M Made available through Montana State University’s Scholar\Works

MONTANA

STATE UNIVERSITY
LIBRARY

Statewide cumulative human health risk
assessment of inorganics-contaminated
groundwater wells, Montana, USA

Margaret J. Eggers; W. Adam Sigler; Nicklas Kiekover;
Paul M. Bradley; Kelly L. Smalling; Albert Parker;
Robert K.D. Peterson; John |. LaFave

Accessibility Disclaimer:

For a more accessible version of this document, please submit an accessibility request form through
the Montana State University Library website.



Environmental Pollution 369 (2025) 125810

journal homepage: www.elsevier.com/locate/envpol

Contents lists available at ScienceDirect

Environmental Pollution

Statewide cumulative human health risk assessment of

»

Chueck for
updates

inorganics-contaminated groundwater wells, Montana, USA*

Margaret J. Eggers >” @, W. Adam Sigler °@, Nicklas Kiekover °®, Paul M. Bradley “©,
Kelly L. Smalling '@, Albert Parker ©, Robert K.D. Peterson @, John I. LaFave

* Microbiology and Cell Biology/Land Resources and Envir I Scis Depar ts, Montana State University, PO Box 173120, Bozeman, MT, 59717, United
States
® Land Resources and Environmental Sciences Department, PO Box 173120, Mont: State University, B MT, 59717, United States

© U.S5. Geological Survey, South Atlantic Water Science Center, Columbia, SC, 29210, United States
4 U.5. Geological Survey, New Jersey Water Science Center, Lawrenceville, NJ, 08648, United States

© Center for Biofilm Engineering, Department of Math

ical Sci Mont State University, B MT, United States

f Research Division, Montana Bureau of Mines and Geology, Butte, MT, United States

ARTICLE INFO

ABSTRACT

Keywords:

Private wells

C lative risk t
Groundwater

Geospatial analysis

Heavy metals

Human health

Inorganic contaminants
Montana

Across the United States, rural residents rely on unregulated and generally unmeonitored private wells for
drinking water, which may pose serious health risks due to unrecognized contaminants. We assessed the nature,
degree, and spatial distribution of cumulative health risks from inorganic contaminants in groundwater. Our
analysis included nearly 84,000 data points from 6500+ wells, across 51 of Montana's 98 watersheds, using a
public groundwater database. We compared a drinking water screening level cumulative risk assessment (CRA)
for inorganics based on the U.S. Environmental Protection Agency (EPA) protective health thresholds (Maximum
Contaminant Level Goals, Health Advisories [MCLG-HAs]) to a CRA based on EPA public supply enforceable
Maximum Contaminant Levels (MCLs). Based on median concentrations of 19 inorganics (antimony, arsenic,
barium, beryllium, boron, cadmium, chromium, copper, fluoride, manganese, molybdenum, nickel, nitrate, lead,
selenium, strontium, thallium, uranium, zinc), 75% of watersheds had MCLG-HA-based cumulative risk values >
1.0; arsenic and uranium contributed the most risk, followed by strontium, fluoride, manganese and boron.
Hence, this screening level (Tier I) CRA indicated widespread potential for unrecognized human health risk to
private well users from inorganic contaminants considering both carcinogenic and non-carcinogenic risks.
Sensitivity analysis showed that benchmarks applied (MCLG-HAs versus MCLs) exerted the largest control on
results. Our findings identify priority regions for Tier 2 risk assessments to elucidate local sources and distri-
butions of geogenic versus anthropomorphic contaminants. Our study is the first statewide assessment of cu-
mulative health risk from groundwater that we are aware of, and results support increased statewide drinking
water education and testing to reduce human health risks from contaminated private well water.

1. Introduction

Most states do not regulate water quality in private wells, beyond
establishing standards for location and construction of new wells

Across the United States (U.S.), approximately 43 million people —
about 15% of the U.S. population — lack access to public water services
and rely instead on private wells (Dieter and Maupin, 2017; Dieter et al.,
2018; Fox et al., 2016). Public supply drinking water contaminants are
federally regulated under the Safe Drinking Water Act (SDWA) National
Primary Drinking Water Regulations (U.S. Environmental Protection
Agency, 2024a), but no federal laws govern private well water quality.

* This paper has been recommended for acceptance by Sarah Harmon.

(National Ground Water Association, 2021). This lack of regulation is a
public health concern because groundwater can contain a range of
naturally occurring and anthropogenic toxics, including metals, metal-
loids, nitrate, fluoride, pesticides, polycyclic aromatic hydrocarbons,
per- and polyfluoroalkyl substances (PFAS), and many other organic
compounds (Bradley et al., 2018a; Bradley et al., 2021a; Bradley et al.,
2021b; Bradley et al., 2022; DeSimone, 2009; DeSimone et al., 2015;
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Focazio et al., 2006; Fox et al., 2016). Hence, people dependent on
private wells are at increased risk of unrecognized exposures to unsafe
groundwater (DeSimone, 2009; Nigra, 2020; Rogan and Brady, 2009).
Despite well-established potential health risks, private well water
testing has multiple barriers (de Franca Doria, 2010; de Franca Doria
et al., 2009; Eggers et al., 2018; Flanagan et al., 2015; Knobeloch et al.,
2013; MacDonald Gibson and Pieper, 2017; Zheng and Ayotte, 2015;
Zheng and Flanagan, 2017), and the costs of remediating home well
water or even purchasing safe water can be prohibitive (Eggers et al.,
2018; Fizer et al., 2018; MacDonald Gibson and Pieper, 2017; Martin
et al., 2021; Seltenrich, 2017; Stillo et al., 2019). For example, 86% of
home well water in a Tribal community in Montana exceeded the U.5.
Environmental Protection Agency (EPA) Secondary Maximum
Contaminant Level (SMCL) for total dissolved solids (TDS), yet 80% of
study participants consumed their well water and only about 2% had
installed water treatment systems (Eggers et al., 2018). Almost half of
Tribal wells tested were found to be unsafe for lifetime consumption due
to the cumulative risk from arsenic (As), uranium (U), manganese (Mn),
and nitrate-nitrogen (NO5-N) (Eggers et al., 2018). As one participant

‘00

explained (Eggers et al., 2013):

00

“As a country, we may imagine our citizens have universal access to
safe drinking water—but for millions of rural residents with poor
quality well water, and who can’t afford cisterns, treatment systems,
or all the bottled water they might want—this simply is not the case.
In our communities, people are cooking with poor tasting, contam-
inated water, and living with the health consequences.”

In the absence of widespread private well water testing, federal,
state, and university well water surveys have been conducted to assess
potential drinking water risks. In a nationwide study of 62 major U.S.
aquifers, the U.S. Geological Survey (USGS) found 22% of home wells
sampled had one or more inorganic contaminants exceeding a public
supply enforceable, EPA Maximum Contaminant Level (MCL) or other
human health benchmark, most often strontium Sr, (7.3%), As (6.8%),
Mn (5.2%), NOs-N (4.4%), or U (1.7%) (DeSimone et al., 2015). An
earlier nationwide study similarly found that inorganic contaminants
exceeded public supply MCLs more often than organic contaminants,
with As, NOs-N, and U above standards in roughly 11%, 8%, and 4% of
wells, respectively (Focazio et al., 2006). Statewide testing in Nevada,
North Carolina, Pennsylvania, West Virginia, and Wisconsin has found
comparable results, with some variation in the contaminants of most
concern (Arienzo et al., 2022; Eaves et al., 2022; Knobeloch et al., 2013;
Law et al., 2017; Swistock et al., 2013). Risk assessment studies in other
countries have similarly found substantial health risks from heavy
metals contamination of groundwater (Cui et al., 2021; Rajput et al.,
2024; Ravindra and Mor, 2019; Wang et al., 2021; Zhang et al., 2024).
Multiple studies found that consumption of home well water can pose
serious public health risks, including neurodevelopmental effects, birth
defects, and hearing loss, particularly from toxic metal exposures (Balazs
and Ray, 2014; Gavino-Lopez et al., 2022; Gibson et al., 2020; Langley
et al., 2015; Leker and Gibson, 2018; Marsh et al., 2010; Sanders et al.,
2014). The American Academy of Pediatrics judged the risks to child
health sufficiently serious to have recently issued a technical report and
policy statement on well water consumption (Woolf et al., 2023a; Woolf
et al., 2023b).

Most well testing studies (Arienzo et al., 2022; DeSimone, 2009;
Eaves et al., 2022; Focazio et al., 2006; Knobeloch et al., 2013; Law
et al, 2017; Swistock et al., 2013) have assessed drinking
water-contaminant health risks based on the percentage of individual
exceedances of EPA enforceable MCLs for public supply drinking water
(U.S. Environmental Protection Agency, 2021b). MCLs are established
based on public health goals as well as technical and financial consid-
erations of drinking water treatment (U.S. Environmental Protection
Agency, 2023b). In contrast, studies based on the EPA’s more protective
health-only Maximum Contaminant Level Goals (MCLGs), defined as the
level of a contaminant in drinking water below which there is no known
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or expected risk to health (U.S. Environmental Protection Agency,
2024a), are limited (Bradley et al., 2020; Bradley et al., 2018; Bradley
et al., 2021b; Bradley et al., 2022). MCLGs allow for a margin of safety,
are non-enforceable (U.S. Environmental Protection Agency, 2021b),
and are set at zero for human carcinogens (U.S. Environmental Protec-
tion Agency, 2023f). Arsenic (Agency for Toxic Substances and Disease
Registry, 2007), radium (Ra) (Agency for Toxic Substances and Disease
Registry, 2014), and U (Agency for Toxic Substances and Disease Reg-
istry, 2023b) are known human carcinogens, and lead (Pb) is classified
as a probable carcinogen (Agency for Toxic Substances and Disease
Registry, 2020); all four have MCLGs of zero (U.S. Environmental Pro-
tection Agency, 2009).

In addition, some inorganics that lack MCLs, have non-regulatory
EPA Drinking Water Health Advisories (HAs), including boron (B),
Mn, molybdenum (Mo), nickel (Ni), Sr, and zinc (Zn) (U.S. Environ-
mental Protection Agency, 2004; U.S. Environmental Protection
Agency, 2018). Although MCLs are available for just under 100 inor-
ganic and organic contaminants, and non-enforceable federal advisories
and benchmarks are available for another ~800 contaminants (Smith
and Nowell, 2024; U.S. Environmental Protection Agency, 2009; U.S.
Environmental Protection Agency, 2021a; U.S. Environmental Protec-
tion Agency, 2022; U.S. Environmental Protection Agency, 2023c),
these thresholds only cover about 0.2% of the more than 350,000
chemicals and chemical mixtures now registered for commercial pro-
duction and use globally (Wang et al., 2020). Hence, studies comparing
well water quality to public supply MCLs (DeSimone, 2009; Focazio
et al., 2006; Knobeloch et al., 2013; Swistock et al., 2013) do not capture
the full scope of known drinking water contaminant health risks.

Further, assessing risk by individual contaminants is inadequate
because humans are typically exposed to combinations of chemical as
well as non-chemical stressors (Meek et al., 2011; Sexton, 2012; Toc-
calino et al., 2012). In 2009, the U.S. National Research Council of the
National Academies acknowledged this in defining cumulative risk
assessment (CRA) as, “... the combination of risks posed by aggregate
exposure to multiple agents or stressors in which aggregate exposure is
exposure by all routes and pathways and from all sources of each given
agent or stressor” (National Research Council, 2009, p. 213). In 2011,
the EPA piloted a CRA methodology with the publication of its
National-Scale Air Toxics Assessment (NATA) (U.S. Environmental
Protection Agency, 2011). NATA defined a hazard quotient (HQ) as, ...
the ratio of the potential exposure to a substance and the level at which
no adverse effects are expected ... A hazard quotient of 1 or lower means
chronic adverse noncancer effects are unlikely, and thus can be
considered to have negligible hazard. For HQs greater than 1, the po-
tential for adverse effects increases, but we do not know by how much”
(U.S. Environmental Protection Agency, 2024). In a useful overview of
the first 25 years of CRA methodology, Sexton (2012, p. 2) defines CRA
as “a science-policy tool for organizing and analyzing relevant scientific
information to examine, characterize, and possibl[y] quantify the
combined adverse effects on human health from exposure to a combi-
nation of environmental stressors,” citing the EPA’s Framework for
Cumulative Risk Assessment (Callahan and Sexton, 2007; U.S. Envi-
ronmental Protection Agency, 2003). In 2023, referring to the sum of
contaminant HQs as the Hazard Index (HI), the EPA described it as their
“long-established tool” that they “regularly use ... to understand health
risk from chemical mixtures,” and applied it to establish an HI MCL for
the combination of four PFAS compounds (U. S. Environmental Pro-
tection Agency, 2023).

This shift from single-chemical risk assessment to CRA has been
endorsed by many global organizations, including the EPA, the National
Research Council, the World Health Organization, the UK Environment
Agency, the European Union, the Canadian Environmental Assessment
Agency, and more (Callahan and Sexton, 2007; Canadian Environmental
Assessment Agency, 2007; European Food Safety Authority, 2019;
Hegmann et al., 1999; Lokke, 2010; Meek et al., 2011; Moretto et al.,
2017; National Environmental Justice Advisory Council, 2004; National
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Research Council, 2009; Sexton, 2012; Stephens et al., 2007; Tulve et al.,
2024; Wolf et al., 2016; World Health Organization, 2009). Although
there is no definitive methodology for conducting CRAs (Moretto et al.,
2017), useful new approaches have been proposed and some are being
implemented (Alfredo et al., 2017; Bradley et al., 2022; Evans et al.,
2019; Goumenou and Tsatsakis, 2019; Moretto et al., 2017; Stoiber
et al., 2019; Teuschler et al., 2004; Toccalino et al., 2012; Xiao et al.,
2019). Challenges remain, such as combining carcinogenic and
non-carcinogenic risks, addressing uncertainties associated with in-
teractions among chemical exposures, and especially, accounting for
both chemical and nonchemical stressors (Alfredo et al., 2017; Sexton,
2012; Stoiber et al., 2019). Most recently, the EPA stated that their ...
Office of Research and Development (ORD) has prioritized cumulative
impacts in its research portfolio, and is leading the Agency’s efforts to
work with overburdened communities to develop actionable science
aimed at informing decisions to make their lives better, healthier, and
longer” (Tulve et al., 2024, p. 1).

Cumulative risk assessments of contaminants in home well water,
which adapt the EPA’s NATA CRA methodology (Goumenou and Tsat-
sakis, 2019; U.S. Environmental Protection Agency, 2011), have been
piloted by the U.S. Geological Survey (USGS) (Bradley et al., 2020s;
Bradley et al., 2018; Bradley et al., 2021a; Bradley et al., 2021b; Bradley
et al., 2022) and others (Eggers et al., 2018; Eggers, 2014). The latter
team used EPA MCLs and the HA for Mn as benchmarks to assess health
risks from well water on the Crow Reservation in Montana (Eggers et al.,
2018). The USGS assesses tapwater health risks in locations around the
United States and uses a precautionary screening level approach that is
based on the most protective human health benchmarks (e.g., MCLGs,
WHO Guidelines, USGS Health-Based Screening Levels and state drink-
ing water MCLs or HAs) (Bradley et al., 2027a). Broad CRAs of both
regulated and unregulated contaminants in home drinking water are
rarely conducted in the United States or globally (Bradley et al., 2022),
hence the USGS research program is providing new insights. To date, the
USGS CRAs have documented wide-spread human health concerns,
especially to the most vulnerable including pregnant women, infants,
children, elderly, and the immune-compromised, in both public and
private drinking water supplies (Bradley et al., 2020; Bradley et al.,
2018; Bradley et al., 2021a; Bradley et al., 2021b; Bradley et al., 2022).

This research represents Montana’s first state-wide screening-level
(i.e., Tier 1) (U.S. Environmental Protection Agency, 2023d) CRA of the
nature, degree, and spatial distribution of private well drinking water
inorganics associated with human health risks. To our knowledge, it is
the first such CRA in the United States. The approach adapts the USGS
CRA methodology (Bradley et al., 2022a) to the Montana Ground Water
Information Center’s large and disparate publicly available database
(Montana Bureau of Mines and Geology, 2024). In the process, we
identified the primary inorganic analytes driving health risks in the 51
watersheds with sufficient existing data. Although this CRA does not
address drinking water risks associated with any individual well, it
provides useful local guidance on contaminants of concern for envi-
ronmental health professionals and well owners, identifies watersheds
where the paucity of groundwater data warrants increased well testing
and, importantly, highlights watersheds where poor groundwater
quality merits more detailed (Tier 2) risk assessments (U.S. Environ-
mental Protection Agency, 2023d) and risk mitigation.

In this work we address the questions: What are the magnitude and
spatial distribution of cumulative human health risks from groundwater
and which contaminants are the primary drivers of that risk? How does
an application of CRA, based on technically and economically feasible
public water-supply standards (MCLs), compare to an application based
on the more protective health thresholds (MCLGs and HAs)? What does
this comparison mean for home well water testing?
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2. Methods
2.1. Overview

The Montana Ground Water Information Center (GWIC) database,
maintained by the Montana Bureau of Mines and Geology (MBMG)
(Montana Bureau of Mines and Geology, 2024), contains locations,
drilling log information, and selected attributes for wells, boreholes, and
springs located within Montana. GWIC is the primary groundwater
database for Montana, comprising water-quality data collected by
MBMG under multiple programs, as well as data from other agencies
that have been analyzed by other laboratories. MBMG includes as much
information as possible about the samples and laboratory but does not
do rigorous quality assurance (QA)/quality control (QC) of outside data.
However, most of the water quality data in GWIC are from MBMG
projects that the MBMG analytical laboratory has analyzed, following
their sampling protocols as detailed in Chapter 6 of their Standard
Operating Procedures (SOP) manual (Gotkowitz, 2023). The MBMG
analytical laboratory is certified by the Montana Department of Public
Health and Human Services (MTDPHHS) Laboratory Certification Pro-
gram and is licensed to analyze public drinking water supplies. The
laboratory adheres to their required QA plan to meet that certification
(Timmer, 2020). Other projects (e.g., those part of a superfund over-
sight) may have QA/QC protocols, but in general, samples are collected
in a manner that ensures the water is representative of the particular
zone or aquifer being sampled. For this project, we downloaded GWIC
data for 19 inorganics (Table 1) spanning dates from 1975 to August
2022 and conducted analyses using R Statistical Software Version 4.4.0
(R Core Team, 2014). We tested data filters based on “well use” and “site
type,” to explore options for characterizing groundwater with the most
direct evidence of use for human drinking water. We explored different
approaches for handling samples where analyte concentrations were
below detection, including one-half method detection limit (MDL) sub-
stitution and the USGS methodology (Bradley et al., 2022). We then
analyzed and mapped data by eight-digit Hydrologic Unit Code (HUCS)
watershed, calculating median and 75th percentile of analyte concen-
trations and cumulative risk (CR) values following the EPA CRA (Hazard
Index) approach (U.S. Environmental Protection Agency, 2011). We
adopted the Compendium of Hydrology’s (Porges and Hammer, 2001)
definition of “contaminant” as “a chemical substance that can be
considered hazardous within a given environment,” regardless of
whether its sources are geogenic and/or anthropogenic.

2.2. Establishing health thresholds

In caleulating CR, two approaches were assessed. The first approach
(“MCLG-HA") used the most protective human health thresholds
amongst the EPA MCLGs and HAs (U.S. Environmental Protection
Agency, 2017; U.S. Environmental Protection Agency, 2021b) and the
World Health Organization guideline values (World Health Organiza-
tion, 2011) for inorganics (19 analytes), following USGS cumulative risk
methodology based solely on health (Bradley et al., 2020a; Bradley
et al., 2018a; Bradley et al., 2021a; Bradley et al., 2021b; Bradley et al.,
2022). Arsenic, U, and Pb have EPA MCLGs of zero, which cannot be
used as denominators in calculating HQs. We adopted the same MCLG
approximations as applied by the USGS in their CRAs of drinking water
in various U.S. locations (Bradley et al., 2022; Lanphear et al., 2016)
(Table 1), to facilitate comparisons to previously published results and
to account for both carcinogenic and non-carcinogenic risks.

The second approach (“MCL™) used EPA MCLs for inorganics (13
analytes), following public water supply regulations based on technical
and economic considerations, in addition to human health (Eggers,
2014). Although MCLs exist for mercury and for Ra (Ra®®® + Ra?%®
combined), these contaminants were not included due to insufficient
data in GWIC.
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Table 1

Analytes and their GWIC units, health standards, public water supply standards, method detection limit cutoffs and non-detect set values used in this cumulative risk

analysis.
GWIC heading & Analyte Health Health Standard Public Water Supply Public Water Standard MDL Non-detect set
units Standard Source Standard Source cutoff value
As (pg/L) arsenic 0.5 MCLG (RL) 10 MCL 2 0.001
B (pg/L) boron 2400 WHO - - 2400 0.05
Ba (pg/L) barium 1300 WHO 2000 MCL 1300 0.08
Be (ug/L) beryllium 4 MCLG 4 MCL = MCLG 4 0.005
Cd (pg/L) cadmium 5 MCLG 5 MCL = MCLG 3 0.001
Cr (pg/L) chromium 50 WHO 100 MCL 50 0.005
Cu (pg/L) copper 1300 MCLG 1300 AL = MCLG 1300 0.005
F (mg/L) fluoride 4 MCLG 4 MCL = MCLG 4 0.01
Mn (mg/L) manganese 0.3 EPA HA - - 0.3 0.0001
Mo (pg/L) molybdenum 40 EPA HA - - 40 0.01
Ni (pg/L) nickel 100 EPA HA - - 100 0.01
NO3-N (mg/L) nitrate 10 MCLG 10 MCL = MCLG 10 0.001
Pb (ng/L) lead 1 AAP 15 AL 2 0.005
Sb (pg/L) antimony 6 MCL 6 MCL = MCLG 6 0.001
Se (pg/L) selenium 50 MCLG 50 MCL = MCLG 50 0.005
Sr (pg/L) strontium 4000 EPA HA - - 4000 0.07
Tl (pg/L) thallium 0.5 MCLG 2 MCL 2 0.01
U (pg/L) uranium 3 MCLG (RL) 30 MCL 3 0.01
Zn (pg/L) zine 2000 EPA HA - - 2000 0.001

Notes: The units in the first column also apply to columns 3, 5, 7 and 8. GWIC, Montana Ground Water Information Center, Montana Bureau of Mines and Geology. Key
to standards: AAP, American Academy of Pediatrics; AL, U.S. Environmental Protection Agency (EPA) Treatment Technique Action Level; EPA HA, Environmental
Protection Agency Health Advisory; MCLG, EPA National Primary Drinking Water Regulation Maximum Contaminant Level Goal; MCLG (RL), U.S. Geological Survey
reporting limit was used in place of an MCLG of zero; MCL = EPA National Primary Drinking Water Regulation Maximum Contaminant Level; WHO, World Health
Organization Drinking Water Guideline. MDL cutoffs: The Method Detection Limit cutoffs; non-detects (NDs) with MDLs above these cutoffs were removed from the
analysis. Non-detect set values: For ND data points retained, the values substituted for each of the 19 analytes were generally set equal to GWIC's lowest respective

MDL.

2.3. Data filtering

2.3.1. Errant data

We conducted post-hoc QA/QC of the GWIC water quality data,
including by creating histograms of the data for each analyte to look for
extreme outliers. This screening led to the investigation and subsequent
removal of one set of erroneous data for fluoride and manganese, which
had clearly been due to a data entry error. Additionally, some of the pre-
1994 lead data were clearly erroneously high. We learned that the older
methodology used to analyze lead concentration in water samples was
inaccurate (Moore-Nall, 2016). Judging it probable that the use of the
same or similar outdated method accounted for pre-1994 apparently
erroneously high lead data, we retained and analyzed only the lead data
from 1994 — 2022. Additionally, for all other analytes, as a precau-
tionary QA/QC measure, all data from 1974 and earlier were omitted
from the analysis. As further quality assurance measures, the analysis
was based on median and 75th percentile values, rather than means or
maximums, and required a minimum sample size of five data points for
each analyte in each watershed. (Refer to Supplement for details.)

2.3.2. Unit of analysis

We analyzed groundwater data based on HUC8 watersheds (U. S.
Environmental Protection Agency, ND). Clearly, watersheds may not
provide the most appropriate context for evaluating groundwater
quality data, as aquifer boundaries do not follow watershed boundaries,
there may be several aquifer sources accessed within a given watershed
area, and aquifer mineralogy and geochemical (redox) conditions are
important controls on the presence of many constituents. However,
available GWIC well-log information was not sufficient to accurately
identify all aquifer sources. We selected HUCS8s because these physio-
graphic boundaries are more relevant to shallow groundwater quality
than county lines, and because existing continuous mapping of HUCS
watersheds across the United States facilitates application of this
method in other states.

2.3.3. Site types and well uses
Data with unidentified qualifiers or unidentified syntax were

removed. Filters were applied to retain only data directly attributable to
groundwater sources (“site type” equal to “WELL,” “BOREHOLE,” or
“SPRING™) as reported on well logs submitted to MBMG by drillers.
Next, sample water-use types were retained that indicated private wells,
public water supplies, and other types with direct or indirect human
contact (i.e. “well use” equal to “domestic,” “public water supply,”
“stock water,” “irrigation,” “recreation,” “commercial” or “medical™).
These use types were chosen for the primary analysis scenario because
these designations indicate either consumption by humans or that the
wells are viable surrogates for home wells. In contrast, thousands of
“monitoring,” *

” o ” o

research,” and “use not available” sites were not
included due to proximity to mines and the associated high risks of
metals contamination warranting separate assessment. A full list and
associated results for excluded water use and site types are provided in
the Supplement and data resource, along with respective exclusion
criteria (Kiekover et al., 2025).

2.3.4. Handling non-detect values

Data in GWIC were analyzed by a variety of labs, and analytical
methods have improved over the decades of data collection. Hence a
range of Method Detection Limits (MDLs) exists for each analyte.
Additionally, waters high in total dissolved solids often are diluted prior
to analysis, resulting in increased method detection limits.

In some applications, an approach for handling left-censored or non-
detection (ND) concentrations (i.e., data below the MDL), is to substitute
in one-half the MDL. However, when applied to very high MDLs this
approach inflates the CR estimate, while providing minimal information
about the true level of the contaminant. For instance, some laboratory
MDLs for As were 5.0 pg/L, which is 10 times the value used as an MCLG
approximation in this study. Hence, this approach was not used.

Instead, MDL cutoff values were established for each analyte,
generally equal to the MCLG-HA Threshold (Table 1, column 7; note
MCLG approximations for As, U, and Pb). Non-detects with MDLs above
these cutoffs were removed from the analysis.

Realizing that setting the MDL cutoff value equal to the MCLG-HA
threshold could result in extensive ND data loss, the MDL values for
ND results for each analyte were graphed to analyze their distribution
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relative to the respective MCLG-HA threshold (i.e. MDL cutoff; refer to
Fig. 51 and Reporting Limit Histograms in the Data Resource). For 14 of
the 19 analytes, less than 7% of the data were NDs with MDLs above
their MDL cutoff (Table S1, columns 2 and 6). For U, although 7.7% of
the ND samples were above the MDL cutoff, those data represented only
1.3% (64,/4767) of all U samples that met the filtering criteria for the
analysis. Hence for these 14 analytes plus U, NDs with an MDL above the
respective cutoff value were omitted, resulting in only minor data loss.

MDL cutoffs were set individually for each of the four remaining
analytes for which more than 7% of ND data had MDLs above their
respective original MDL cutoff. Adopting an MDL cutoff value equal to
the MCLG-HA threshold for each of these analytes would have resulted
in extensive data loss, with a bias towards loss of low values and
resultant over-inflation of HQ and CR values across watersheds. For
these analytes, an analysis was conducted to assess the effect of different
MDL cutoff values on the percentage of ND data lost. This resulted in the
MDL cutoff for antimony (Sb) being retained at the MCLG-HA threshold
(6.0 pg/L), as increasing the cutoff to as high as 10.0 pg/L retained little
additional data. On the other hand, increasing the cutoffs for As and
thallium (T1) from their thresholds of 0.5 pg/L to 2.0 pg/L, and the cutoff
for Pb from its threshold of 1.0 pg/L to 2.0 pg/L, reduced the total data
losses for these three analytes to 5.6%, 28.4%, and 6.1%, respectively
(Table S1, column 7). For instance, the increase in the MDL cutoff for As
retained an additional 1460 data points whose MDLs were between 0.5
pg/L and 2.0 pg/L; these data points were assigned an ND set value of
0.001 pg/L. About 5.6% (412 of 7347) of all As data, which met other
filtering criteria, were still removed because these samples had MDLs
above the revised cutoff (Table S1, columns 1 and 7). Additional infor-
mation about these decisions is in Section 2.6 (Sensitivity Analysis) and
is available in the Supplement.

For ND data points retained, the values substituted for each of the 19
analytes (Table 1, column 8) were set equal to GWIC's lowest respective
MDL (Bradley et al,, 2022; U.S. Environmental Protection Agency,
2021b), which resulted in ND data points contributing minimally to the
CR. Specifically, if all analyte medians were NDs for a given watershed,
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the resultant CR (sum of HQs for all 19 analytes) would only equal
0.036.

2.3.5. Sites with multiple results per analyte

After the preceding data filtering steps, data from the 1506 out of
6541 sites that had two or more samples, were consolidated by calcu-
lating the mean concentration per analyte per site. For NDs, the
respective ND substitution values were used in calculating the mean.
This reduced our total number of observations from 126,100+ to
83,800+ and resulted in each site contributing only one value per an-
alyte to the subsequent aggregation of analyte concentrations (e.g.,
median, 75th percentile) by watershed.

2.3.6. Minimum sample size per analyte per watershed

Determining the minimum sample size per analyte per watershed
involves a tradeoff, in that requiring a larger minimum sample size
improves spatial representation within watersheds and reduces poten-
tial for outliers to influence conclusions but results in fewer watersheds
meeting the more stringent data requirements to be included in the
analysis. This decision is subjective, but our goal was to include at least
50% of Montana’s watersheds in our analysis, so we adopted a minimum
required sample size of five results per analyte per watershed which
resulted in 51 of the 98 watersheds being included (refer to Supplement
for more details). Additional analysis scenarios with different minimum
sample size requirements are presented in the data resource (Kiekover
et al., 2025).

2.3.7. Final data set
After the above filtering steps were completed, the final dataset used

in our analysis included a total of 83,853 data points from 6541
groundwater sites in 51 of 98 (52%) of watersheds statewide (Fig. 1).

2.4. Cumulative risk calculation

The GWIC database contains too many well samples with incomplete

O 0%

* Groundwater sites

O <5% = 5-<10%

© Groundwater sites with water quality data

I 10-<20% W 20-30%

Fig. 1. Groundwater sample site locations, water quality data availability, and Montana watersheds. The map displays groundwater locations in the Montana Ground
Water Information Center database (Montana Bureau of Mines and Geology, 2024) with characteristics meeting criteria for inclusion in our analysis (site types, uses,
etc., n = 224,623). Sites that lacked any water quality data are depicted by dark blue points (n = 217,189). Sites with at least one analyte concentration eligible for
inclusion in our analysis are depicted with light blue points (n = 7434; ~3% of sites). Watersheds are colored according to the legend to indicate the fraction of
groundwater locations with water quality data for any of the 19 analytes (ratio of light blue points to all points by watershed). (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)
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for Toxic Substances and Disease Registry, 2023b; Brugge and Buchner,
2011; Brugge et al., 2005; Dinocourt et al., 2015; Georgia Department of
Human Resources, undated; U.S. Environmental Protection Agency,
2012).

The chronic health risks from oral exposure to the other top con-
taminants of concern—Sr, F, B and Mn (Fig. 4A and B) —are diverse.
High levels of stable Sr in drinking water can impair bone growth in
children (Agency for Toxic Substances and Disease Registry, 2004). Oral
exposure to high levels of F can result in bone and tooth damage (Agency
for Toxic Substances and Disease Registry, undated). Ingesting large
amounts of B can affect reproduction and development (U.S. Environ-
mental Protection Agency, 20083) as well as cause damage to the brain,
kidney, liver, stomach, intestines, and testes (Agency for Toxic Sub-
stances and Disease Registry, 2011). Oral Mn exposure can cause
neurologic damage in children, including learning disabilities, lowered
intelligence quotient (IQ), and changes to memory and behavior
(Bouchard et al., 2007; Bouchard et al., 2011; Collipp et al., 1983;
Ericson et al., 2007; Frisbie et al., 2012; Henn et al., 2012; Mene-
zes-Filho et al., 2011; Oulhote et al., 2014; Riojas-Rodriguez et al., 2010;
Wasserman et al., 2014; Wasserman et al., 2006; Zoni and Lucchini,
2013). Fetal Mn exposures are correlated with higher rates of infant
mortality (Hafeman et al., 2007). Exposed adults are at risk for man-
ganism (Agency for Toxic Substances and Disease Registry, 2012), and,
for men, damage to reproductive function may occur (Souza et al.,
2020). Our CRA underestimated the risks to children from Mn, as it used
the EPA’s and USGS’ manganese health advisory of 0.30 mg/L (U.5.
Environmental Protection Agency, 2004; U.S. Geological Survey, 2024);
the State of Montana has set a guidance value of 0.10 mg/L for children
under six (Montana Department of Environmental Quality, 2023), and
the World Health Organization has set 0.08 mg/L as a provisional
guideline value for bottle fed infants (World Health Organization,
2004a). A more complete review of the increased health risks from
consuming inorganics-contaminated home well water, particularly for
children, has been issued by the American Academy of Pediatrics (Woolf
et al., 2023a; Woolf et al., 2023b).

In brief, oral exposure to many of the metals in this CRA—especially
As and Pb—affects multiple organ systems. Various metal exposures
increase risks of the same apical endpoint (an observable disease state
resulting from a toxicant exposure). For example, As (Tseng et al., 2000),
Mn (Shan et al., 2016), Mo (Menke et al., 2016), Sb (Menke et al., 2016),
and U (Agency for Toxic Substances and Disease Registry, 2023b; Menke
et al., 2016) contribute to or are associated with increased diabetes risk.
Additionally, multiple metals variously contribute to neurological,
reproductive, developmental, immunological, and nephrotoxic effects
(Agency for Toxic Substances and Disease Registry, 2023a; Fu and Xi,
2020; Jomova and Valko, 2011; Witkowska et al., 2021).

4.2. Cumulative risk based on MCLG-HA thresholds versus MCL
standards

When less protective MCL standards were applied, the estimated risk
profile changed, and the CR values dropped considerably compared to
the MCLG-HA analysis (Fig. 3C and D vs. 3A, 3B). In the MCLG-HA CRsg
analysis, 75% of watersheds had a home well water CR value > 1.0
(median 1.8) while in the MCL CRs; analysis, only one watershed had a
CR > 1 (median 0.3) (Table 2). In the CRys analysis, applying the MCLG-
HA thresholds resulted in 100% of the watersheds exceeding a CR of 1.0
(median CRy5 = 6.1), whereas applying the MCL standards resulted in
only 33% of watersheds having a CRys > 1.0 (median CRys = 0.8).

In the MCL analysis, F contributed the most risk (based on HQso
values), with the HQ values for As and U dropping considerably because
their MCLs are a magnitude greater than their respective MCLG ap-
proximations (Bradley et al., 2022a) (Table 1). Additionally, risk from
Mnm, Sr, B, Mo, Ni, and Zn were removed from the analysis because they
lack MCLs (Table 1).

As the MCL standards are a compromise between health and the
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technical /financial considerations of large-scale water treatment (U.S.
Environmental Protection Agency, 2023f), the MCL-based CR assess-
ments invariably indicated lesser risks. This is especially the case for
risks from As, U, and Pb, as explained above. To illustrate what this
compromise means for human health risk, consider just the carcinogenic
risks from oral As exposure. Federal environmental programs, including
the Clean Water Act, the Clean Air Act, and the Comprehensive Envi-
ronmental Response, Compensation and Liability Act, typically use a de
minimis cancer risk value of 10 ©, i.e., a risk of less than 1 person in a
million developing cancer as a result of the exposure over a lifetime
(Niemi, 2013). The EPA 2000 guidance for States and Tribes recom-
mends that risk values be set at 10 © or 10 ® (Niemi, 2013). Following
the EPA’s Guidelines for Exposure Assessment (U.S. Environmental
Protection Agency, 1992), the increased risk of cancer from oral expo-
sure is calculated by first converting the contaminant concentration to
an Average Daily Dose (ADD) and then multiplying the ADD by the oral
slope factor for As, 1.5 mg/kg-day (U.S. Environmental Protection
Agency, 2023a; U.S. Environmental Protection Agency National Center
for Environmental Assessment Integrated Risk Information System,
1995; Wongsasuluk et al., 2013). (Calculations are provided in the
Supplement.) Thus, the estimated increased lifetime risk of developing
cancer from consuming water with an As concentration as low as 0.5
pg/L (=0.0005mg/L) is 2.14x 10 ®, double the upward bound for EPA’s
acceptable risk (Niemi, 2013). In comparison, the increased cancer risk
at the As MCL of 0.010 mg/L, is 4.3x 10 *, or 0.43%, which is more than
40 times the upward bound of acceptable risk. These risk values do not
account for elevated risk from childhood exposures. Further, current
experimental and epidemiological evidence indicates that multi-system
non-carcinogenic risks from oral exposure to As are potentially greater
than the carcinogenic risks (Stoiber et al., 2019).

As noted above, the MCL CRA also omitted health risks from expo-
sure to the six inorganics that lack MCLs: Mn, Sr, B, Mo, Ni, and Zn. The
absence of MCLs does not necessarily mean the health risks are not well
established, only that there are technical, economic, or other reasons not
to regulate them in public drinking water. The health risks from oral
exposure to Mn, Sr, and B—three of the six top contributors to risk in our
MCLG-HA analysis—are well known and are described above. The EPA
has acknowledged the health risks from these elements (U.S. Environ-
mental Protection Agency, 2004; U.S. Environmental Protection
Agency, 2008) as well as the other three lacking MCLs, by issuing
Drinking Water Health Advisories for each of them (U.S. Environmental
Protection Agency, 2018). All six inorganics also have USGS
Health-Based Screening Levels for water quality (Smith and Nowell,
2024). For these reasons, the MCL CRA underestimated potential health
risks from nine contaminants (As, U, Pb, plus six inorganics lacking
MCLs).

4.3. Purpose and value of this CRA approach

This novel Tier 1 risk assessment methodology quickly estimated, for
each of 51 Montana watersheds, the range of health risk from consuming
inorganics-contaminated home well water and the relative contributions
of various toxic inorganics to those risks. This information supports rural
residents, clinical and public health providers, and local governments
working to reduce exposures and associated chronic health burdens for
those relying primarily on home well water, and it provides a basis for
prioritizing regions for Tier 2 risk assessment.

Our research methodology could be readily replicated by any state,
region, or country with existing groundwater databases where consis-
tent data with a full suite of analytes are not available for all samples and
all wells. This approach allows all data that meet the filter criteria to be
included in the analysis, which expands the sample size and spatial
extent of the input dataset. The R code as written allows others to readily
alter the analyte list in accordance with their available data, and/or
substitute in their state’s or country’s health standards (Iiekover et al.,
2025). In comparison, prior CRAs of home well water have relied on
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testing initiated by the investigators, which produced results for a
consistent suite of analytes with uniform methodologies and reporting
limits across samples (DeSimone, 2009; Focazio et al., 2006; Knobeloch
et al., 2013; Swistock et al., 2013). Although this approach allows CR to
be calculated for each well and the summary statistics to be readily
calculated and mapped, these studies have far more limited sample sizes,
are time intensive and relatively costly, and likely cannot be replicated
by every rural community nationwide.

For characterizing CR, we found it useful to calculate both the CRsp
values and CRys values. CRsp values better represent area-specific
‘typical’ drinking water contaminant risk, whereas the CRys values
identify watersheds where spatially limited but more severe levels of
contamination may be present (reflected in the commonly right-skewed
nature of concentration data) and hence could be priorities for further
research and mitigation. We adopted the use of the 75th percentile
approach rather than using either mean or maximum concentrations to
minimize the influence of outlying high data points in the dataset. In
addition, the combination of HQsp values and HQss values for the
groundwater in any given watershed provides more complete informa-
tion to local environmental health staff and rural residents as to which
analytes to test for in home well water. Contaminants that are detected
in less than 50% of samples in any given watershed—such as Tl, Sb, and
Pb in this assessment—will have minimal HQsp values, while their
elevated HQy7s values in some watersheds flag the value of including
these analytes in local well testing.

The MCLG-HA approach applied the strictly health-based thresholds
and incorporated a more extensive suite of hazardous inorganics than
the MCL approach, providing a more protective and comprehensive
assessment of cumulative health risks from different contaminants and a
stronger basis for prioritizing watersheds for Tier 2 risk assessment,
community education, and contaminant mitigation. For instance, in
Montana, As and U - rather than F — would be prioritized for mitigation.
Well owners could be provided with both analyses, and depending on
their health vulnerability, personal risk tolerance and resources, could
decide whether and how to reduce their health risks from well water
consumption.

4.4. Limitations

First, this methodology has limitations stemming from the original
dataset: CR cannot be calculated for individual wells, as not all samples
were analyzed for all 19 of the contaminants being considered. Hence,
CR could only be assessed for the collection of wells in each watershed.

Second, this assessment likely underestimates the risks from radio-
nuclides. Our CRA was limited to the 19 inorganics for which MCLG-HA
thresholds and adequate data in Montana’s GWIC database are avail-
able. Although U is included, data for other radionuclides were too
limited to support inclusion. USGS research indicates these radionu-
clides are groundwater contaminants of concern in Montana: a study of
(primarily) home wells in southwestern Montana found that while 14%
of wells had U concentrations greater than the MCL, another roughly
27% had radon (Rn), Ra226 + Ra228, and/or gross alpha-particle ac-
tivity above the respective EPA MCL or screening level (Caldwell et al.,
2014). Uranium minerals have been discovered throughout south-
western, southcentral, and southeastern Montana and other scattered
locations (Montana Bureau of Mines and Geolog}'. 2023a, Montana
Bureau of Mines and Geology, 2023b). Forty-nine of Montana’s 56
counties are designated as EPA Zone 1 for highest risk of Rn (U.5.
Environmental Protection Agency, 2023g). Our assessment found U to
be second only to As as the contaminant with the highest HQ. Hence,
statewide well testing for other radionuclides would improve our un-
derstanding of health risks.

Third, the health risks as assessed include neither microbial patho-
gens nor organic contaminants such as volatile organic compounds
(Rowe et al., 2007; Zogorskd et al., 2006), pesticides and their degra-
dants (Bexfield et al., 2021; Toccalino et al, 2014), hormones,
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pharmaceuticals (Bexfield et al., 2019; Phillips et al., 2015), and per-
and polyfluoroalkyl substances (PFAS) (Montana Department of Envi-
ronmental Quality, 2022; Smalling et al., 2023). In USGS’s nationwide
study of home well water from 1991 to 2004, 8% of wells had detectable
Escherichia coli bacteria, and 34% had coliform bacteria, indicating
confirmed and potential fecal contamination, respectively (DeSimone,
2009; Embrey and Runkle, 2006). A Canadian study of 239,000+ home
wells across Ontario found that the annual E. coli detection rate ranged
25.7% in unconsolidated aquifers to 36% in consolidated aquifers, when
sampled five times in a summer (Latchmore et al., 2020).

Although 20 years ago only 0.8% of home wells tested had one or
more organic contaminants exceeding an MCL or Health Based
Screening Level, the USGS recently tested private wells nationwide for
32 individual PFAS, and detected at least one PFAS in 45% of samples
(Smalling et al., 2023). An analysis of 254 well water samples across the
eastern United States detected one or more PFAS in 60% of public water
supplies and 20% of domestic wells (McMahon et al., 2022). A study of
20 public drinking water supply wells across Cape Cod, Massachusetts,
detected one or more organic wastewater compounds in 75% of the
wells, including five PFAS compounds (Schaider et al., 2016; Schaider
et al., 2014). Groundwater PFAS contamination is not limited to the east
coast: a USGS assessment of New Mexico’s water resources detected
PFAS in 23% of 117 groundwater sites (Travis et al., 2024). With the
EPA’s final MCLs for perfluorooctanoic acid (PFOA) (4 ng/L) and per-
fluorooctane sulfonic acid (PFOS) (4 ng/L) being at the current limit of
detection, and the final MCLGs being zero (U.S. Environmental Protec-
tion Agency, 2023e; U.S. Environmental Protection Agency, 2024b), any
PFAS detections are a health risk.

Fourth, another challenge with our approach is the high percentages
of ND values with method detection limits (MDLs) exceeding the MCLG-
HA threshold for the analyte. Although there are statistical approaches
for estimating contaminant concentrations for ND values based on the
observed distribution of concentrations (Helsel and Lee, 2020), these
methods could not be applied in this analysis because 9 out of 19 ana-
lytes had >50% NDs and 5 out of 19 had >80% NDs. Decisions about
MDL cutoffs were made for some analytes on a case-by-case basis where
more than 7% of the ND data had MDLs above the respective health
threshold. These decisions were made to strike a balance between
including high quality data while not eliminating so many ND data
points that the CR would be overestimated. Method detection limits
have generally become lower over time, so this issue is likely to become
less important in the future (although high concentration samples will
still require dilution for analysis, resulting in higher MDLs).

Finally, as a screening level CRA for all of Montana, this study can
identify and prioritize regions with the greatest health risks from
groundwater contamination, but it cannot elucidate each of the 51
watershed’s geogenic versus anthropogenic sources of contamination.
Montana covers 147,000 square miles (almost 381,000 km?), with
multiple overlapping aquifers that are closely tied to the geology of
Montana’s two major physiographic provinces: the Intermontane Basins
of the northern Rocky Mountains in the west, and the northern Great
Plains in the east (LaFave, 2020). Within the intermontane basins,
groundwater generally occurs in shallow alluvial aquifers, and in deep,
confined to semi-confined basin-fill aquifers. Both aquifer types store
large amounts of groundwater, are highly productive, and are utilized.
Fractured-rock aquifers occur in the mountains that surround the val-
leys. Layers of sedimentary sandstone and limestone form the principal
bedrock aquifers in the Great Plains region. Locally, alluvial aquifers
within major river valleys are also important sources of water for this
region. The aquifer mineralogical composition, redox-conditions, and
groundwater residence times are important controls on the groundwater
quality.

Many inorganics can occur naturally in groundwater at levels of
human health concern, including As (Smedley and Kinniburgh, 2002), U
(Smedley and Kinniburgh, 2023), F (Brindha and Elango, 2011), Se
(Conde and Sanz Alaejos, 1997), Tl (Belzile and Chen, 2017) and Mn
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(Hanson and LaFave, 2022; World Health Organization, 2004a). Yel-
lowstone National Park contributes high levels of geothermal As and F to
the Madison and Missouri Rivers in Montana (Nimick et al., 199g;
Thompson, 1979; Tuck, 2001). Other metals are found only at trace or
non-detectable levels in natural waters, including Cd (Kubier et al.,
2019), chromium (Rai et al., 1989), Cu (National Research Council,
2000), Mo (Smedley and Kinniburgh, 2017), Pb (Virginia Department of
Health, 2017), Sb (Filella et al., 2002), and Zn (World Health Organi-
zation, 2003). The watersheds with Cd, Sb and/or Zn concentrations
exceeding the respective typical upper limit for natural groundwater are
potential candidates for Tier 2 CRA. Elevated Cu and Pb in well water
samples collected from a home tap could readily be coming from
plumbing instead of groundwater (National Research Council, 2000).

The geology of Montana and natural water-rock interactions can
generally account for the observed levels of inorganic contaminants in
the data used in this analysis, with a couple well-established exceptions
(J. 1. LaFave, personal communication, January 9, 2025). First, nitrate in
Montana groundwater is increasing from crop production, confined
livestock operations, septic waste, urban development, fallow of dryland
soils, and more (Bauder et al., 1993; Drake and Bauder, 2005; Montana
Department of Environmental Quality, 2020; Sigler et al., 2018; Sigler
et al., 2020; Watson, 2024). Second, the Butte-Anaconda and related
downstream Milltown Reservoir Sediments/Clark Fork River Superfund
sites have groundwater contamination from mining-related wastes (and
are the subject of ongoing remediation work) (Montana Water Rights
Bureau, 2023; U.S. Environmental Protection Agency, 2025). Montana
does have an extensive network of abandoned and active mines
(Montana Natural Resource Information System, 1994; Montana
Department of Environmental Quality, N.D.), which have variously
contributed As, Cd, Cr, Cu, Hg, Mn, Ni, Sb, Se, T, U, and Zn, primarily to
the surface waters of the state (Benner et al., 1995; Gammons et al.,
2010; Henderson et al., 2018; Montana Department of Environmental
Quality, 1996; 2014, 2017; 2018, 2020, N.D.; Runkel et al., 2016; Tetra
Tech Ine, 2014; Tucei, 2014). Most streams in Montana are gaining, i.e.
they receive groundwater discharge (Wolock, 2003) — over much of their
length, so it is unlikely they are contributing to widespread groundwater
contamination. Montana’s abandoned mines are primarily located on
federal lands, with any associated groundwater contamination usually
being localized (J. I. LaFave, personal communication, January 9,
2025). Monitoring wells near mining sites were omitted from this
analysis, as they are not representative of private home wells.

There are many other potential anthropogenic sources of inorganic
groundwater contaminants including agricultural fertilizers, animal
feed additives, pesticides, sewage treatment plants, landfill leachate,
industrial discharges, railways, oil and gas exploration, and coal burning
(followed by atmospheric deposition), but no statewide analyses of these
potential sources of inorganic contaminants have been done. Further
information and citations are provided in the Supplement, Table 59.
Localized Tier 2 risk assessments could be used to assess whether
anthropogenic sources are adding to geogenic sources of inorganic
contaminants in the higher risk watersheds identified in this research
(for examples of such work, refer to Montana Department of Environ-
mental Quality, 2014; Rajput et al., 2024; Ravindra and Mor, 2019;
Wang et al., 2021; Zhang et al., 2024).

Importantly, although CRA is valuable for indicating relative degree
of risk, and hence for informing and prioritizing future risk assessment
research, mitigation, and public education, we lack sufficient data on the
human health effects of chemical mixtures to predict or better quantify
specific health risks (Hertzberg and Teuschler, 2002). Nevertheless, the
results of this CRA are useful for informing action to reduce public
health risks from consuming well water with combinations of
contaminants.

4.5. Future and complementary “tier 2” local level CRA

Our statewide analysis facilitates prioritization of follow-up work at
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the local level and with communities in high-risk watersheds, providing
sufficient results to inform the home well testing and education clinics in
rural Montana counties and Tribal communities currently being piloted
by co-authors Sigler, Eggers and the Montana State University Extension
team. These clinies include programming that presents CR calculations
to private well owners along with more traditional water-quality results
and is assessing effectiveness of messaging for clarity on these complex
topics.

Work at the local level could be done to add granularity to the
analysis in terms of specific aquifers, well depth, identification of geo-
genic versus anthropogenic sources of contaminants, distances from
major point sources of contamination, and inclusion of data from
monitoring/research wells associated with such contaminant sources.
This would require a far more detailed assessment of the thousands of
individual monitoring/research wells but would likely allow for more
strategic inclusion/exclusion of wells to capture representative home
well water. Such a Tier 2 approach could also assess the potentially
higher risks that homeowners living close to active or abandoned
contaminant sources might be incwrring from consuming their well
water. Combining these results with existing spatially limited studies of
local contributors to groundwater contamination (as cited above) and
applying multivariate modeling would enable us to better understand
the sources and distributions of geogenic versus anthropogenic con-
taminants, which in turn would inform watershed protection and miti-
gation strategies.

4.6. Conclusion

Assessing the cumulative risk using protective health-based water
quality benchmarks indicated widespread elevated risk associated with
lifetime consumption of home well water across Montana, especially
from arsenic and uranium, and this holds true even when contaminants
are considered individually in comparison to the MCLG-HA thresholds.
This CRA identifies watersheds that could be higher priority for Tier 2
risk assessments.

The MCLG-HA analysis found that 75% of watersheds have elevated
median-based risk, in comparison to only 2% of watersheds identified by
the MCL analysis. This demonstrates that an assessment of risk based on
the more limited set of economically and technically feasible MCL
standards for inorganics may not adequately identify risks to vulnerable
populations and individuals compared to an assessment based on the
more inclusive and protective set of MCLG-HA thresholds for inorganics.
Most of the commonly occurring analytes—As, U, F, NO3-N and oth-
ers—are tasteless and colorless and can only be detected by testing.
Therefore, educational programs for well owners and affordable, sup-
ported well water testing could improve community health by helping
ensure that rural families are aware of the risks and have the knowledge
and resources to access safe drinking water.
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