than not investigating
at all because the significant potential for misinterpreting the
information gained. For example, conventional grab sampling
will most often result in no detections of any contaminants

o76° R m

¢e = 9390.04 ft?/d
T _ =2030.07 ft2/d

S = 1.582E-02

of water in the NW-SE direction. For contaminant extraction, this
degree of aquifer anisotropy can be very problematic

because of the typical pulse-releases of the contaminants con-
strained to and migrating through solution conduits.

Remediating contaminated karst aquifers is even more
difficult because of the difficulties in locating and accessing
the sources of subsurface contaminants (e.g., DNAPLs) and
the mobile phases of the contaminants (gaseous and liquid)
because of our basic inability to adequately locate the
solution conduits that the contaminants are traversing. Our
inability to apply conventional remediation technologies
thus require alternative approaches.

The most likely alternative approach to remediating a
contaminated karst aquifer is the consideration of Technical
Impracticability (TI) Waivers. A TI waiver allows, after
thoroughly investigating the nature and extent of the con-
tamination and the hydrogeological conditions, for the pos-
sibility of remediating the aquifer to some less stringent
requirements. In extreme cases, natural attenuation may be
the most appropriate remediation choice, but long-term
monitoring at discharge locations will necessarily be
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warranted to ensure that contamination levels are in fact
decreasing over time.
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Electrochemical Remediation of Contaminated
Groundwater: Pilot Scale Study

Savannah Gregor, Noushin Fallahpour, Ljiljana Rajic,

and Akram Alshawabkeh

Abstract

Electrochemical technologies for groundwater treatment use a low-level direct current
(DC) through electrodes in wells, which enables manipulation of groundwater chemistry.
There are several advantages to this approach: 1) It is sustainable and can be driven by a
renewable energy source (e.g., solar power), 2) it does not require the addition of solutions
or chemicals into groundwater, and 3) the rates of redox reactions can be controlled by
adjusting electric current intensity. Two transformation mechanisms are evaluated within
this approach depending on electrode materials used: electrochemical reduction of
contaminants using iron anodes and foam cathodes, and electrochemical oxidation of
contaminants by generation of reactive oxygen species (ROS) using inert electrodes. The
first step in implementation of electrochemical technologies is the development of an
electrolytic reactor within the aquifer. The effects of the concentration of added ferrous
ions, salts, and operational conditions such as flow rates and current density have been

considered to optimize the remedial system conditions.

1 Extended Abstract

Karst aquifers are highly productive and also susceptible to
contamination. Since groundwater transport occurs under
relatively high flow rates in aquifers in karst terrain, the
contamination spreads unfiltered to wells and other drinking
water sources connected to the aquifer. Therefore, develop-
ment of efficient technologies to remediate contaminated
groundwater and minimize health risks is necessary.
Electrochemical-based technologies are a viable option for
treatment of groundwater in karst regions. One of the
approaches that has been investigated is the use of solar
panels to generate a low-level direct current through elec-
trodes in wells and to enable manipulation of groundwater
chemistry by in situ electrolysis leading to reduction and/or
oxidation of contaminants (Yuan et al. 2013; Rajic et al.
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2014; Mao et al. 2012). This approach has several advan-
tages: (1) it is sustainable and driven by a renewable energy
source; (2) it is environmentally friendly because it does not
require the addition of solutions or chemicals into ground-
water; and (3) the rates of redox reactions can be easily
controlled by adjusting electric current intensity.

The electrochemical reactors are designed to be imple-
mented in the wells and operate under groundwater circula-
tion. They are optimized to promote electro-Fenton reaction in
the presence of Pd catalyst by using the titanium-based mixed
metal oxide electrodes (Fig. 1). We tested the application of
electro-Fenton reaction under a current of 250 mA to treat
large volumes of water (10 L) in the setup presented in Fig. 2,
under different flow (20 and 500 mL minfl), in the presence
of different ferrous ion concentrations (5 and 10 mg L™, and
in the presence of bicarbonates (413 mg L™"). We measured
the changes of temperature, conductivity, and pH during the
treatment. We used Reactive Blue 19 dye as a model com-
pound and measured the concentration decay at 490 nm as
well as the changes in total organic carbon (TOC) during the
treatment. The values of temperature (22.4 + 0.5 °C), con-
ductivity (1.169 £ 0.52 mV), and pH (6 % 0.5) negligibly
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Fig. 1 The Electro-Fenton mechanism. From Yuan et al. (2013)
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Fig. 2 The Electrochemical setup

changed in the treated water which is of great importance for
real application and minimizing the influence of the treatment
on the surrounding soil.

During experiments, it was found that the lower flow
rates, higher concentrations of ferrous ions, and the absence

of bicarbonates resulted in more effective dye removal rates
according to both color decay at 490 nm and TOC changes
(Fig. 3). The higher amount of ferrous iron promotes min-
eralization of dye via reaction with hydroxyl radicals. The
presence of bicarbonates inhibits the hydroxyl radical for-
mation because of high buffering capacity (hydrogen
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Influence of the Flow Influence of Ferrous Iron

Influence of Bicarbonate

Fig. 3 Concentration decay of Reactive Blue 19 and TOC changes during the treatment

Concentration

Changes of Blue-19 concentration during treatments

12

—@— 5mg L-1 Fe(ll)

1.0 1
—¥— 10mg L' Fe(ll)

0.8 -

0.6 -

CiCo

0.4 4

0.2 4

0.0

Time (h)
1.2

0 20 40 60 80

—8— 20 mL min™!
—¥— 500 mL min”!

1.0

0.8

06 -

CiCo

0.4 -

0.2 -

0.0

Time (h)
1.2

0 20 40 60 80 100 120

—@— NapS04, CaSOy4

L —— NaHCO3, CaSO4

0.8 4

0.6

CiCo

0.4 -

0.2 -

0.0

0 20 40 80
Time (h)

CICo

C/Co

CiCo

Changes of TOC during treatments

12

1.0

0.0

—@— 5mg L1 Fe(ll)
—¥— 10mg L-"1 Fe(ll)

1.2

20 40 60 80
Time (h)

1.0

0.8

0.6

0.4 -

0.2 1

0.0

—@— 20mLmin""!
—¥— 500 mL min~1

1.2

20 40 60 80 100 120
Time (h)

1.0

0.8

0.6 4

0.4 -

0.2 4

0.0

—@— Na2S504, CaS0Oy4
—y— NaHCO3, CaS04

20 40 60 80
Time (h)



120

S. Gregor et al.

peroxide formation over Pd catalyst requires low pH) as well
as by scavenging the generated radicals. The increase in the
flow lowers the electro-Fenton reaction rate which adversely
influences the dye removal.

Further improvements of the electrochemical setup are
needed to promote reactions under high flow rates and
carbonate/bicarbonate presence.
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Water Tracing Tests and Public Health in Karst

Areas

William K. Jones

Abstract

Water tracing using injected fluorescent dyes or salts is an established method to study
water movement in karst aquifers. The tests determine connections between points where
water sinks and reappears in springs and wells. Quantitative monitoring of tracer
concentration at the resurgences over time can also help predict the rate of movement of
contaminants or pathogens through the aquifers. Tracer tests have been used to document
the source of waterborne illnesses in karst areas since 1872.

1 Introduction

Karst is characterized by rapid recharge and flow paths that
may not follow surface drainage patterns. Predicting the flow
direction of groundwater in karst terrains is generally diffi-
cult using “conventional” models that assume laminar flow
and a continuum of water with no consideration of discrete
turbulent flow through conduits (Goldscheider and Drew
2007).

Water tracing using injected fluorescent dyes or salts is
an established method to study water movement in karst
aquifers (Fig. 1). These tests are economical, and the results
can be determined in real time using data-logging field
fluorometers. The tests determine connections between
points where water sinks and reappears in springs and wells
(Kiss 1998; Jones 2012). Fluorescent tracers are sometimes
injected or mixed with the contaminants at an active spill
site because the tracers are more easily monitored than
bacteria or most other chemical constituents. The tracer test
results should be representative of velocities and connec-
tions under the flow levels at the time of the test. Very high
flow conditions may force flow into upper-level conduits
that resurge at additional points.
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Quantitative monitoring of tracer concentration over time
at the resurgences can also help predict the movement of
contaminants or pathogens through the aquifers. A number
of salt-based tracers are available, and their recovery char-
acteristics should mimic dissolved contaminants with similar
sportive tendencies. The hydrologic connections established
using dissolved dyes generally apply to the movement of
suspended particulate material and NAPLS, but the travel
times may be somewhat faster for particulates (Vesper et al.
2016; Bandy et al. 2016). DNAPLS in particular may move
down bedding plane partings against the apparent flow
direction.

2 Lausen, Switzerland

A test reported from Switzerland in 1872 used salt to show
that the source of a typhoid epidemic affecting a fifth of the
town’s population was sewage in a stream sinking 700 m
south of Lausen (Fig. 2). The tracer (9 kg of NaCl) reached
the town’s water supply spring within 24 h (Kéiss 1998).

3 Lewisburg, West Virginia, USA

Towns situated on karst, especially those far removed from
surface streams, are faced with unusual obstacles in col-
lecting and disposing of municipal sewage. The town of
Lewisburg, situated on a mature karst plain with no nearby
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Fig. 1 Photograph showing the
tracer dye fluorescein sodium in a
sinking stream. Recovery
concentrations are generally kept
below the visual threshold (about
100 ppb), and the limit of
detection is less than 0.1 ppb

Fig. 2 Sketch showing houses
with typhoid cases (solid color
squares) and result of tracer test
from the farm with the first
reported case to the town spring.
A few houses in town had
individual wells and no typhoid
cases. After Kiss (1998)

Buch }’afdenﬁad, )

Sink Point

st yphoid Case
o 500 m
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Fig. 3 Map showing result of
tracer test from the Lewisburg
sink to Davis Spring

Asbury [0

surface streams, simply let all the domestic wastewater dis-
appear into the porous epikarst without any treatment. The
town had resisted installing sewer lines and treatment with
the argument that the sewage disappeared into the earth and
was not causing any problems. Tracer tests conducted in the
1970s determined that the sewage reappeared 10 km away at
Davis Spring (Figs. 3 and 4) on the Greenbrier River with a
travel time of 18 days (Jones 1997). It should be noted that
bacterial sampling of the spring showed only a few cases of
elevated counts following storm events and a week after the
annual state fair in August of each year. The town received a
grant to install collector lines and a treatment plant the fol-
lowing year.

4 Union, West Virginia, USA

The town of Union also lacked sewage treatment, and this
water reappeared at a spring 2.7 km distant with a travel
time of less than 2 days. The family using this spring for
their drinking water reported a case of typhoid fever. The
town built a sewage treatment plant on a mature karst plain a

kilometer south of town (Fig. 5). Union still discharges
(treated) water to a sinkhole, and this water reappears in the
same spring (Jones 1997).

5 Walkerton, Canada

Walkerton (population 5000) is in Ontario and was served
by three municipal wells completed in Paleozoic limestones
and dolomites. In 2000, almost half of the population
became ill and seven died from bacterial contamination of
the water supply wells. The original hydrogeological and
epidemiological investigations did not recognize this as a
karst aquifer and tried to study the problem using multiple
monitoring wells and numerical models of groundwater
flow. These results suggested the contaminating source was
very close to one of the wells with a predicted 30-day time of
travel capture zone of 200-260 m and groundwater veloci-
ties of a few meters per day. Tracers injected in an obser-
vation wells at the site reached a pumping well in 5 h from
one site and in 26 h from a site that was twice the 150-m
30-day distance predicted by the model. Tracer tests showed
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Fig. 4 Aerial photograph of
Davis Spring

Fig. 5 Aerial photograph
showing the location of the new
(1973) sewage treatment plant for
the town of Union. The treated
effluent flows into a sinkhole, and
the plant is subject to flooding
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an actual flow velocity of >300 m/day (Worthington et al.
2003).

6 Conclusions

The examples above demonstrate the speed and at times
unpredictable nature of groundwater flow and contami-
nant transport in karst aquifers. Tracers are an important
tool in studying flow routes and determining the source of
contaminants found in wells or springs.
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Turbidity as an Indicator of Contamination
in Karst Springs: A Short Review

Ferry Schiperski

Abstract

Karst aquifers are known to be prone to a variety of different types of contamination from a
range of different sources. Due to the rapid recharge and high transport velocities associated
with karst aquifers, karst springs usually show high discharge dynamics, and water quality
often deteriorates very quickly following storm events due to the presence of contaminants
such as pathogens, heavy metals, or pesticides. Turbidity has frequently been reported to
vary in proportion to the concentration of contaminants in karst spring water, and its use
has therefore been proposed to detect periods of contamination. A systematic relationship
between such an easily measured parameter and contaminants would be useful for
sustainable management of raw water resources in karst aquifers, especially in countries
where water is scarce and event water cannot be easily discarded. In this study, we critically
review a number of karst spring investigations in which turbidity has been shown to be an
effective indicator for contamination. We conclude by identifying the conditions under
which turbidity might be valid used to indicate contamination of karst spring water, and
those under which this approach appears to be less effective. Our main findings are that the
usefulness of turbidity as an indicator of contamination varies from one karst catchment to
another and that a critical evaluation of contaminant and turbidity input and transport
modes is required for each individual karst system before turbidity can be successfully used
as an indicator of contamination. A conceptual model that combines different input and
transport modes of turbidity and contaminants is presented.

1 Introduction

recharge areas such as sinkholes result in concentrated
infiltration that bypasses the soil (Pronk et al. 2006; Fournier

Karst aquifers are extensively used around the world as
drinking water resources (Ford and Williams 2007), with
water frequently being extracted from karst springs. These
aquifers have considerable potential for high flow velocities
through complex systems of conduits and fissures within a
low-permeability matrix (as represented by dual or triple
porosity models) (e.g., Liedl et al. 2003; Geyer et al. 2008).
Lateral flow on the surface and subsurface to preferential
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et al. 2007). These characteristics mean that karst aquifers
have low attenuation potential and high dynamics of dis-
charge rates at karst springs, where distinct changes in the
water’s physicochemical parameters can consequently occur
over short timescales (e.g., Mahler and Lynch 1999; Auck-
enthaler et al. 2002; Pronk et al. 2006; Heinz et al. 2009).
While karst springs in general are known to be susceptible to
different types of contamination from a variety of different
sources (Vesper et al. 2003), such problems are particularly
acute in karst regions where the aquifers often have inade-
quate natural protection and where contaminants can move
unimpeded from recharge areas to the water-supply extrac-
tion point (Thorn and Coxon 1992).
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Different sources of contaminant input such as septic
systems, livestock (Boyer and Pasquarell 1999; Heinz et al.
2009), agricultural runoff, urban runoff, and land-surface
irrigation with primary-treated wastewater (Mahler et al.
2000; Pronk et al. 2007; Heinz et al. 2009), together with
other diverse kinds of input such as from spills or leaks
(Vesper et al. 2003), result in complex discharge patterns for
contaminants such as pesticides (Stueber and Criss 2005;
Hillebrand et al. 2014; Zirlewagen et al. 2016), pharma-
ceuticals (Katz et al. 2009; Reh et al. 2013), heavy metals
(Vesper and White 2003), and bacteria (Pronk et al. 2007)
from karst springs that are difficult to predict. Moreover, the
dual porosity of karst flow systems means that both short-
and long-term contaminations need to be taken into account
(Einsiedl 2005; Hillebrand et al. 2014; Zirlewagen et al.
2016).

The high discharge rates of karst springs are associated
with highly variable contaminant concentrations, which
means that a high-frequency, flow-dependent sampling
strategy is required if their dynamics are to be adequately
described (Ryan and Meiman 1996; Mahler et al. 2000;
Vesper and White 2003). However, analyzing contaminants
such as bacteria, viruses, or organic chemicals is often
time-consuming and does not therefore permit rapid adapta-
tion of water extraction from karst springs to reduce the risk
of contamination, and there are only a limited number of
automated online systems available that can be used to ana-
lyze microbial parameters (Ryzinska-Paier et al. 2014; Try-
land et al. 2015). A number of researchers have therefore
proposed the use of easy-to-measure indicators such as the
dissolved organic carbon content, spectral absorption coeffi-
cient, turbidity, or particle size distribution to identify periods
of possible contamination in karst springs (Heinz et al. 2006,
2009; Pronk et al. 2006, 2007; Stadler et al. 2010).

In some karst springs, turbidity has been found to cor-
relate well with the presence of contaminants (Ryan and
Meiman 1996; Vesper and White 2003; Schwarz et al.
2011). Particle-associated transport of bacteria and other
contaminants has been reported (Mahler et al. 2000; Vesper
and White 2003; Schwarz et al. 2011), with higher survival
rates for bacteria when adsorbed to particles (Vanloosdrecht
et al. 1990; Howell et al. 1996; John and Rose 2005).

Turbidity usually involves a complex mixture of different
types of particles from different sources, and distinguishing
the different particle origins is not straightforward
(Dussart-Baptista et al. 2003; Massei et al. 2003); it is,
however, highly relevant for the detection of potential con-
tamination (Pronk et al. 2007; Schiperski et al. 2015b, 2016).
A number of investigations have consequently reported
ambiguities in the relationship between the discharge of
turbid water and karst spring contamination (Auckenthaler
et al. 2002; Pronk et al. 2007; Heinz et al. 2009).

The following sections review a number of these inves-
tigations and provide examples of cases where the use of
turbidity has been either more or less successful at detecting
periods of contamination in karst spring water. The objective
of this study was to evaluate the applicability and limitations
of using turbidity as an indicator of different types of con-
tamination and to determine the underlying principles behind
its successful use for this purpose.

2 Case Studies

Using turbidity to indicate the presence of contaminants (in
many cases bacteria) in karst spring water has been proposed
by a number of authors. This parameter has sometimes been
recorded simply as a basic parameter, with no intention of
using it as an indicator of contamination. Most of the
reviewed investigations were concerned with evaluating
water quality changes and the contamination potential of
karst springs, and with understanding how the transport of
contaminants relates to karst spring discharge rates. Some of
these investigations recorded excellent inverse correlations
between turbidity and karst spring water quality. Other
researchers reported ambiguities in the relationship between
turbidity and contaminant concentrations, or even no sys-
tematic relationship at all. Most of these investigations were
based on field programs completed during and after storm
events rather than on experimental field investigations, and
the boundary conditions of the investigated systems (with
respect to hydrology, precipitation, and the type of con-
taminants) therefore usually varied considerably between
different sites and between different monitoring periods.

One of the most cited investigations into the simultaneous
occurrence of bacteria and turbidity was conducted by Ryan
and Meiman (1996), who investigated short-term variations
in water quality at a karst spring in the Mammoth Cave
National Park, Kentucky, USA. The authors found a clear
relationship between turbid water and bacterial counts fol-
lowing runoff events, with the bacteria originating from
nonpoint sourced pollutants (light agriculture use). The
authors also noted that neither the maximum counts of these
nonpoint sourced pollutants nor the maximum turbidity
coincided with maximum discharge.

Vesper and White (2003) reported a relationship between
the concentrations of metals (including heavy metals) in
Beaver Spring and Millstone Spring (Western
Kentucky/Tennessee, USA.) and the water turbidity. They
concluded that the presence of metals was associated with
the discharge of allochthonous sediment from the investi-
gated springs and that the transport of these metals was
facilitated by their adsorption to mobile particles. Recharge
was reported to be both diffuse (through soil infiltration) and
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discrete (through sinkholes), while allogenic recharge was
uncommon within the catchment area.

Heinz et al. (2006) observed high concentrations of
bacteria during periods with high levels of allochthonous
turbidity in the Gallusquelle karst spring in southwest Ger-
many, although the turbidity levels subsequently declined
much more rapidly than the bacterial counts. However, later
studies (Heinz et al. 2009) could not validate these findings.
The bacteria derived from spillover of a combined sewage
and rainwater tank (due to technical failure) and infiltrated
rapidly through a dry valley into the groundwater. Tracer
tests confirmed the aquifer beneath the dry valley to be very
well connected to the spring (Heinz et al. 2009).

Fournier et al. (2007) observed a significant correlation
between turbidity and phosphate that had derived from point
recharge through a swallow hole during rain events in Pays
de Caux (Haute-Normandie, France). In contrast, nitrate was
diluted during storm discharge and was shown to have a
diffuse source from the leaching of soil.

Other researchers (Schwarz et al. 2011) observed an
excellent correlation between turbidity and polycyclic aro-
matic hydrocarbons (PAH) concentrations at the Blautopf
karst spring in southwest Germany during high discharge
events. They concluded that PAHs had been adsorbed on
carbonaceous particles and then mobilized from the soil
during high flow events; their transport was thus facilitated
by these particles. Rapid recharge was estimated to make up
only about 8% of the total recharge in this catchment area.

Hillebrand et al. (2014) and Schiperski et al. (2015b)
investigated variations in micropollutant concentrations at
the Gallusquelle karst spring in southwest Germany. Both
investigations reported an association between the pesticide
metazachlor and turbidity. The pesticide was thought to have
originated from agricultural areas and was associated with
the occurrence of allochthonous turbidity in the springwater
(Schiperski et al. 2015b). Recharge within the catchment is
autogenic, and rapid recharge was estimated to make up less
than 10% of the total recharge (Hillebrand et al. 2014).

The studies discussed above show that in a number of
cases, it was possible to use turbidity to indicate the presence
of potentially harmful substances. However, in the cases
discussed below, high levels of turbidity did not coincide
with high counts of bacteria or other potentially harmful
substances, suggesting that turbidity is not always suitable
for use as an indicator of contamination in karst springs.

Ambiguities in the relationship between discharge of
turbid water and bacterial counts were reported by Pronk
et al. (2006, 2007) for a karst spring in Switzerland. They
observed low bacterial counts during periods of high water
turbidity as well as periods when turbidity and bacterial
counts were well correlated. During a storm event in 2003,
they found that an initial period of turbid water was asso-
ciated with only a slight increase in bacterial counts while a

second period during the subsequent decline in discharge
(the regression phase) coincided with high concentrations of
bacteria (Pronk et al. 2006). These findings were confirmed
in subsequent investigations carried out in 2006 (Pronk et al.
2007). The authors concluded that the initial turbid period
resulted from the remobilization of sediment from within the
aquifer and that the second period was due to the infiltration
of allochthonous sediment from a sinking stream that
introduced large quantities of bacteria, sediment, and organic
matter into the aquifer.

Stueber and Criss (2005) observed that the breakthrough
of the herbicide atrazine lagged behind that of turbidity in a
karst spring in southwest Illinois (USA.) following a storm
event, probably due to the time required to reach the soil’s
field capacity and initiate surface runoff to sinkholes, or
alternatively due to the atrazine source being more distant
than that of the sediment contributing to the turbidity. There
was no atrazine in the springwater at other times since there
had been no surface applications of atrazine close to the time
of sampling. They also found that some compounds (e.g.,
atrazine, potassium, phosphorus, and boron) moved rapidly
by conduit flow to the springhead where their concentrations
peaked under high flow conditions, while others (e.g.,
nitrate, sodium, chloride, and sulfate) percolated slowly from
diffuse storage and were diluted during high flow conditions.

At the Gallusquelle karst spring, Heinz et al. (2009)
observed high bacterial counts at times when turbidity levels
were relatively low and similar bacterial counts at times
when turbidity levels were about 50 times higher [in con-
tinuation of investigation published in Heinz et al. (2006)].
Periods of low turbidity and high bacterial counts were
recorded shortly after a failure in the combined sewer and
rainwater tank. The authors concluded that turbidity was not
a reliable indicator for the presence of bacteria.

For the same catchment, Hillebrand et al. (2012) calcu-
lated the amount of untreated wastewater infiltrating the
aquifer by rapid recharge from measurements of caffeine
loads in the spring discharge. They observed large quantities
of wastewater during periods of declining discharge and low
turbidity as well as during periods with high levels of tur-
bidity and concluded that turbidity is of only limited use for
wastewater detection.

At the same spring, Zirlewagen et al. (2016) investigated
concentration dynamics of two artificial sweeteners. They
observed high counts of fecal indicator bacteria while tur-
bidity was only slightly elevated and the discharge rate
showed no response at all. Due to the simultaneous break-
through of the artificial sweetener cyclamate and bacteria,
the bacteria were traced back to another overflow from the
same combined sewer and rainwater tank. The spillover was
triggered by a high-intensity but short-lived storm event.

In contrast to Stueber and Criss (2005), Hillebrand et al.
(2014), Schiperski et al. (2015b) and Zirlewagen et al.
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(2016) all found either no correlation or a negative correla-
tion between atrazine and water turbidity in the Gallusquelle
karst spring. These authors observed a constant concentra-
tion of the pesticide under base flow conditions and dilution
by freshly recharged storm water, from which they con-
cluded that atrazine was likely to be bound to the aquifer
matrix, since the use of atrazine has been prohibited in
Germany since the early 1990s.

3 From a Conceptual Karst System
to Natural Karst Systems

It is clear from all of the investigations listed above that
turbidity cannot be used as a proxy for contamination in a
classical sense, for example in the way that fecal indicator
bacteria are used as proxies for pathogens (Pronk et al. 2007;
Sinreich et al. 2014), or enzymatic activities for fecal pol-
lution (Ryzinska-Paier et al. 2014). Its usefulness is rather
based on the simultaneous breakthrough of turbidity and
contaminants at karst springs under certain specific condi-
tions, which can be explained and visualized using an ide-
alized karst spring hydrograph and chemographs (Fig. 1).
Following precipitation, the spring discharge, electrical
conductivity (EC), and turbidity can be used to indicate the
proportions of water from different origins in the discharge

Mainly floodwater from
surface streams
Baseflow mainly from vadose and
= phreatic slorage
Spring
discharge |
I \Displaced phreatic and
: vadose water

| Displaced phreatic
Electrical | conduit water
conductivity !

-+— (5) Recession

(4) Floodwater arrives at the spring,
phreatic zone is completely flushed

Turbidity

[}
L}
: g e (3) Phreatic water of percolation origin and water

(1) 1 from the vadose zone arrive at spring
Pre-event state | —— (2) Flushing of phreatic zone commences

Fig. 1 Idealized spring chemographs and hydrograph showing how
spring discharge, electrical conductivity, and turbidity can be used to
estimate the timing of discharge waters from different locations
(modified from Williams 1983)

on the basis of this conceptual model. The spring’s reaction
can be roughly divided into five phases:

1. Pre-event state: All parameters are stable at their base
flow levels (the EC is slowly increasing while the dis-
charge and turbidity are slowly decreasing).

2. Piston flow phase: Following precipitation a pressure
wave moves through the aquifer as soon as storm water
infiltrates the phreatic zone. “Old” water with a relatively
high Ca and Mg content is expelled from the phreatic
zone (e.g., Grasso and Jeannin 2002; Massei et al. 2003;
Caetano Bicalho et al. 2012).

3. Vadose phase: Arrival of water from the vadose zone
with a high Ca and Mg content, resulting in an EC peak
(e.g., Williams 1983; Heinz et al. 2009).

4. Floodwater phase: Arrival of freshly infiltrated flood-
water indicated by reduced EC and an increase in tur-
bidity. During this stage, the relatively highly
mineralized water of the phreatic zone is diluted by only
slightly mineralized event water (Mahler et al. 1999;
Massei et al. 2003; Caetano Bicalho et al. 2012).

5. Recession: All parameters gradually return to their
pre-event levels (e.g., Williams 1983; Grasso and Jeannin
2002).

Valdes et al. (2006) described karst systems with this type
of turbidity and EC response as having short memory effects
and high flow-through capacities, which means that turbidity
is flushed through the aquifer with little potential for particle
deposition or subsequent resuspension. However, the use of
turbidity as an indicator for identifying periods of contami-
nation is based on two underlying assumptions: (1) both
turbidity and contaminants must have the same origin (e.g.,
the Earth’s surface, which means they must have the same
input location and input modes), and (2) both must have the
same transport behavior. If these assumptions are satisfied,
then an increase in the concentration of contaminants will
coincide with a reduction in EC and an increase in turbidity.

Ryan and Meiman (1996) observed a simultaneous
increase in fecal coliforms and turbidity during the discharge
of storm water, which is close to the response that would be
expected from the conceptual model (Fig. 2). They con-
cluded that the delayed breakthrough of fecal coliforms and
turbidity compared to already reduced EC and discharge
(Fig. 2) was related to their input from distal light agricul-
tural sub-catchment areas, i.e., due to the areal distribution
of the land cover. The authors emphasized that recharge
from relatively pristine input can reach karst springs at the
same time as recharge from highly polluted input, as a result
of highly complex hydrogeology and heterogeneous land
use. A simultaneous occurrence of both pristine input and
polluted input might therefore be coincidental and restricted
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to a certain flow regime. This puts into perspective the
simultaneous occurrence of high turbidity and fecal coliform
levels, and hence the applicability of turbidity as an indicator
of contamination by fecal coliforms in general.

The conclusions drawn by Ryan and Meiman (1996)
differ from those of both Schwarz et al. (2011) and Vesper
and White (2003), who concluded that the observed corre-
lation between turbidity and contaminants was related to the
particle-facilitated transport of hydrophobic substances, for
example heavy metals (Fig. 3) and polycyclic aromatic
hydrocarbons (PAHs) (Fig. 4), which precludes the simul-
taneous breakthrough being purely coincidental. In both of
these investigations, turbidity and contaminants were found
to be derived from the Earth’s surface and transported into
the aquifer by autogenic recharge (there were no sinking
streams reported within the catchments) and the turbidity
and contaminant breakthroughs were closely related to the
discharge state of the springs.

These investigations emphasized the significance of
particle-facilitated transport of contaminants in karst aqui-
fers. The results of both investigations provide evidence that
within karst catchment areas with predominantly autogenic
recharge, hydrophobicity is likely to be responsible for the
excellent correlation between turbidity levels and the con-
centration of contaminants in karst spring water. Under these
conditions, turbidity might therefore be useful for indicating
periods when water quality is affected by hydrophobic
substances.

4 Complex Turbidity and Contaminant
Dynamics in Complex Karst Systems

Not all hydrographs and chemographs from karst springs are
similar to those of the conceptual model as discharge pat-
terns can be much more complex due, for example, to

variable precipitation, a complex flow system, or different
types of recharge (Bonacci and Zivaljevic 1993; Ford and
Williams 2007). Valdes et al. (2006) suggested that dis-
charge, EC, and turbidity variations from the conceptual
model can be ascribed to limited flow-through capacities,
resulting in pronounced memory effects on the EC and
discharge and indicating that deposition of suspended solids
is likely to have occurred. Recharge can be either autogenic
or allogenic, with the latter having the potential to recharge
with sediment and contaminants that are not normally pre-
sent in the autogenic recharge of a particular catchment area.
It is also most important to note that both turbidity and
contaminants (whether in particulate state or dissolved) can
originate from different sources and be subject to different
transport processes.

4.1 Origin of Turbidity and Contaminants

In contrast to the conceptual model, the turbidity in karst
springs is a complex signal that is often a superposition of
different types of signals from different sources (Fig. 5).
Particles can, for example, be resuspended due to a pressure
wave induced by percolating storm water reaching the
phreatic water level (pulse-through turbidity), or they can be
freshly introduced into the aquifer from the Earth’s surface
(flush-through turbidity) as a result of either slow percolation
or more rapid point recharge such as from sinking streams
(Pronk et al. 2007, 2009). The nature of turbidity also varies
and is defined as either autochthonous (originating from the
weathering of subsurface material) or allochthonous (origi-
nating from the Earth’s surface) (Herman et al. 2012). The
different origins and discharge rates of sediments in karst
springs present one of the main challenges in using turbidity
as a proxy for contamination since distinguishing the origin
of turbidity is rarely straightforward (Dussart-Baptista et al.
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2003; Massei et al. 2003), but it is highly relevant when
attempting to detect any deterioration in water quality (Pronk
et al. 2006, 2009). For example, the typical behavior of a
first flush of particles remobilized from within an aquifer has
been the subject of numerous investigations and experiments
(e.g., Valdes et al. 2006; Pronk et al. 2009; Schiperski et al.
2015a). However, this remobilized turbidity is unlikely to be
associated with freshly infiltrated contaminants from the
Earth’s surface such as bacteria or freshly applied pesticides,
but rather with contaminants stored within the aquifer
(Vesper and White 2004).

Different methods have been used to identify and dis-
tinguish between turbidity signals from different sources,

Julian Date, 1999

including the use of signal decomposition (Massei et al.
2003; Schiperski et al. 2015a), particle size distributions
(Pronk et al. 2007), and hydro-sedimentary process analysis
(Valdes et al. 2005; Fournier et al. 2007; Schiperski et al.
2015b). The latter two methods have the advantage that they
can be used for real-time evaluation. Massei et al. (2003)
used signal decomposition of surface water components in a
spring’s discharge (proportions calculated from EC) and
turbidity to distinguish between resuspended and freshly
introduced sediments. They demonstrated the complex tur-
bidity response in a karst spring to a recharge event using
easy-to-measure parameters, hydrograph separation, and
discharge and turbidity breakthrough curve decomposition
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Fig. 4 Relationship between PAH concentrations and turbidity levels
at the Blautopf karst spring in southwest Germany (modified from
Schwarz et al. 2011)
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Fig. 5 Sketch showing the input and output of sediment into karst
aquifers and the role of karst conduits as mixing and storage chambers
(modified from Herman et al. 2012)

and recommended the use of their methods for describing
karst systems in general.

Pronk et al. (2007) investigated the use of particle size
distributions within a size range of 0.9-139 um as an indi-
cator for the contamination of karst spring water by fecal
bacteria in Switzerland. The authors observed a number of
effects that contradicted the idealized conceptual hydrograph
model. For example, increased levels of turbidity were
recorded while the EC remained at a constant pre-event level
(Fig. 6), and a second period of turbidity peaks associated
with E. coli was recorded after the discharge had already
been in decline for a number of days. The EC also increased
at times when the discharge was already declining. Using
hydrograph and chemograph analyses, the authors concluded

that the first turbidity peak(s) resulted from the mobilization
of autochthonous sediment and the second peak(s) from the
infiltration of allochthonous sediment. The authors attributed
this exceptional discharge pattern to a distal sinking stream
that contributed a large proportion of the spring’s discharge
water (up to 29%, depending on the discharge state; Pronk
2008), with high concentrations of suspended matter and
fecal bacteria and a high EC, with a significant time delay.
Relatively small particles that were introduced from the
sinking stream into the aquifer could be correlated with the
presence of E. coli, and it was therefore possible to use
particle size measurements to differentiate allochthonous
turbidity from autochthonous turbidity and, most impor-
tantly, as a proxy for the presence of pathogens.

Another approach to distinguish the origin of suspended
matter in karst springs was proposed by Valdes et al. (2005)
and further developed by Fournier et al. (2007), adapting
methods previously applied to surface water (Williams
1989). The method is based on an analysis of EC and tur-
bidity hysteresis patterns and allows a distinction to be made
between hydro-sedimentary processes such as the deposi-
tion, resuspension, and direct transport of particles. This
method was used by Schiperski et al. (2015b) to compare the
occurrence of source-indicative organic micropollutants with
periods of resuspended, directly transferred turbidity or
sedimentation (Fig. 7).

At the Gallusquelle karst spring, three consecutive rain-
fall events led to a complex series of turbidity signals that
were analyzed by Schiperski et al. (2015b) in terms of
hydro-sedimentary processes. Periods of resuspension were
followed by periods involving the direct transfer of particles
from the Earth’s surface to the spring and more or less
well-defined periods of particle deposition. The authors
concluded that the periods following the onset of direct
transfer (flush-through turbidity) were associated with a
contaminant (the pesticide metazachlor) that originated from
the Earth’s surface. Furthermore, following the end of
periods of resuspension and with the onset of periods
involving the direct transport of particles, a contaminant that
originated from the matrix of the aquifer (the pesticide
atrazine) was diluted by storm water. The method was,
however, unable to detect the discharge of water from a
sewer that was identified using the artificial sweetener
cyclamate, probably because of the low levels of turbidity
associated with water from this source. Similar observations
were reported by Zirlewagen et al. (2016), who used two
artificial sweeteners to investigate the breakthrough of
untreated wastewater at the same karst spring following a
short but intense rainfall event. They found that the turbidity
varied around its base level and that neither it nor the dis-
charge rate of the spring showed any response to the
breakthrough of untreated wastewater containing E. coli.
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These investigations have shown that turbidity and con-
taminants can have different origins and the relationship
between the two can therefore be quite complex. Contami-
nants that have their origin at the Earth’s surface may be
absent during periods when resuspended particles are dis-
charging from karst springs but present when freshly infil-
trated particles are flushed out of the aquifer. Conversely,
contaminants that are located within the phreatic zone of the
aquifer may be present when resuspended particles are being
flushed out along with phreatic water but may later on be
diluted due to the input of storm water.
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4.2 Particles and Solute Transport Processes

Solute compounds are subject to transport processes such as
dispersion, retardation, and elimination. Particles are also
subject to processes such as size exclusion or pore exclusion.
Numerous experimental studies on porous media (e.g., Jin
and Flury 2002; Tufenkji and Elimelech 2005; Knappett
et al. 2008; Zhuang and Jin 2008; Chrysikopoulos and
Syngouna 2014) and karst aquifer field tracer tests (e.g.,
Goppert and Goldscheider 2008, 2011; Harvey et al. 2008;
Sinreich et al. 2009; Flynn and Sinreich 2010) have reported
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different transport velocities for solutes and particles. The
breakthrough of hydrophilic solutes and particles is therefore
not generally expected to be simultaneous. The transport of
hydrophilic dissolved contaminants can differ from that of
particles, and inorganic particles (such as clay minerals,
quartz, or calcite) are likely to be subject to different trans-
port mechanisms from bacteria or viruses (Goppert and
Goldscheider 2008; Pronk et al. 2009). Even indicator bac-
teria have shown transport behavior that differs from the
transport behavior of other bacteria and viruses (Flynn and
Sinreich 2010).

Auckenthaler et al. (2002) conducted particle tracer tests
in a karst catchment in northwest Switzerland with the tracer
input location about 1250 m from the karst spring. They
observed an earlier breakthrough for marine bacteriophages
than for uranine (Fig. 8) and a delay in turbidity and dis-
solved organic carbon relative to microorganisms (not
shown). The authors explained these effects as being due to
matrix exclusion processes. They concluded that turbidity
was not a reliable proxy for bacterial contamination and
suggested that the discharge rate was a more reliable
alternative.

In a comparative tracer test with a clayey loam suspen-
sion and nonreactive solutes, Pronk et al. (2009) observed
that mineral particles tend to travel more rapidly and have
shorter overall travel times than solutes (Fig. 9). Their
experiments were conducted in the vadose zone of a karst
aquifer in Switzerland with a vertical extent of about 30 m.
The authors concluded that effects such as pore exclusion
and size exclusion, which are known from porous media
experiments, were responsible for the observed differences
in transport behavior.

In some cases, the experimental determination of trans-
port processes for particles such as bacteriophages, micro-
spheres, and especially bacteria and viruses can be hindered
by legal restrictions. However, observations of karst springs
following a potential input of bacteria can also be used to
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Fig. 8 Breakthrough curves for H40 and H4 marine bacteriophages
and for uranine from an artificial tracer test in a karst catchment in
northwest Switzerland (modified from Auckenthaler et al. 2002)
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Switzerland (modified from Pronk et al. 2009). Concentrations are
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assess the transport behavior of particles if accompanied by
investigations into source-indicative compounds such as
organic micropollutants or artificial tracers. The break-
throughs of E. coli and a nonreactive organic trace com-
pound (the artificial sweetener cyclamate; Hillebrand et al.
2015) were investigated by Zirlewagen et al. (2016) at the
Gallusquelle spring (Fig. 10). Both E. coli and cyclamate
came from an overflow spill of a combined sewer and
rainwater tank at a distance of about 9 km from the spring,
following a short but very intense rainfall event; the E. coli
bacteria were observed to have higher travel velocities than
the cyclamate.

The results of these investigations indicate that differ-
ences in the transport behavior of particles and solutes are
not uncommon in Kkarst aquifers. Some doubts remain,
however, concerning the modeling of breakthrough curves
of particles (Zhang et al. 2001). Particles were generally
found to arrive earlier than nonreactive hydrophilic tracers.
In contrast, hydrophobic compounds could be adsorbed to
suspended matter and could therefore be associated with the
breakthrough of turbidity (Vesper and White 2003, 2004).
However, until particle transport in karst catchments is
understood in greater detail, similar transport behavior must
be assumed for both particles and (dissolved) contaminants
when using the ideal karst spring concept (Fig. 1) to detect
periods of contamination in karst springs.

5 A Modified Conceptual Model

Considering the different input functions and transport
behavior of solutes and particulate matter in karst aquifers
discussed above, it becomes evident that the ideal karst
spring concept (Fig. 1) covers only a limited number of
possible discharge scenarios. A modification and extension
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of this concept including different input functions and
transport behavior of solutes and particulate matter are more
adequate to describe the diversity of discharge scenarios of
these materials at karst springs (Fig. 11). The extended
concept is based on an idealized spring hydrograph and
chemograph showing spring discharge, electrical conduc-
tivity and a turbidity signal that is a superposition of (1) a
remobilized turbidity (push-through turbidity), (2) a
flush-through turbidity from nearby recharge, and (3) a
flush-through turbidity from distal allogenic point recharge
(Fig. 11a).

The second component of the figure describes the varia-
tion in concentrations of contaminants with different types of
input functions (Fig. 11b). Hydrophobic contaminants from
conduit storage and the surface are likely to be discharged
together with turbid water of different origin (e.g., Vesper
and White 2003, 2004). “Old” contaminants that are stored
in the aquifer matrix and diluted by freshly recharged event
water are unlikely to be systematically related to turbidity
(e.g., Hillebrand et al. 2014). Contaminants from point
recharge of non-turbid water might discharge without any
signal in turbidity (e.g., Zirlewagen et al. 2016). The
breakthrough of contaminants from allogenic point recharge
can be slightly delayed in relation to particulate matter with
the same origin (e.g., Pronk et al. 2007).

6 Conclusions
Particulate and dissolved compounds in karst aquifers are
subject to complex transport processes, and both turbidity
and contaminants, whether in dissolved or particulate
states, can originate from different sources and have
different input modes. Systematic relationships between
turbidity and contaminants in karst springs are highly
site-specific and need to be individually calibrated for
each karst catchment. However, hydrophobic substances
are an exception: if adsorbed to particulate matter, con-
taminants are likely to be subjected to similar recharge
and transport processes (including remobilization within
the aquifer) and thus exhibit the same discharge patterns
as particulate matter. A conceptual model including
dynamics of turbidity and a number of potential con-
taminants reviewed in this paper is presented in Fig. 11.
Some fundamental steps that might assist in estab-
lishing turbidity as an indicator for karst catchments
would involve (1) analyzing the origin and dynamics of
(push-through/flush-through) turbidity at karst springs
using methods such as hydro-sedimentary process anal-
ysis or signal decomposition, (2) investigating the origin
and input mode of contaminants (e.g., autogenic and
diffuse from croplands, autogenic and discrete via sink-
holes, or allogenic and discrete via sinking streams), and
(3) establishing correlation patterns for both turbidity

dynamics and contaminant dynamics at karst springs,
including different recharge events and using, for exam-
ple, multivariate analysis, correlation analysis, spectral
analysis, and wavelet analysis to support this step.

Complex input modes of contaminants can result in
unexpected contaminant and turbidity signals at karst
springs. For instance, sinking streams have been found to
have the potential to introduce large quantities of sedi-
ment into an aquifer, together with high concentrations of
contaminants. The timing of that concentrated recharge
can be very different from the timing of autogenic
recharge and the monitoring of such point sources may
therefore provide a way of predicting the timing of con-
taminant discharge at karst springs by, for example,
establishing a discharge—transport velocity relationship
with which to calculate contaminant travel velocities.
Contributions of highly contaminated but non-turbid
water from discrete recharge points can also discharge at
karst springs without any turbidity signal.

Other easy-to-measure parameters such as the specific
absorption coefficient (SAC), the dissolved organic car-
bon (DOC), and the particle size distribution (PSD), have
been shown to successfully detect the occurrence of
contaminants at selected karst springs, although from this
review it would appear likely that their applicability is
site-specific. Innovative methods such as the use of
multi-tracer  tests (with particles and solutes),
source-indicative organic micropollutants, and microbial
source tracking will in the future be able to significantly
extend and improve the tools available for investigating
contamination in karst aquifers.
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Using Nutrient Data and Dye Tracing to Infer
Groundwater Flow Paths and Contaminant
Transfer Time in Grayson-Gunnar Cave,

Monticello, KY

G.V. Tagne and L.J. Florea

Abstract

The proliferation of Confined Animal Feeding Operations (CAFO) among karst terrains has
been a highly controversial issue for past years. Although some studies have assessed the

risk of contamination which

may derive from the exposure of karst aquifers to animal

wastes (Brahana et al. in Geological Survey Scientific Investigations Report 2014—
5035:97-102, 2014), little study has been conducted on the impact of these operations on
the quality of water in karst aquifers. We will be specifically looking at the potential
loading of nutrients, including nitrogen species and reactive phosphate, during specific
storm events at the Grayson-Gunnar Cave outlet in Southeastern Kentucky.

1 Extended Abstract

Epigenic karsts are characterized by surface and subsurface
development features (such as sinkholes, springs, caves, and
losing, sinking, underground streams) and strong hydrolog-
ical connections with the surface (White 1988; Ford and
Williams 2007). For decades, epigenic karst aquifers have
been known to be more vulnerable to surface contaminants
than non-karst aquifers. Therefore, they have raised specific
concerns for water managers in terms of water quality and
water resource protection (Mull et al. 1988; Brahana et al.
2014). In addition, the recent widespread of confined animal
feeding operations (CAFOs) facilities on epigenic karst ter-
ranes have raised new concerns about karst aquifer’s vul-
nerability (Brahana et al. 2014).

This study focuses on Grayson-Gunnar Cave (Fig. 1), an
11-km-long cave system in the Cumberland Plateau of
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Southeastern Kentucky. The regional lithology consists of
Mississippian carbonates capped by Pennsylvanian clastic
rocks (Fig. 2). The cave is developed in the St. Louis for-
mation (red arrow). Surveyed passages in GGC include two
branches of an underground stream with strong connections
to surface input—epigenic karst aquifer. The south branch of
this watershed includes low-density grazing and residential
septic tanks. The north branch includes a CAFO.

This research comprises two related objectives in the
study of the GGC system: (1) to assess its connectivity with
potential point sources of anthropogenic contamination
(septic systems and CAFOs); and (2) to determine the fate
and travel time of nutrients within the cave. The results from
this study will serve for a greater understanding of the crit-
ical zone, deeper groundwater, and the impact of changing
land use on epigenic karst aquifers in the Cumberland
Plateau.
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Fig. 1 Surveyed passages of Grayson-Gunnar Cave in white. Yellow dots are dye injection sites. Red arrows are expected dye paths. Blue dots are
activated charcoal packets deployment sites. Insert shows typical passage cross section

Nitrogen and phosphate are elevated as expected (Fig. 3). In contrast, neither rhodamine WT injected into a well
Nitrate concentrations are more dilute during storm events, near the CAFOs nor uranine injected into a domestic septic
but phosphate levels increase due to mobilization of sediment  system, both in the headwaters of the aquifer, appeared at the
substrates. DOC values spike during storm events and, com- spring after six weeks and multiple storm events. These
bined with SUVA values, suggests the rapid transfer of results highlight the decoupling between fast flow through
organic matter from the land surface with limited degradation.  sinkholes and conduits and more diffuse flow in the epikarst.
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Fig. 2 SE to NW stratigraphic
cross section along the
Cumberland Escarpment. From
Simpson and Florea (2009)
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Development and Testing of Hydrogel Beads
as Potential Floating Tracers of Contaminant
Movement in Karst Aquifers

Dorothy J. Vesper, Habib Bravo-Ruiz, Amanda F. Laskoskie,

and Harry M. Edenborn

Abstract

The transport of light non-aqueous phase liquids (LNAPLSs) is not well understood in karst
settings. Traditional tracers do not predict the movement of free product; therefore, this
study was undertaken to develop a better tracer proxy for LNAPL. The floating hydrogel
tracer beads were created using alginate polymers and adding fluorescent pigments and
density-modifying additives to alter their physical characteristics. Two sets of multi-tracer
field tests (beads plus a conservative solute tracer) were completed in a 60-m section of
cave stream. The beads were quantified via counting for the first set of tests and using
particle image velocimetry (PIV) for the second. During the 2012 tests (170 L/s discharge),
the beads travelled faster than the solute tracer; however, in the 2014 tests (9.1 L/s) the
results were less conclusive (the beads arrived before the solute but had a later peak time
and a lower mean velocity). Most of the particle studies have reported that particles travel
faster than solutes, in accordance with our 2012 studies. Although the beads are particles
and thus not an ideal proxy for LNAPL contaminants, they hold promise for future
experimental studies and highlight the complexity of LNAPL transport in cave systems.

1 Introduction

The fate and transport of contaminants in karst aquifers is
not well known. Two critical characteristics of karst aquifers
that contribute to the complexity of contamination move-
ment, not present to the same degree in other systems,
include (1) abundant sediment transport and (2) the potential
existence of physical “traps” for non-aqueous phase liquids
(NAPLs) (Vesper et al. 2003; Vesper 2008). The movement
of NAPL through karst is not only poorly understood, but
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the traditional tools used to understand the movement of
solutes are unlikely to predict the fate and transport of the
NAPL.

Most of the information related to NAPL in karst is based
on site-specific studies that highlight the challenges of
tracking NAPL contaminants in karst. In 1990, near
Lewisburg, Tennessee, a train carrying ca. 57,000 L of
chloroform (DNAPL) and ca. 15,000 L of styrene (LNAPL)
derailed, resulting in the release of these compounds into an
underlying karst aquifer (Crawford and Ulmer 1994). A dye
trace in the area identified Wilson Spring as the output
location but during high water levels at least two other
springs are connected to the basin. Chloroform and styrene
were detected in Wilson Spring several months after the
spill, and a well drilled in the area contained free product of
both the NAPL and the DANPL. The authors interpreted the
DNAPL flow path to be along dip which is upgradient
potentiometrically; dissolved contaminants solubilized from
the DNAPL and LNAPL were thought to travel along strike
to the springs. In a subsequent study in 2000-2001, Wil-
liams and Farmer (2003) found that contaminants were still
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discharging from Wilson Spring, particularly in association
with storm events.

Stephenson et al. (2003) investigated a spill of 14,000 L
of diesel fuel (LNAPL) when a tanker truck crashed on
Interstate 65 near Park City, Kentucky. This region is located
in the upgradient portion of the Turnhole Spring ground-
water basin and is known to discharge to the Mill Hole
Spring. Previous dye traces from near the spill site to Mill
Hole Spring took between 2 and 42 h, but no diesel product
was detected at the spring. The researchers concluded that
the diesel product remained localized to soils around the spill
area, but the diesel could have also been trapped in the
conduit leading to the spring.

Ewers et al. (1991) reviewed the movement of LNAPL
contamination for two locations in Kentucky: the Fort
Campbell Army Airfield and a leaky gasoline storage tank in
Richmond. At Fort Campbell, dye traces confirmed a con-
nection between the airfield and Quarles Spring; however,
components of the jet fuel LNAPL at the airfield could not be
detected in the spring water. At the gasoline site, dyes con-
firmed that water moved toward two springs but only the upper
spring had detectable gasoline. Ewers et al. interpreted the lack
of LNAPL transport at both locations to be the result of
physical trapping and decanting structures in the karst aquifer
that permitted water to flow but prohibited LNAPL transport.

A common issue identified by each of these case studies is
that the movement of solute tracers did not predict if LNAPL
would or could be transported. Recent multi-tracer studies that
incorporate both conservative solute and non-solute tracers
have confirmed that the use of traditional tracers is unlikely to
predict the complexity of colloidal, sediment or NAPL
transport. Multi-tracer studies that incorporate microspheres
have been conducted by several researchers (e.g., Aucken-
thaler et al. 2002; Goppert and Goldscheider 2008; Harvey
et al. 2008; Sinreich et al. 2009). Microspheres are
colloid-sized (<1-5 pm) synthetic particles that are used as an
analog for the movement of bacteria. Several of those
multi-tracer studies have also included bacteria (Sinreich et al.
2009), oocysts (Harvey et al. 2008), and bacteriophages
(Auckenthaler et al. 2002). A common outcome in these
studies is that the particles and solutes are not transported in an
identical fashion. In all but one of the studies, the micro-
spheres traveled faster than the solute tracers. The enhanced
transport has been attributed to particle-size exclusion where
the particle moves faster because it is only able to be trans-
ported in the larger pore structures. Or, in the case of stream
systems, enhanced particle transport is attributed to the lack of
mixing in the water column. Goppert and Goldscheider (2008)
had less conclusive results and found that microspheres
travelled faster than solutes at low flow but were more similar
in travel time under high-flow conditions.

The case studies and the multi-tracer tests confirm that a
range of possible fate and transport outcomes exist for

contamination in karst aquifers. To better understand the
potential range of outcomes, particularly with regard to
LNAPL transport, tracers with different physical properties
(e.g., density) must be identified and tested. The purpose of
this study was to develop a hydrogel bead tracer that is less
dense than water; the construction, detection strategies, and
field testing of the beads are reported.

2 Methods

2.1 Bead Construction

The beads are created by the dropwise addition of an algi-
nate solution into a divalent cation curing bath. The initial
solution contains 3% w/w alginate and is prepared by adding
sodium alginate powder (C¢gHgOgNa, Sigma Aldrich, St.
Louis, MO) to deionized water and stirring overnight until
all of the alginate has dissolved. Additional chemicals are
then added to ~ 50-mL aliquots of the alginate solution: 3-M
Glass Bubbles (Saint Paul, MN) are added at a 1% con-
centration to create low-density beads; visible florescent
pigments (Risk Reactor Inc., Santa Ana, CA) are added at a
1% concentration to color the beads and make them
fluorescent. The final solution is mixed on a vortex mixer
until homogeneous.

The alginate mixture is placed in 60- or 120-mL syringes
with 20-gauge (0.9 mm) needles and dispensed dropwise
approximately 30 cm into a continuously stirred curing bath
of 1 M CaCl,-2H,0 (Fisher Scientific, Pittsburgh PA) using
a syringe pump (Harvard Apparatus, Holliston, MA). Beads
are left in the curing solution for at least 1 min and then
placed in fresh curing solution for storage. The beads are
stored in a refrigerator until use. The approximate size of the
beads is 5 mm (Fig. 1).

METRIC 1 2

Fig. 1 Images of beads with scale
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Risk Reactor pigments were used in this study to create
beads that fluoresced. The adsorption and emission spectra
were measured for the three colors used for the PIV detec-
tion method. A sample of each pigment was suspended in
glycerol and then excited with a 395-nm wavelength UV
source on a Fluorolog-3 Spectrofluorometer (Horiba Scien-
tific, Irvine, CA) to obtain adsorption and emission spectra.
The spectra were used to select the best UV-LED lights for
exciting the pigments in the field tests.

As part of method optimization, beads were constructed
with varying concentrations of alginate (2-4%) and dropped
from different heights into the curing solution (30-100 cm).
The resulting beads were viewed using a Leica Wild M3Z
(Germany) with an Intralux 6000-1 Fiberoptic Illuminator
(Switzerland) at a 6.5x magnification. The long and short
axes’ lengths were measured for at least 10 beads for each
condition. The conditions yielding the most spherical beads
(long axis/short axis closest to 1) were selected for the
method (Table 1).

2.2 Tracer Detection and Data Analysis

For the initial field studies, the beads were collected in fish
nets for 20-s time intervals. The nets were secured in the
field, so no beads were lost; the beads were later quantified
by manual counting in the laboratory.

In subsequent tests, bead transport was quantified using
particle image velocimetry (PIV) similar to techniques
employed by Muste et al. (2008) and Tauro et al. (2012b).
This technique employs photographing or video-recording
the bead movement and analyzing the imagery to obtain flow
parameters. Tauro et al. (2012a) demonstrated the use of this
method in the field using buoyant fluorescent particles (700—
1200 pm). Although the buoyant particles (dry density
0.98 g/cm?) provided a surface velocity, the authors used it
to infer average stream conditions.

For tracing beads in the subsurface, the PIV approach
needed to be modified to account for the lack of natural light.
This was accomplished by modifying the beads to include
fluorescent pigments and exciting the pigments using UV
light of an appropriate wavelength (395 nm A, Super Bright

Table 1 Summary of field tests

LEDs, Model NFLS-X3, St. Louis, MO). As the beads pas-
sed under a UV light strip, they fluoresced and they became
readily visible for filming (Fig. 2). Images were obtained
using a GoPro HERO3 + Black Edition camera (GoPro, San
Mateo, CA) mounted on a bracket over the UV light
strip. The camera was mounted and leveled between 30 and
45 cm above the water to account for a narrow stream
(<1 m). Acquisition rates of 60—120 fps were used depending
on the test, and the files were stored in mp4 format.

Image processing required four tasks completed using an
image analysis algorithm in MATLAB (The Mathworks
Inc., Natick MA):

1. Video images were separated into red—green—blue
(RGB) color space, creating three components. Each of
these three components is known as a color channel.

2. Each red and green channels was separated into a
sequence of images, and the contrast was enhanced for
each image. The blue channel was excluded due to lack
of contrast because it detects the UV reflection on the
water surface.

3. The mean pixel intensity was calculated for each frame in
the red and green channels. The number of beads visible
in the frame is proportional to its mean pixel intensity.

4. The mean pixel intensity data were combined with the
time data from the video to obtain ‘“concentrations”
through time.

After the pixel data were obtained, several additional data
processing tasks were required as follows:

5. The mean pixel concentrations were normalized to the
maximum value so that comparable scales could be used
for all data sets.

6. A Savitzky—Golay smoothing filter was applied to
improve the signal-to-noise ratio of the normalized data.
The Savitzky—Golay smoothing filter removes noise
without affecting the overall shape of the curve by per-
forming a least squares fit of a small set of consecutive
data points to a polynomial and taking the calculated
central point of the fitted polynomial curve as the new
smoothed data point (Savitzky and Golay 1964).

A Date Test  Solute Beads Bead Mean Mean water
completed in Buckeye Creek released  detection discharge depth (m)
Cave method L/s
5/18/12 A Fluorescein dye 3000 Manual 170 0.6
B 3000 counting
7/26/14  C NaCl solution 4500 PIV and 9.1 0.4
prepared with cave Yellow manual
D water 4500 counting

Red
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Fig. 2 Configuration of the PIV
optical detection system

UV light strip

Corsa

7. For times without data (due to camera failure), the
missing values were estimated using a linear interpola-
tion between adjacent data points.

After breakthrough curve data were generated using the
mean pixel intensities, the data were entered into QTRA-
CER2 (Field 2002) to calculate the following transport
parameters: time of first detection, time of peak detection,
mean velocity, maximum velocity, transit time, and longi-
tudinal dispersal. Breakthrough curves from the solute
tracers used in combination with the beads were also entered
in QTRACER?2 to obtain the same transport parameters.

Conservative solute tracers were released with the beads
in all tests. The solute salt tracer was determined by mea-
suring electrical conductivity (EC) in the field using a YSI
556 multimeter (YSI Inc., Yellow Springs, OH) and con-
verting the measured values into equivalent concentrations
of NaCl. A fluorescein dye tracer was determined by col-
lecting water samples in the field and measuring their
florescence in the laboratory using a Turner Designs 3100
Laboratory Fluorometer (Turner Designs Hydrocarbon
Instruments, Inc., Fresno, CA) or a Varian Cary Eclipse
Fluorescence Spectrophotometer (Agilent Technologies,
Santa Clara, CA).

UV light
coverage area

Field of view
of the camera

Discharge was measured using the US Geological Survey
standard method described by Buchanan and Somers (1969).
A Swoffer current meter (Swoffer Instruments Inc., Seattle,
WA) was used to acquire velocity measurements.

2.3 Field Testing of Beads

The beads were tested in Buckeye Creek Cave in Greenbrier
County, West Virginia (Fig. 3). Buckeye Creek Cave is
developed in the Union limestone member of the Greenbrier
Series, which is described as being a 60-m thick, gray to
dark, fossiliferous to oolitic limestone, which weathers white
(Dasher and Balfour 1994).

The Buckeye Creek cave system includes three caves:
Buckeye Creek Cave, Rapps Cave, and Spencer Cave
(Fig. 3). The cave has four levels; the lowest level—Buck-
eye Creek Cave—is the only active section (Dasher and
Balfour 1994). Buckeye Creek and another small creek enter
the cave at the southwest entrance and flow through the
system until it discharges at Spencer Spring. The water flows
through a near-sump: under high-flow conditions, the sump
blocks access to the downstream areas of the cave. Upstream
of the sump the cave is a stream passage that includes pools,
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Fig. 3 Map of Buckeye Creek Cave showing the canyon section used for the study (modified from Dasher and Balfour 1994). Insets illustrate
location of the site in the USA and its location in Greenbrier County in West Virginia

canyons, and meandering sections. The presence of large
debris, often high in the cave passages, suggests that parts of
the cave are flooded periodically.

The tracer tests were conducted in the canyon section of
Buckeye Creek Cave (Figs. 3, 4, and 5), where the stream is
about 1 m wide, and it is constrained on the sides and lined
on the bottom by bedrock. The length of the traced transect
was 59 m. The section of streambed had a minimal amount
of sediment, the majority of which is gravel- to sand-sized.
The water depth was only slightly less in the 2014 tests than
in the 2012 tests, but the discharge was much less in 2014
(Table 1). In 2012, two tests (A and B) were completed
using fluorescein as the soluble tracer and by collecting and
manually counting the beads. In 2014, two tests (C and D)
were completed using NaCl as the soluble tracer.

3 Results

3.1 Tests A and B (2012)

The duration of each field test was approximately 10 min.
The average stream discharge on the day of the tests was
140 L/s.

The recoveries for the dye were 91 and 88%; the percent
recoveries for the beads were 58 and 73%. Given the diffi-
culty in collecting the beads manually during a short test, the
low bead recoveries are attributed primarily to poor collec-
tion efficiency at the sampling point. The higher recovery for
the second test was due to improved collection techniques.
With the exception of the percent recovery, there was
excellent agreement between the results of the two bead
tests. The hydraulic parameters calculated in QTRACER2
agreed within 10% between Test A and Test B (Table 2;
Fig. 6). The time of first detection, mean velocity, peak
velocity, and mean tracer transit time agreed within 3%.

Greater discrepancy was observed between the beads and
the dissolved dye. Peak time agreed within 10%, but the
other parameters calculated in QTRACER2 (time of first

Fig. 4 Canyon section used for tracing tests in Buckeye Creek Cave

detection, mean velocity, peak velocity, and mean transit
time) varied from 8 to 17% between tests A and B (Fig. 6;
Table 2).

3.2 Tests C and D (2014)

Each of the two field tests in Buckeye Creek Cave lasted
approximately 50 min. The average discharge in the cave
stream was 9.1 L/s, which was taken to be constant
throughout the day. The recoveries for the solute were 105
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Fig. 5 PIV detection system in
Buckeye Creek Cave

Table 2 Comparison of
QTRACER? results for Buckeye
Creek Cave

Parameter and units

Time of first detection (min)
Peak time (min)

Mean velocity (m/h)

Peak velocity (m/h)

Mean transit time (min)

Recovery (%)

Camera

LED lights

Average of tests A and B Average of tests C and D

(5/18/12) (7/26/14)

Solute Beads % Diff. Solute Beads % Dift.
3.0 2.7 11 19.2 17.6 8.7

35 32 9.0 25.9 28.2 8.5
994 1167 16 113 106 6.4
1280 1440 12 185 202 8.8

39 34 14 314 335 6.5

90 66 31 109 74 38

Notes The percent difference (% Diff) was calculated as the difference of the two values divided by their
average. Discharge was 140 L/s on 5/18/12 and 9.1 L/s on 7/26/14. Fluorescein was used as the solute in
2012; NaCl in 2014. The data reported for the 2014 tests are based on the PIV detection method

and 114%; the percent recoveries for the beads were 77 and
71%.

The 2014 study included both the manual method (bead
collection and counting) and the PIV method to determine
their relative effectiveness (Fig. 7). To compare between the
two, the results of both were used to calculate the tracer
parameters using QTRACER?2 (Table 3). When the different
methods are compared for a single test, most of the param-
eters agreed within 10%. In general, the parameters agreed
better for Test C than for Test D, although in both cases the
mean velocity and mean transit time agreed within 10%. The
precision of each method was evaluated by comparing the
QTRACER?2 results between the two tests (Table 2). For the
manual method, the parameters agreed between 12 and 84%;
for the PIV method, the same parameters agreed between 3.7
and 18%. Overall, the PIV method provided more consistent
results than did the manual counting method. The higher
variability for the manual method is probably also sensitive
to the time period used for bead collection. In Test C, the

beads were collected for 1-minute intervals, but in Test D the
beads were collected for 2-minute intervals. The longer
interval time was used for the second test to ensure that
sufficient bead-catching nets were available to complete the
test.

The relative transport characteristics of the solute and
beads were not consistent. The beads arrived first and had a
higher peak velocity; however, the beads had a later peak
time, a lower mean velocity, and a longer mean transit time
(Table 2).

4 Discussion

4.1 Effectiveness of Tests

The tests conducted in Buckeye Creek Cave were intended
as proof of concept for the use of the beads as an
LNAPL-proxy tracer in karst systems. The manual collection
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Fig. 6 Tests A and B: breakthrough curves for solute and bead tracers,
5/18/12

and counting of beads were effective in all tests but can only
provide limited detail for flow calculations. The PIV detec-
tion method used in the 2014 tests was more automated and
provided far more detail regarding the bead transport.

4.2 Results of Tests

In the 2012 Buckeye Creek Cave tests, the beads travelled
faster than the solute tracers, in agreement with other
multi-tracer studies that have incorporated particle tracers
(Auckenthaler et al. 2002; Goppert and Goldscheider 2008;
Harvey et al. 2008; Mahler et al. 1998a, b; Sinreich et al.
2009).

In contrast, in the 2014 Buckeye Creek Cave tests, the
bead transport was more similar to the solute transport. The
beads had an earlier first detection and higher peak velocity,
but a later peak time, slower mean velocity, and longer
transit time. Of the similar multi-tracer studies, the slower
transport of particle tracers was only reported by Goppert
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Fig. 7 Tests C and D: comparison of results from PIV method (solid
black line) and manual counting detection (columns) methods

and Goldscheider (2008). That study was conducted in
Holloch Cave, in the Swiss Alps, and was conducted over a
2.5-km cave-stream distance with a few sumps but mostly
open-channel flow. Under low-flow conditions, with a con-
stant discharge of ca. 20 L/s in the cave stream (ca. 170 L/s
at the down-gradient Sdgebach Spring), the 1-um micro-
spheres travelled faster than the co-injected solute dye.
During a second test, under high-flow storm conditions
(discharge from 582 to 1035 L/s at Sdgebach Spring) the
colloids and solutes arrived much closer in time.

There are some critical differences between the gel-bead
tracers used in the Buckeye Creek Cave studies and the
multi-tracer studies that employed microspheres: (1) the gel
beads are much larger than the microspheres; (2) the beads
are buoyant, while the microspheres are closer to neutral
density; (3) the tests in Buckeye Creek Cave were over a
shorter distance and only in open-channel flow. Although
conducted above ground, the Tauro et al. (2012a, b) creek
study may be more comparable to the Buckeye Creek Cave
studies. The Tauro et al. study was over a fairly short reach
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Table 3 Comparison of bead

i Percent difference in QTRACER2
detection methods

values

Time of first detection
Peak time

Mean velocity

Peak velocity

Mean transit time

Longitudinal dispersion

Manual versus. PIV Test C versus. Test D

methods

Test C Test D Manual method PIV method
(%) (%) (%) (%)

8.6 12.7 14.3 10.2

1.8 17.5 15.7 3.5

1.8 2 11.3 7.5

8.8 12.2 14.3 10.9

2.8 2 114 6.6

18.2 160 163 28.6

Notes The beads were collected using a 1-minute interval for Test C and a 2-minute interval for Test D

(27 m), used larger buoyant beads (ca. 1 mm), and was
conducted in open-channel flow. Only two stream tests were
completed by Tauro et al., but their beads travelled faster
than a solute tracer in both. The average velocity in these
studies was considerably higher: 1980 L/s versus 170 L/s in
the high-flow Buckeye Creek Cave tests.

4.3 Limitations of This Approach

There are several limitations to the bead and PIV method for
particle tracing in karst. First, the detection system needs to
be modified for use over longer time periods and without
having a human operator present. Power management, for
the camera and LED light strings, is critical in this next
step. Second, the PIV method only accounts for particles
flowing on the water surface. If neutral-buoyancy or denser
beads are used, then the video obtained needs to account for
movement at depth as well as on the surface. Third, the
transport of the beads needs to be compared with the
transport of a free-phase LNAPL. The beads are discrete
particles, and their use as an LNAPL proxy requires that they
be tested together for comparison. The comparison study
needs to be completed in an artificial setting so that LNAPLs
are not released into natural settings.

4.4 Advantages of This Approach

A tremendous advantage using the hydrogel beads is that the
physical characteristics can be easily altered. Additives can
be adjusted to accommodate different types of detection
strategies and to control the density of the beads. The relative
diameter can also be altered. The bead-construction tech-
nique used in this study provides reasonably consistent sizes

of beads; altering the needle diameter changes the side of the
alginate drops and therefore the bead size. The beads are
easier to handle and work with than are microspheres. Lastly,
the beads are cost-effective to make. The estimated material
cost for producing 10,000 beads was approximately $8 US.

5 Conclusions

These preliminary studies have demonstrated the poten-
tial for hydrogel tracer beads to be used as a proxy tracer
for LNAPL in karst settings:

1. The beads were used to trace water flow in a cave setting.
The PIV detection method was able to quantify the bead
movement overtime and produce detailed breakthrough
curves.

2. In a high-flow study, the beads travelled faster than
solute tracers in agreement with other multi-tracer studies
that included particles. At lower flow, the relative
transport of beads and solutes was less clear. This sug-
gests the importance of conducting multi-tracer tests
under different flow conditions.

3. Additional studies are necessary to improve bead detec-
tion, extend the test distance and duration, and probe the
possibility of LNAPL traps in karst aquifers.

4. A great advantage of the gel beads is that they are highly
alterable and cost-effective. They can easily be modified
for different purposes, densities, and detection methods.
The potential for using gel beads in future studies is
enhanced by the ease with which their physical and
chemical properties can be adjusted.

Although limitations exist, hydrogel beads are a good
potential tracer for controlled experiments to better
understand how LNAPL moves in karst settings.
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Cave Characterization in the North Karst Belt
Zone of Puerto Rico: Cave Mesofauna Diversity
as an Indicator of Pathogenic

and Opportunistic Species

Angel A. Acosta-Coldn

Abstract

To completely characterize a cave system, the relationship between the geological,
geometrical, physicochemical, and biological properties must be described. The geological
properties that provide information on the speleogenesis of the cave was found from a
literature review of the region. The geometrical properties were measured to obtain the
cartography of the cave in which the cave map, path, and volume were calculated using
caveGEOmap. The studied physicochemical properties included the properties of bats’
guano droppings that can be used to understand the mycological settings for guanophillic
fungi and mesofauna. The abiotic factors such as acidity, guano-enriched soil moisture, and
organic matter content were measured and analyzed. The biological properties investigated
were the characterization of the bats and mesofauna of the cave by catch-and-release and
traps. Total specimens, species richness, and diversity index of the mesofauna were
measured for each trap. These measurements provide us with a possible indicator of regions
of the cave that can have a possible health impact in humans. Although the abiotic factors
measured do not show a clear relationship as a possible marker of fungi and bacteria, our
study found that the mesofauna richness and diversity can be a direct indicator of
pathogenic and opportunistic species that can affect the human health if their diets are
known.

1 Introduction

Rico: Angel Matos Cave and the west section of the Efrain
Lopez Cave in the municipalities of Arecibo and Isabela,

To completely characterize a cave system, the relationship
between the geological, geometrical, physicochemical, and
biological properties must be elucidated. These properties
can be summarized (Toomey 2009) as geometrical (car-
tography of the cave), chemical (soil pH, air composition,
etc.), physical (climatology, geology, soil resistivity, and
dielectric response, etc.), and biological (ecology, biodi-
versity, and microbial effects). In this study, we charac-
terized two caves in the north karst belt zone of Puerto
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respectively. The purpose of this study was to investigate
how a cave characterization methodology can help locate
possible regions in caves where human health can be
affected.

The flora and fauna of the caves consist of a diverse range
of organisms from the microfauna (bacteria, fungi, nema-
todes, etc.), to the mesofauna (mites, collembola, acari,
dipteras, etc.) to the macrofauna (spiders, bats spiders, etc.)
(Harris 1970). Fungi and bacteria play an important role in
the cave ecosystem. Caves can serve as habitat for diverse
communities of fungi and bacteria that can include patho-
genic and opportunistic species Nieves-Rivera 2003 and
Taylor et al. 2013. The presence of these species can be a
potential danger to cave visitors and scientists, especially
those who are immunosuppressed, undergoing chemother-
apy, or have lower defenses (Woods 2002; Jurado et al.
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2010). Multiple studies have reported infections by fungus
contracted in caves. Skoulidis et al. (2004) reported the
infection by Penicillium marneffei in a person exposed
regularly to bat guano from a cave. In Puerto Rico,
Nieves-Rivera et al. (2009) found multiple guanophillic
fungi (guano-enriched soil fungi) in three caves in the
southeast region of the country. Additional studies reported
infection and documentation of Histoplasma capsulatum in
Aguas Buenas cave for decades (Torres-Blasini et al. 1960;
Torres-Blasini and Carrasco-Canales 1966a, b; Beck et al.
1976; Carvajal-Zamora 1977a, b, c¢). Histoplasma capsula-
tum is a fungus that can produce pulmonary histoplasmosis,
a condition that frequently affects cave explorers and sci-
entists (Nieves-Rivera et al. 2009). In a cave where bats are
present, the guano produced by the bats is sufficient to create
an independent and complete ecosystem (Poulson 1972) in
which fungi and bacteria are food sources for arthropods
(Sarbu et al. 1996). The diversity of the mesofauna
(arthropods smaller than 2 mm) will vary based on the food
sources and environmental conditions of the caves where the
guano is located. Environmental conditions at the entrance
of the cave fluctuate but are more stable in the cave zones
where the bats are located. These constant conditions are
characterized by the absence of light, high humidity, and
constant temperature (Poulson and White 1969). The
physicochemical abiotic factors of acidity, moisture, and
organic matter content of the guano in the stable cave zones
vary based on the type of bats (Decu 1986; Ferreira et al.
2000; Emerson and Roark 2007) that create the guano
droppings.

The objective of the present study was to develop a
methodology to fully characterize a cave (geological, geo-
metrical, physicochemical, and biological properties) and
evaluate the cave mesofauna diversity as an indicator of
possible pathogenic and opportunistic species capable of
affecting human health. Furthermore, this study aimed to
verify how the abiotic factors (acidity, moisture, and organic
content) influence the mesofauna diversity.

2 Methodology

To completely characterize the caves, the geological, geo-
metrical, physicochemical, and biological properties need to
be studied. The geological properties consist of the
description of the cave geology. The geometrical properties
of the cave involve the measurements necessary to create a
digital map of the cave. This map will be used as reference
for the measurements of the physicochemical and biological
properties. The physicochemical properties consist of the
guano-enriched soil abiotic factors (acidity, moisture, and
organic matter content). The biological properties of the cave
consist of the mesofauna biodiversity.

2.1 Geological Properties

To find the geological formation of the cave, we used the
GPS coordinates of the caves (Fig. 1) and USGS geological
maps for the Quebradillas quadrangle (Monroe 1967) and
Arecibo quadrangle (Briggs 1968). After the geological
formation was obtained, literature review of the formations
(Monroe 1976, 1980) gave us the description needed to
understand the geological properties.

2.2 Geometrical Properties

To generate 2D and 3D maps of the caves, the geometrical
properties of the caves were measured. To determine the
geometrical properties of the cave, reference points or sta-
tions were chosen. The stations needed to remain in a fixed
position during the entire measurement period, and for that
reason, some of the stalactite and stalagmites of the caves
were selected. To create the cave map, we used three
instruments: (i) compass, (ii) inclinometer, and (iii) distance
measurer. To obtain the data for the 2D map, the compass
was used to measure the angle from north (azimuth) between
stations, the inclinometer measured the inclination between
stations, and the distance measurer (laser) measured the
distance between the two stations. To verify the measure-
ments, they were repeated (backward and forward). Addi-
tionally, the height values such as up—down (roof and floor)
and east—west distances (walls) were measured. To be able
to generate the 3D map, we measured the azimuth-data and
horizon-data. The azimuth-data were collected by varying
the angle from the north and measuring the distance at that
point (36 data points for 360°). The horizon-data were col-
lected by varying the angle from the horizontal and mea-
suring the distance at that point (>18 data points for >180°).
Then, the maps were created by combining the 2D data
points, azimuth-data and horizon-data, as inputs in cave-
GEOmap (Candelaria-Soberal and Acosta-Colon, in
preparation).

2.3 Physicochemical Properties

Surficial samples of bulk bat guano-enriched soil were col-
lected for all the stations at both caves. Moisture content was
determined by mass loss upon drying. The samples were
dried at 105 °C for 24 h and homogenized using a mortar and
pestle. The resulting homogenized guano-enriched soil was
then sieved through a 0.5-mm sieve, and the fraction smaller
than 0.5 mm was used for the acidity and organic matter
analysis. For each sample, we measured the pH using the
EPA-Method 9045-D (soil and waste pH) and Hanna HI-208
pH electrode. The organic matter content percent was
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Fig. 1 Map of Puerto Rico in the
Caribbean. The yellow section of
the map is the karst region of
Puerto Rico. Efrain Lopez cave
(left) and Angel Matos cave
(right) are located in the
municipality of Isabela and
Arecibo, respectively

Efrain Lopez Cave

determined using the loss on ignition (LOI) method. The LOI
method consisted of ashing (combusting) a 1 g sample of
sifted homogenized sediment in a furnace at 750 °C for 3 h
and then weighing. The organic matter content percent was
determined by loss in mass of the pre- and post-LOI samples.

2.4 Biological Properties

For our study, the biological characterization of the cave
was carried out by classifying the bats that produce the
guano and the mesofauna that lives in the ecosystem cre-
ated by the guano. We identified bats, for every station,
visually or by catch-and-release. We examined the bat’s
face, nasal region, fur (and color), uropatagium, and tail
(Rodriguez-Duran and Christenson 2012). Based on these
characteristics, we were able to classify the bats (and their
diet) as a function of the station. The mesofauna specimens
were collected by traps and identified by biological

Angel Matos Cave

class/order per station. The collecting techniques used were
as follows: (i) a cardboard trap and (ii) dead leaves
trap. The traps were located near the stations used to
measure the geometrical properties. After the collection of
the samples, each trap was cleaned at the laboratory to
collect the specimens. Excess sediment was removed from
specimens, and they were closely examined using a dis-
section microscope to separate, identify (by biological
class/order), and quantify the specimens. Then, the organ-
isms were stored and preserved in microtubes with ethyl
alcohol (70%) for further assessment. After the quantifi-
cation of the specimens, the richness of species and
diversity index per station was calculated. The species
richness is defined as the frequency of species that were
collected in the station, and the diversity of the specimens
collected was calculated using the Shannon-Wiener index
method. This diversity index accounts for abundance and
evenness of the species at the station (Magurran 1988; Zar
2007).
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3 Results and Discussion

3.1 Geological Setting of the Caves

Both caves are located in the north coast karst belt zone of
Puerto Rico (Fig. 1). Efrain Lopez Cave is located in the
Isabela municipality and occurs in the San Sebastian
Limestone (Monroe 1967). The San Sebastian Limestone
consists of red and yellow mottled clay, sandy clay, lignite
beds, and carbonaceous clay (Monroe 1980). Angel Matos
Cave is located in the Arecibo municipality and occurs in the
Aymamoén Limestone (Briggs 1968). The Aymamoén Lime-
stone consists of very pure fossiliferous (pale orange to
bright yellow) chalk limestone of large beds of oysters and
other marine organisms (Monroe 1968). The two formations
have similar mineral composition. The common minerals
found in the both caves were carbonates (from the eroded
bedrock) and nitrates (from guano deposits). Clay minerals
were measured in Efrain Lopez Cave as described by
Monroe (1967), and for Angel Matos Cave, an abundance of
silicate minerals was found. The mineralogical properties of
the formation are important because the eroded sediments

created from the rock are the mineralogical surface for the
bats’ guano droppings that are part of the diet of the cave
mesofauna.

3.2 Digital Cartography of the Cave

A total of 832 and 850 measurements were used to create the
digital maps for the Efrain Lopez and Angel Matos caves,
respectively. Figures 2, 3, 4, 5, 6, and 7 show the results of
the geometrical properties of the caves. Figures 2, 3, and 4
show the results for The Efrain Lopez cave. The station path
(Fig. 2) was measured using 13 stations (red circles)
including one entrance station (black square), and the mea-
surements for the 3D map are shown in Fig. 3. The
azimuth-data are shown in black, while the horizon-data are
in blue. Then, caveGEOmap used these measurements to
create the 3D map of Efrain Lépez Cave (Fig. 4). Similarly,
Figs. 5, 6, and 7 show the results for Angel Matos Cave. For
this cave, we used 12 stations including one entrance station,
the azimuth- and horizon-data, to create the digital map
(Fig. 7). For both caves, the entrance reference station used



Cave Characterization in the North Karst Belt Zone ...

161

0 — - +:uo¢°“‘ o, .
. .zﬁfi'oéf.’ &
-10 — ?
20 L
10 TF
0 P
-10 Ve
-20 Wi —
-30 Fiaa W
-40 Ve
-50

20 — A 1 A
G ¥ 0“?:'1.." ;

10 — YRS = ...,&
¢

b4

-70/%%_““%' A

-80 -20

Fig. 3 Efrain Lopez cave results for the 3D data points (azimuth-data and horizon-data). All axes are in meters

was our station zero. As we accessed the cave, the station
numbers (red circles in Figs. 2 and 4) will increase as a
function of the depth of the cave. The end of the cave ref-
erences were station 12 and 11 for Efrain Lopez and Angel
Matos caves, respectively.

Using the caveGEOmap results, we estimated the length
and volume of the caves. Efrain Lopez Cave has an esti-
mated length of 135 m and volume of 3700 m?, while Angel
Matos Cave was 244 m in length with a volume of 2000 m®.
Even though the Angel Matos Cave is longer, the volume is
smaller, and this is due to the vertical height of the cave.
Nevertheless, this study did not attempt to compare the
properties of the two caves. Rather, both caves were used to
characterize the physicochemical and biological properties
as measurements useful in elucidating independent ecosys-
tems even though the same methodology was used in both
caves.

3.3 Bat Characterization

After the visual or catch-and-release inspection of the bats in
both caves, we found that Efrain Lopez Cave only has one

bat species from stations 3 through 12, the Artibeus
jamaicensis which is a frugivorous bat. However, in Angel
Matos Cave, we detected 4 different bats species: two fru-
givorous species, Brachyphylla cavernarum and Artibeus
Jamaicensis; one nectarivorous bat type, Erophylla bomb-
ifrons; and one insectivorous, Pteronotus quadridens.
Table 1 summarizes the bat types per station for both caves.
The importance of the bat characterization is in knowing the
diet. The bat’s feeding habits can help us understand the
guano properties. Multiple studies (Decu 1986; Studier et al.
1994; Ferreira et al. 2000; Shahack-Gross et al. 2004;
Goveas et al. 2006; Emerson and Roark 2007) had measured
acidity, organic content, nutrient mass ratios (C:N, N:P, C:
P), and other guano properties. These studies have shown
some dissimilarities of these properties even for the same
species with same diets. These differences in elemental
composition are coupled with the different needs among
organisms living in the guano ecosystem, creating different
community structures (Emerson and Roark 2007). For this
reason, measurements of the acidity, moisture, and organic
matter content were made for each station, due to changes in
elemental composition even with same species with same
diets.
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3.4 Abiotic Factors

The results of the abiotic factors such as acidity (pH),
guano-enriched soil moisture (%SM), and organic matter
content (%OM) are shown in Table 2. As previously men-
tioned, these parameters will be affected by the bat’s diets.
The pH values for Efrain Lopez Cave vary slightly as a
function of the depth of the cave with no recognizable
pattern due to the continuity of a single bat species
(Artibeus jamaicensis); however, for Angel Matos Cave, the
guano-enriched soil becomes more acidic as we move from
the frugivorous species into the nectarivorous and insectiv-
orous bats. There was no demonstrable relationship between
guano-enriched soil moisture variations as a function of the
depth for Efrain Lopez Cave. Nevertheless, an increase in
moisture as a function of the depth of the guano-enriched
soil moisture was measured in Angel Matos Cave. This
increase is due to a growth of water percolation which was
visible in the cave. Additionally, a possible interpretation for
some changes in the guano-enriched soil moisture can be the
freshness (recently deposit) of the guano. Lastly, to interpret

the organic matter content, we used the out-of-the-cave
station as a baseline for the results. The percentage of
organic content at the entrances was nearly 20-30% for both
caves which consisted mostly of leaves and droppings from
entry/exit flights of the bats. The organic matter content for
Efrain Lopez Cave was greater for the stations with bats
(except station 6) than the entrance zone (stations 0-2).
Station 6 was selected out of necessity relatively close to the
cave wall (due to the shape of the cave in that section) which
did not yield a significant quantity of bat droppings. For
Angel Matos Cave, the organic matter content shows some
disparities. Although a higher organic matter content was
expected for regions with bats, this was not always the case
for this cave. In the regions where bats are located, the guano
deposits are higher, and therefore, more organic matter
content was expected.

A favorable guano-enriched soil ecosystem for the
microbiological communities (bacteria and fungi) is pri-
marily determined by favorable values of pH, moisture level,
and nutritional content (Pellegrini and Ferreira 2013). In soil
microbiology, these parameters are the deciding factors for
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Fig. 5 Results of the cave digital cartography for the Angel Matos cave. The station path was used to measure the azimuth-data and horizon-data.

All axes are in meters

the selection of growth regions. A favorable range of pH is
4.8-7.5 (Killham 1994), but some organisms can adapt to a
wider range of acidity. As the guano-enriched soil become
more acidic, the fungi will be more abundant because bac-
teria prefer more neutral pH. Also, the guano-enriched soil
moisture can be a deciding factor between fungi and bac-
terial selection for a region of the cave. A high moisture
content will increase bacterial growth but will limit the fungi
aerobic respiration. As food source for the microorganisms,
the organic matter content influences the growth of bacteria
and fungi. The species will select regions with satisfactory
quantity (%OM) and quality (nutrient mass ratios) of organic
matter. In soils, 10-40% of the total organic matter is active
organisms (Bot and Benites 2005). A soil with organic
matter quantity above 40% will be considered a region with
sufficient food sources.

Using the favorable ranges of the pH and %OM param-
eters, and limiting the moisture parameter to a range from 30
to 80%, we are able to identify the possible regions in which
the microbiological setting will be ideal. Based on these
criteria, 80% of the stations in Efrain Lopez Cave satisfy at

least two parameters and only 46% of the stations fulfill all
the parameters. In the other hand, 41% of the stations of
Angel Matos Cave satisfy at least two parameters where
none of the stations achieve all the criteria.

3.5 Mesofauna Diversity

A total of 11 different biological classes/orders of mesofauna
were identified in Efrain Lopez Cave and 12 in Angel Matos
Cave. Table 3 shows their location relative to the station
number. The dominant biological class/order for the
guano-enriched soil for both caves was the Acari. The sec-
ond foremost was Isopoda for Efrain Lopez Cave and
Hemiptera for Angel Matos Cave. All the other species were
around 1% or less of the total specimens collected.
Guano-enriched soil mesofauna characterization is important
because each cave arthropod has a specific selection of food
sources, such as cyanobacteria, bacterial cells, organic par-
ticles, microfungal conidia, nematodes, cave microalgae,
fungi, and possible pathogenic and opportunistic species.
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Fig. 6 Angel Matos cave results for the 3D data points (azimuth-data and horizon-data). All axes are in meters

The relationship between the arthropods and food sources
can be used to understand possible regions where the human
health is at risk (i.e., an organism that use pathogens as food
source can be detected and can be used as an indicator of
hazardous sections of the cave).

Multiple studies describe the diets of some of the species of
cave ecosystems. The most common cave arthropods such as
Acari (Smrz 1989; Smrz et al. 2015) and Isopoda (Sustr et al.
2005; Novakova et al. 2005; Smrz et al. 2015) have been
studied. Additionally, the diets of the Collembola (Lee and
Widden 1996; Tebbe et al. 2006; Fiera 2014; Smrz et al. 2015)
and Diplopoda (Smrz et al. 2015) diets have been investi-
gated. For this study, the diet of the most common species
(Acari and Isopoda) and other arthropods such as Diplopoda
and Collembola have been found in the literature, but the food
sources for most of the species found in this study (Table 3)
need further investigations in the underground environment,
specially those that have a diet that consist in pathogenic and
opportunistic species that can affect the human health.

In order to calculate the total specimen quantity, species
richness, and diversity index, an analysis of the collected
specimens was performed (Table 4). The total specimen

quantity was analyzed as an indirect measurement of abun-
dance of nutritional content in the station however cannot be
used as an indicator of heterogeneity of food sources. On the
other hand, higher species richness implies more diverse
food sources (microorganisms) for the guano-enriched soil
ecosystem at that station. The total specimen quantity for
Efrain Lopez Cave and Angel Matos Cave was 1842 and
1672 collected organisms, respectively. Based on the bio-
diversity, the expected regions with more nutritional abun-
dance for Efrain Lépez Cave were stations 5, 9, and 12 with
23.9, 15.3, and 14.3% of the total specimens, respectively.
For Angel Matos Cave, the stations 8, 7, and 10 had the
more expected quantity of nutritional content with 26.2,
19.1, and 17.7% of the total specimens, respectively. The
species richness, which can be an indicator of diverse food
sources, was higher for stations 7, 11, and 6 for Efrain Lopez
Cave with 7, 6, and 6 species found on that station out of 11,
respectively. For Angel Matos Cave, the stations 7, 11, and 3
obtained the higher species richness with 7, 7, and 6 species
found out of 12. The diversity index, which accounts
for abundance and evenness of the species, was higher for
stations 3, 0, and 6 with a index of 1.151, 1.12, and 1.109,
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Fig. 7 The resulting caveGEOmap output cartography from the measurements on Angel Matos cave was calculated using the 3D data points and

the station path. All axes are in meters

Table 1 Bat characterization
and diet obtained for Efrain
Lopez and Angel Matos caves

Bats species

Brachyphylla cavernarum
Artibeus jamaicensis
Erophylla bombifrons

Pteronotus quadridens

respectively for Efrain Lopez Cave. The stations with the
higher index for Angel Matos Cave were 11, 9, and 2 with
1.52, 1.24, and 1.06 diversity index, respectively.
Generally, for stations beyond the cave entrance, the total
number of specimens increased because the organic matter
content in the entrance is lower than the bat populated
interior regions. The non-uniformity of the bat guano is the
main reason for the variation patterns in richness and
diversity. None of the stations in either cave displayed all the
types of mesofauna species. The difference in richness and
diversity is affected by the variability of food sources even
though quantities of these sources are limited in the

Feeding mechanism Cave stations found

E. Lopez A. Matos
Frugivorous None 1-11
Frugivorous 3-12 2-8
Nectarivorous None 5,9-11
Insectivorous None 9-11

ecosystem (i.e., guanophillic fungi, as a decomposer, will
prefer dry and nutritional guano-enriched soil). Decu (1986)
showed that a variation in the size and diversity of the
mesofauna community in guano-enriched soil will be
affected more by the quality of guano rather than its quantity.
Emerson and Roark (2007) suggested that the variation in
nutrient ratios (quality of the guano) is due to differences in
the elemental composition of bat droppings and could have a
major impact in the mycological and mesofauna community.
The biodiversity measurements for these two caves do not
show a clear relationship with the favorable abiotic param-
eters. A deeper understanding of the organic matter content,
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Table 2 Results of the abiotic
parameters for Efrain Lopez and
Angel Matos caves as a function pH %SM

Stations Efrain Lopez cave

of the selected stations 0 5.9 35.7
1 5.7 21.3
2 5.6 24.5
3 55 55.7
4 4.5 68.4
5 53 41.2
6 5.8 26.6
7 5.5 344
8 5.7 36.0
9 44 60.8
10 4.8 45.7
11 53 26.3
12 5.0 73.6

Angel Matos cave

%OM pH %SM %OM
242 74 32.7 24.8
29.6 6.7 27.6 31.8
334 6.0 39.7 29.0
51.1 6.6 44.6 19.8
89.4 3.9 49.1 43.0
60 3.8 41.6 213
26 44 58.2 16.3
60.2 58 63.2 36.9
43.0 32 67.9 22.0
727 3.1 63.1 239
41.0 3.6 66.6 70.3
486 34 67.1 30.8
74.7 - - -

The parameters are acidity (pH), guano-enriched soil moisture percent (%SM), and the organic matter content

percent (%OM)

Table 3 List of cave mesofauna
arthropods identified at Efrain —
Lopez and Angel Matos caves per  Biological class/order

station Acari
Aranae
Blattaria
Collembola
Dermaptera
Diplopoda
Diptera
Gastropoda
Hemiptera
Hymenoptera
Isopoda
Larvae
Lepidoptera
Orthoptera
Polydesmida

Pseudoscorpion

Stations

Efrain Lopez cave Angel Matos cave
All All

5 1-5, 7-8, 11
6, 8, 11 1, 4, 8-11
3,5-8, 11 7

Not found 5

3,6, 11 Not found
Not found 9

2-3, 12 1-6, 8-9, 11
0, 2-12 1,4-5,7,9,11
0,7,9 1-9

0, 2-8, 10-12 1-11

Not found 4

Not found 4,8

Not found 1-11

11 Not found

0, 6-7 Not found

such as nutrients ratios (C:N, N:P, C:P), elemental analysis,
and decomposition effects, is needed to determine whether a
correlation exists between these parameters and the diver-
sity. Nevertheless, the diversity in arthropods is an indicator
of different microorganism as food sources. The diverse
mesofauna, as a consumer, feeds from different types of
bacteria, nematodes, and fungi, and some of them will be
pathogenic and opportunistic species, such as P. marneffei
and H. capsulatum.

4 Conclusions

In summary, the geological, geometrical, physicochemi-
cal, and biological properties were measured for two
caves in the north karst belt zone of Puerto Rico. The
relationship between the physicochemical and biological
properties cannot be determined for this study. Further
analyses of the organic matter content (i.e., elemental
analysis, nutrient ratios, and decomposition effects) are
needed to be able to study the possibility of a correlation
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Table 4 Results of the analysis

. Stations  Efrain Lopez cave Angel Matos cave

of the collected specimens per

station for Efrain Lépez cave and Total Species Diversity Total Species Diversity

Angel Matos cave specimens richness index specimens richness index
0 25 4 1.12 13 3 0.535
1 47 3 0.338 33 3 0.270
2 18 5 1.36 48 4 1.06
3 64 5 1.151 142 6 0.934
4 68 3 0.852 104 4 0.440
5 441 5 0.557 45 3 0.534
6 54 6 1.109 9 1 0
7 256 7 0.656 321 7 0.386
8 187 5 0.928 439 5 0.789
9 283 3 0.486 135 5 1.24
10 10 3 0.897 297 3 0.683
11 125 6 0.912 86 7 1.52
12 264 5 0.612 - - -
Total 1842 11 - 1672 12 -

The total specimens are the quantity of organisms, and the species richness is the frequency of species found
at the station. The diversity index was calculated using Shannon-Wiener method

between properties. Also, this study suggests that a
mesofauna diversity analysis could be a possible indicator
of pathogenic and opportunistic species that can affect
human health. However, after the mesofauna characteri-
zation and the identification of species, more studies are
needed to understand the diet of mesofauna organisms to
clearly identify species that can be used as markers for
cave microbial pathogens.
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Abstract

Socioeconomic inequalities of disease and health are a major issue in the development of
public policy, specifically health policies. The study uses secondary data obtained from a
subset of participants of the Puerto Rico Testsite for Examining Contamination Threats
(PROTECT) Project that follows a cohort of pregnant women and their exposure to
contaminant agents. This study includes a profile of PROTECT participants by
geographical region, study site, and other socioeconomic characteristics related to an
increased risk of differential exposure to contaminants by means of use of personal care
products. The analysis includes the study of socioeconomic and demographic variables, and
the use of personal care products. Analysis of data collected reveals reports of use of
products with higher concentrations of chemicals that have been associated with hormone
disruption, and premature births are not evenly distributed among the population
participating in the study. Results provide important evidence in terms of the social
determinants of health such as geographical location, neighborhood, age, education,
gender, and economic resources, and how they impact exposure to chemicals present in
personal care products. The implications of the results for further research, as well as for
community engagement, and public policy will be discussed.

1 Introduction

In daily life, we are exposed to different chemicals by means
of  personal care products (PCPs). Parabens
(p-hydroxybenzoic acid) are a class of chemicals widely
used in several products such as cosmetics, lotions,
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sunscreen, conditioner, and many others, because of their
abilities to prevent growth of bacteria and fungi and promote
the shelflife for products. Recent studies (Kang et al. 2013;
Calafat et al. 2010; Frederiksen et al. 2011; Ye et al. 2012;
Tefre de Renzy-Martin et al. 2013; Casas et al. 2011; Engel
et al. 2014; Shirai et al. 2013; Bledzka et al. 2014) have
shown particular interest in these preservatives because of
their potential health effects due to their estrogen mimics. In
fact, observed changes in the health status of a study pop-
ulation from Puerto Rico were suspected to be due to
exposure to endocrine disruptors including parabens (Mee-
ker et al. 2013).

Studies (Dunn and Dyck 2000; von Rueden 2006) have
shown that social determinants can impact in the quality of
life of people, especially in children (“The Social Determi-
nants of Child Health: Variations Across Health Outcomes, a
Population-Based Cross-Sectional Analysis” 2010). This
study provides information in terms of socio-demographic
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factors as the social determinants and their influence in
selecting personal care products with contaminants.

2 Methods

Pregnant women in the northern karst zone of Puerto Rico
were recruited at prenatal clinics to participate in the Puerto
Rico Testsite for Exploring Contamination Threats (PRO-
TECT) Project. Detailed methods of the PROTECT Project
have been previously published (Meeker et al. 2013; Lewis
et al. 2014; Cantonwine et al. 2014). While the PROTECT
Project collected vast quantities of targeted and nontargeted
contaminant data, pathways, and transport exposure data,
and explores remediation techniques, the only information
pertaining to the influence of social determinants in the
selection of personal care products is reported in this paper.

2.1 Study Population

In order to be eligible to participate in the PROTECT Pro-
ject, women have to be between the ages of 18 and 40, reside
in a municipality within the northern karst region, not report
use of oral contraceptives three months prior to pregnancy or
in vitro fertilization as a method of assisted reproductive
technology, and be free of known medical/obstetric com-
plications (Meeker et al. 2013). Protect participants were
recruited at approximately 14 £ 2 weeks of gestation at
participant clinics throughout northern Puerto Rico during
2010-2015.

2.2 Data Collection

2.2.1 Questionnaires

Women in PROTECT are asked to complete a series of
questionnaires during the 3 scheduled interviews throughout
their study period. From these questionnaires, we only

Table 1 Socio-demographic variables obtained from the recruitment
questionnaire

Age

Employment status
Health insurance type
Household income
Marital status
Maternal education
Municipality
Residency type

Table 2 Complete sample (n =496 participants) of participant’s
general socio-demographic characteristics. This information was
reported by the participants

Characteristic n (%)

Age mean 27

Gross income ($US)

< $19,999 186 (37.5)
$20,000-$49,999 169 (34.07)
$50,000-$99,999 63 (12.70)
>$100,000 10 (2.02)
Doesn’t know or 58 (11.69)
Missing 10 (2.02)
Maternal education

High school or less 94 (18.95)
Some college 174 (35.08)
College degree 227 (45.76)
Missing 1 (0.20)
Civil status

Single 100 (20.26)
Married 292 (58.87)
Divorced 7 (1.41)
Cohabiting 97 (19.56)
Employment status

Has a job 307 (61.89)
Does not have a job 186 (37.5)
Missing 3 (0.60)
Residency type

Owned or mortgage home 322 (64.92)
Rented 105 (21.17)
Occupied without rent 56 (11.29)
Other arrangement 12 (2.42)
Does not know 1 (0.20)
Health insurance

Government insurance 173 (34.87)
Private insurance 310 (62.5)
Does not know 1 (0.20)
Missing 10 (2.02)

selected the socio-demographic variables regarding the par-
ticipants (Table 1).

2.2.2 Product Use Questionnaire

Women in PROTECT are asked to complete a Product Use
Questionnaire during three visits along pregnancy. The
Product Use Questionnaire includes information of the
products used in a period of 48 h prior and after the visits.
For this study, women from PROTECT who had completed
all three Product Use Questionnaires (PUQs) as of
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November 2015 were selected. A total of n = 496 women
were the sample for this study.

From the Product Use Questionnaire, we selected and
evaluated two categories: (1) reported lotion used, including
brand and (2) reported cosmetics used including brand.
Examples of the reported lotion used by the participants
included hand cream, body lotion, and body oils. As for
cosmetics, brow and eyeliner, blush, foundation, concealer,
eye shadow, and mascara are examples reported as used by
the participants.

2.2.3 Paraben Identification in Products

A total of 57 and 46 brands were identified for lotions and
cosmetics, respectively. The ingredients in these brands were
obtained and compared through different cosmetic and lotion
databases such as but not limited to EWG’s Skin Deep
Cosmetic Database and California Safe Cosmetics Program
Product Database. The main ingredients for this analysis
were  parabens, which limited our search to
p-hydroxybenzoic acids, specifically methylparaben, ethyl-
paraben, propylparaben, and butylparaben.

2.3 Data Analysis

The first step was to conduct a descriptive analysis of the

analysis provided important information in terms of social
determinants in the population. We wanted to know whether
there were differences in the response rate by municipality
which encourage us to do a geographical second step. This
analysis was generated using ArcGis V10. The third step
was to perform two univariate analyses. The first analysis
examined the number of visits in which the participant was
exposed to parabens per product. The second univariate
analysis described the number of participants exposed per
visit. As a fourth step, we use Pearson chi-square tests for
independence in contingency test tables to examine the
association between demographic variables (age, employ-
ment status, marital status, maternal education, health
insurance type, household income, municipality, and resi-
dency type) and lotion and cosmetic use. The statistical
software for these analyses was STATA13.

3 Results and Discussion

Most participants were married, had health insurance, and had
an income of less than $20,000 a year among which 43% were
below $5000 a year (Table 2). More than half of the partici-
pants had a job during pregnancy and owned or mortgaged a
home. Although most participants had college education, the
highest degree obtained for around 19% of the participants

socio-demographic variables (listed in Table 1). This was ahigh school diploma. The median age of the participants
"
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Fig. 1 Participants by municipality that completed the three question-
naires. The map includes the geographic information for the complete
sample (n = 496 participants). The towns with more participants for

this study are highlighted in purple. This information was generated
using ArcGIS and both questionnaires
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was 27 years with a range of 18—40 years. In addition to the
benefits in terms of information, these characteristics also
allow us to generate a basic profile of the general population
that is participating in the PROTECT Project.

We had participants in the study from all towns in the
karst zone in Puerto Rico. The participants from Toa Alta
and Barceloneta, from the Federally Qualified Community
Health Centers, were more willing to complete the “Product
Use” Questionnaires resulting in higher participation, fol-
lowed by the towns of Arecibo, Corozal, Hatillo, San
Sebastian, and Utuado with a range between 49 and 56% of
the participants (Fig. 1).

Exposure to parabens for both products was measured
three times. When it comes to the lotion, 54% of the par-
ticipants were exposed all three times (Fig. 2) and a total of
61% were exposed all three times thru cosmetics (Fig. 3).

Fig. 2 Paraben exposure by
reported use of lotion per visit.
The sample for this analysis is
n = 446 participants

Fig. 3 Paraben exposure by the
reported use of cosmetics per
visit. The sample for this analysis
is n = 424 participants

On average, 95% of the participants were exposed to para-
bens by lotion or cosmetics throughout their pregnancy
(Fig. 4).

As for the analysis on product selection, Job Status
suggests an association in selecting lotion and cosmetics
(Table 3). Age and income also suggest association for
lotion selection (Table 3). Using chi-square, we explored
whether social and demographic variables play a role on
selecting lotions and cosmetics. Job Status suggests an
association in selecting hand or body lotion and cosmetics.

4 Conclusions

There is a need for further investigation in relation to
participants’ exposure due to other factors such as acces-
sibility and awareness. The extensive contamination

Reported use of hand or body lotion

B None of the visits

M One visit

B Two visits

Three visits

Reported use of cosmetics

M None of the visits

B One visit

B Two visits

Three visits
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Fig. 4 Overall paraben exposure
during visits along pregnancy.
This graphics shows the overall
paraben exposure along
pregnancy during the first,
second, and third visits by the use
of lotions and cosmetics. a The
sample for the first visit analysis
included a total of 272
participants. b The sample for the
second visit analysis included a
total of 274 participants. ¢ The
sample for the third visit analysis
included a total of 294
participants

@ First visit

M Not exposed
M Exposed only by lotion
= Exposed only by cosmetics

 Exposed by cosme

®) Second visit

B Not exposed
H Exposed only by lotion

® Exposed only by cosmetics

© Third visit
B Not exposed
¥ Exposed only by lotion

= Exposed only by cosmetics
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Table 3 Socio-demographic influence in the product selection

Municipality ~ Education  Age Income Job status  Residency type  Health insurance type  Marital status
Lotion 0.894 0.537 0.035*  0.001**  0.004%** 0.388 0.024* 0.164
Cosmetic  0.336 0.998 0.091 0.829 0.047* 0.764 0.274 0.426
*p <0.05
##p<(.01

occurring in Puerto Rico requires research to assess its
impact on the risk of mother—child health outcomes.
Understanding the socioeconomic profile has provided
insights on success of recruitment efforts and in the future
may lead to reduced exposures that promote better health
of our community and future generations. The establish-
ment of the Community Engagement Core empowers
individuals and communities in environmental health
awareness and practice.

5 Limitations

This is a first overview to some of the personal care products
used by participants in PROTECT. To generate a better
analysis, all products containing parabens must be studied.
Another limitation would be in relation to the products
reported by the participants. For example, the sample for
each statistical analysis in this study varied with respect
to analysis. A possible explanation is that in some occa-
sions the information reported in terms of product used
could be confused with another type of product by the
participant.
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Public Health Approaches to Preventing
Outbreaks of Gastrointestinal Infection Linked

to Karst Systems

Samuel Dorevitch

Abstract

Outbreaks of gastrointestinal illness have occurred following the contamination of karst
systems used as drinking water sources. Outbreaks have been caused by the flow of fecal
pollution from humans and livestock into karst aquifers and wells. These outbreaks have
resulted in thousands of cases of illness and dozens of hospitalizations. Collaborations
between hydrogeologists and public health specialists should be promoted in order to
reduce the likelihood and severity of such outbreaks in the future. Public health agencies
utilize a variety of measures designed to reduce the risk of illness among swimmers at
beaches. These measures might be modified and applied to karst aquifers that are used as
sources of untreated drinking water. In this chapter, the process for prioritizing beaches for
water quality monitoring, the use of rapid bacterial detection methods, and public health
notification processes are described. Microbial source-tracking methods used as a research
tool at beaches could help identify and mitigate the human, livestock, and wildlife sources
of fecal microbes that pollute karst aquifers, particularly after heavy precipitation. Other
opportunities for collaboration include the participation of hydrogeologists in the
investigation of disease outbreaks, the education of public health per