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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

Public health implications for contamination in karst aquifers
are of global concern. It is estimated between 12.5 and 20% of
the Earth’s land surface that is composed of carbonaceous
rocks (Fig. 1) (Williams and Fong 2014; USGS 2016b).
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These rock formations—limestone 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,

Fig. 1 Karst aquifers worldwide based on Ford and Williams (1989). From Williams and Fong (2014)
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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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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

Fig. 2 Principal karst aquifers of
the USA (USGS 2016a)
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Fig. 3 Percentage of residents
on private well drinking water
based on data from Maupin et al.
(2014) and Research Triangle
Environmental Health
Collaborative (2015)
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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 2016c). 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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