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Sarah D. Geiger, PhD; Jonathan Bressler, MS; Walton Kelly, PhD; David E. Jacobs, PhD;
Saria S. Awadalla, PhD; Bart Hagston, MA; Uche Onwuta, MPH; Carey Panier, BS;
Samuel Dorevitch, MD, MPH

ABSTRACT

Context: Millions of US homes receive water from private wells, which are not required to be tested for lead (Pb). An
approach to prioritizing high-risk homes for water lead level (WLL) testing may help focus outreach and screening efforts,
while reducing the testing of homes at low risk.

Objective: To (1) characterize distribution of WLLs and corrosivity in tap water of homes with private residential wells, and
(2) develop and evaluate a screening strategy for predicting Pb detection within a home.

Design: Cross-sectional.

Setting: Three lllinois counties: Kane (northern), Peoria (central), and Jackson (southern).

Participants: 151 private well users from 3 lllinois counties.

Intervention: \Water samples were analyzed for WLL and corrosivity.

Main Outcome Measures: (1) WLL and corrosivity, and (2) the sensitivity, specificity, and predictive value of a strategy for
prioritizing homes for WLL testing.

Results: Pb was detected (>0.76 ppb) in tap water of 48.3% homes, and 3.3% exceeded 15 ppb, the US Environmental
Protection Agency action level for community water systems. Compared with homes built in/after 1987 with relatively low
corrosivity, older homes with more corrosive water were far more likely to contain measurable Pb (odds ratio = 11.07; 95%
confidence interval, 3.47-35.31). The strategy for screening homes with private wells for WLL had a sensitivity of 88%,
specificity of 42%, positive predictive value of 58%, and negative predictive value of 80%.

Conclusions: Pb in residential well water is widespread. The screening strategy for prioritizing homes with private wells

for WLL testing is greater than 85% sensitive.
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ead (Pb) exposure is associated with many

health effects such as neurodevelopmental im-

pairment, distractibility, impulsivity, shortened
attention span, and reduced IQ.'"” The American
Academy of Pediatrics states that no level of Pb ex-
posure is safe, so Pb exposure in children should
be prevented.® Widespread Pb exposure in commu-
nity water systems of Flint, Michigan;” Washington,
District of Columbia;'® Montreal, Canada;'' and
Newark, New Jersey'> brought this issue into the
public eye. Private wells pump water from aquifers
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directly into homes, rather than through a centralized
treatment facility and water distribution system. Pri-
vate wells are largely a rural phenomenon.'*""* Unlike
community water systems, regulated under provisions
of the Safe Drinking Water Act, private well water
quality is not regulated by federal law and only 17
states require testing for coliform bacteria and ni-
trate after well construction, but Pb testing is not
required.'® While several states require water Pb test-
ing prior to the sale of a home on a community
water system, only Rhode Island, to the best of our
knowledge, requires Pb testing in well water for real
estate transactions. Testing for Pb in private well wa-
ter is rarely required and infrequently initiated by
homeowners.'”-!¥

Several studies have evaluated water lead lev-
els (WLLs) in private wells in Pennsylvania,'
Wisconsin,” Virginia,”® New York,”! and North
Carolina,” reporting fairly widespread Pb contami-
nation in private well water, ranging from 1.8% to
19% above 15 parts per billion (ppb)—US Environ-
mental Protection Agency’s (US EPA’s) “action level”
for Pb in public drinking water systems. The median
WLL reported in these studies ranged from 1.57 to
9 ppb. Many elements of private wells can contain
Pb (eg, casing, pipes, packers, and fixtures),”® as can
home plumbing (eg, solder, brass, pipes, and plumb-
ing fixtures).?* The source of Pb is not thought to be
the water source (in this case, aquifers) but rather the
leaching or migrating of Pb from pipes and plumb-
ing into corrosive water. Nevertheless, only one of
the studies of private well WLLs has included water
corrosivity measures (chloride (Cl™) and the chloride-
sulfate mass ratio [CSMR]), though this was a focused
study conducted near a road salt storage barn.*!

Despite evidence that Pb in drinking water of homes
threatens public health, specifically households with
pregnant women and small children who are already
more susceptible to Pb-induced health effects, federal
requirements and funding for testing WLLs in the mil-
lions of homes with private wells are nonexistent.**>*¢
Given the estimated 13 million private wells in the
United States serving approximately 44 million peo-
ple, a strategy to identify and test homes at an
increased risk is needed to focus outreach efforts and
reduce testing of homes at low risk,'*'* as well as the
evaluation of the sensitivity, specificity, and predictive
value of such a strategy.

The primary aims of this research were to (1)
characterize the distribution of WLLs and water cor-
rosivity in tap water of homes with private wells in
3 Illinois counties, and (2) develop and evaluate a
screening strategy for predicting Pb detection within
a given home.

Predictors of WLL

Methods
Study design

In this cross-sectional study, tap water samples were
analyzed for WLL and corrosivity and a question-
naire was provided to participants (n = 151). Next,
37 households with the highest WLLs were asked to
provide a second set of tap water samples, which in
addition to WLL and corrosivity were analyzed for
copper and a broader suite of chemical parameters.

Study settings and groundwater conditions

The study took place in 3 Illinois counties: Kane,
Peoria, and Jackson. Illinois is estimated to have
approximately 680000 private wells serving more
than 2 million Illinoisans (W. Kelly, PhD, electronic
communication, July 17, 2020). Kane, Peoria, and
Jackson Counties have approximately 18 000, 7100,
and 1900 private wells, respectively. Kane County is
approximately 50 miles west of Chicago in northern
Illinois and has about 530000 residents, about 11%
of housing units are rural, and 50.5% of housing was
built before 1980." Peoria County in central Illinois
has a population of about 180000 residents, about
17% of housing units are rural, and more than 75%
of houses are pre-1980. Jackson County, in southern
Illinois, has about 57 000 residents, more than 30%
of housing units are rural, and 60% of housing was
built prior to 1980." Groundwater conditions differ
significantly across counties. Shallow groundwater
resources are abundant in Kane County, including
unconsolidated sand and gravel glacial deposits and
underlying shallow bedrock less than 300 ft beneath
land surface.’”*° In Peoria County, domestic wells are
typically found in sand and gravel glacial deposits,
with the most productive aquifers along the Illinois
River! Jackson County has productive sand and
gravel, sandstone, and limestone aquifers,*> with
creviced limestones and karst features present in the
southwestern part of the county.>*-**

Groundwater in Kane and Peoria Counties is typi-
cal of shallow groundwater in the glaciated Midwest,
that is, moderate to strongly reducing conditions and
abundant carbonate alkalinity. Shallow groundwater
in many parts of Kane County, especially in urban-
ized areas, has elevated ClI~ levels due primarily to
road salt runoff.** Groundwater in the shallow karst
aquifers in Jackson County tends to be more dilute
than other shallow aquifers due to relatively rapid
movement of water into and through the subsurface;
they are vulnerable to surface contamination from
septic systems.>>3¢:37
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Participant enrollment

Local health department (LHD) environmental health
staff played a central role in participant recruitment
and enrollment, as well as in teaching participants
procedures for collecting and shipping water samples.
Participants were recruited through press releases,
social media content, and flyers distributed in var-
ious public meetings and other public locations
and through walk-in LHD traffic. Individuals who
expressed interest in the study were evaluated for
eligibility, namely, whether they lived in the county
and in a home served by a private well. LHD staff
taught water sampling methods to participants, and
a video of water sampling technique was available in
English and Spanish (http://privatewellclass.org/lead-
sampling). Institutional Review Board approval
was obtained from both University of Illinois and
Northern Illinois University, and all participants
provided written informed consent. LHD staff work-
ing on the project were trained in human subjects
research.’®

Water sampling

Participants were provided with 2 acid-washed and
rinsed, 1-L, high-density polyethylene sample bottles,
nitrile gloves, a freezer pack, a preaddressed Styro-
foam shipping container, sampling instruction sheet,
and a questionnaire.”” They were instructed to col-
lect from the kitchen tap a first-draw sample after at
least 6 hours of stagnation, consistent with the re-
quirements of the Lead and Copper Rule (LCR).*
After discarding the next 5 L of water, the seventh-liter
(flushed) sample was collected in the second sample
bottle.** The 2 sample bottles were placed into an in-
sulated shipping container with the freezer pack and
the completed questionnaire and shipped to the Illi-
nois State Water Survey Public Service Laboratory
for analysis. Results were mailed directly to partici-
pants, along with information about contacting their
LHD about further Pb testing, children’s health, and
mitigation.

Of the 37 households with the highest WLLs (~12
per county), 28 agreed to participate in repeat WLL
testing for an overall response rate of 75.7%. All
households that underwent repeat WLL testing had
initial WLL concentrations of 2 ppb or more. The
protocol for home water sampling was identical at
baseline and on repeat testing. In addition, research
team members collected well samples from an outside
spigot or hydrant that had been turned on for at least
10 minutes.
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Analytical techniques

Details of laboratory analyses methods are available
in Supplemental Digital Content (available at http:
Minks.lww.com/JPHMP/A718). In brief, Pb and cop-
per were analyzed using US EPA Method 200.9.** The
minimum detection limit and limit of quantification
for this method was 0.76 ppb. Samples were preserved
with 0.2% nitric acid and subsequently digested in
3% nitric acid before analysis. Measurements were
made using an Agilent Technologies 240Z Graphite
Furnace Atomic Absorption Spectrometer, with Zee-
man background correction.

Corrosivity was calculated in 2 ways. The Larson-
Skold Index (LSI) was calculated as follows*:

(epm Cl~ + epm SO,*")
(epm CaCOs)

LSI = [Equation 1]

where epm refers to equivalents per million.
The CSMR* was calculated as the ratio of Cl~ to
SO4*" in mg/L.

Questionnaire

A 32-item questionnaire was developed on the basis
of existing national surveys as well as those used in
previous published research (see Supplemental Digital
Content, available at http:/links.lww.com/JPHMP/
A718).13-*-% The questionnaire included items on de-
mographics, housing and well characteristics, water
consumption and use, and water quality perceptions.
Paper questionnaires were included in the sampling
kit that participants received and returned in the kit
with their water samples. Questionnaire data were
manually entered in duplicate. Data entry discrepan-
cies were adjudicated by the principal investigator.

Statistical analysis

Chemistry data with nondetection results were re-
placed with a value of the sample quantification limit
divided by the square root of 2.5 Statistical analy-
ses were conducted using SAS 9.4 (SAS Institute, Cary,
North Carolina) and SigmaPlot version 11.0 (Systat
Software, San Jose, California). Univariate analyses
and evaluations of normality were conducted for
WLLs, physicochemical parameters, LSI, CSMR, and
questionnaire responses. Three sets of single predic-
tor logistic models of WLL were conducted with 3
different dichotomous outcomes: detection, 2 ppb or
more, and 5 ppb or more, where detection = 0.76 ppb.
To evaluate whether observed associations between
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WLLs and other variables were due to the cut points
chosen for Pb, we conducted sensitivity analyses us-
ing various definitions of the dichotomous corrosivity
and housing age predictor variables.

Logistic regression models of the association be-
tween housing and/or corrosivity variables, and WLL
(detection vs nondetection, <2 ppb vs >2 ppb, <5 ppb
vs >5 ppb) were conducted and stratified by housing
age category, using “built in or before 1986 versus
“built later” as the cut point, based on the 1986 re-
visions to the Safe Water Drinking Act that reduced
Pb content of plumbing materials.’® Other cut points
such as 1991 (when the LCR was published) were also
explored.* On the basis of logistic regression model-
ing, simple decision rules were evaluated to identify
homes at high risk for having detectable Pb, as well as
WLLs 2 ppb or more or 5 ppb or more. Odds ratios
(ORs), 95% confidence intervals (CIs), and o« = 5%
described associations. The cut points of key predic-
tor variables strongly associated with WLL detection
(ie, with relatively large ORs) were the basis for de-
veloping the screening strategy.

To characterize the performance of the screening
strategy, we calculated sensitivity, specificity, positive
predictive value, and negative predictive value. WLL
and corrosivity data were complete, though estimated
age of home was missing for 8 of 151 (5.3%) homes
and was not imputed but excluded from the analysis.

Results
Demographics and housing

Of the 151 participating households, all provided
water samples and 150 completed questionnaires
(99.3%). Table 1 shows descriptive characteristics of
study participants, wells, and housing. Median self-
reported well depth across counties was about 172 ft
(IQR = 65-300). More than half had an older (1986
and earlier) well, whereas about 63% had an older
(1986 and earlier) home.

Water quality

Measurable Pb was found in 73 (48.3%) and 34
(22.5%) stagnant and flushed samples, respectively.
WLL exceeded the EPA 15 ppb standard that applies
to community water systems in 5 (3.3%) stagnant
samples and none of the flushed samples. Further
details about dissolved versus total Pb are given in
Supplemental Digital Content, Table 1 (available at
http://links.lww.com/JPHMP/A718).

Predictors of WLL

Associations between corrosivity and lead in older
and newer homes

Table 2 summarizes bivariate associations between
corrosivity and WLL. Various definitions of housing
age and corrosivity were associated with both WLL
cut points (>0.76 and >2 ppb). Associations between
corrosivity and WLLs 5 ppb or more and between
housing age and WLLs 5 ppb or more did not reach
statistical significance, as relatively few households
had WLLs in that higher range (data not shown).
While the LSI was associated with WLL, other mea-
sures of corrosivity (CSMR, Cl~, or alkalinity) were
not.

Table 3 shows results of logistic modeling of 3
dichotomous WLL categories. Among older homes
(built post-1986), LSI values above 0.63 (the 75th per-
centile value for our study sample) were associated
with increased odds of WLLs 2 ppb or more; the same
was true for WLLs 5 ppb or more. LSI was not associ-
ated with increased odds of WLL detection or WLLs 2
ppb or more among newer homes. Logistic regression
analysis showed that compared with a referent cate-
gory of newer homes (built in/after 1986) with low
corrosivity (<75th LSI percentile), newer homes with
high corrosivity (>75th LSI percentile) had an OR
of 1.94 for Pb detection, but this association did not
reach significance. Compared with newer homes with
low corrosivity, both old homes with low corrosivity
(OR =4.68;95% CI,1.86-11.73) and old homes with
high corrosivity (OR = 11.07; 95% CI, 3.47-35.31)
were significantly associated with increased odds of
Pb detection.

Screening strategy development and performance
characteristics

Given the strong associations among corrosivity,
housing age, and WLLs, these were used in the
screening strategy. Rather than using corrosivity on
a continuous scale, dichotomous cut points were used
because (1) LSI values are not routinely reported in
national reports of groundwater corrosivity at the
state or local level, and (2) a dichotomous decision
rule would be easier to apply than one that required
use of regression coefficients. Based on the aforemen-
tioned facts, the 2 components of the decision were
(1) home built before 1987 and (2) LSI greater than
0.63.

Table 4 shows sensitivity and specificity of 2 vari-
ations of the screening strategy that may be useful
for prioritizing homes for WLL testing. Using a rule
of “old home AND corrosive water” yielded higher
specificity and lower sensitivity than a rule defined as
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TABLE 1
Descriptive Characteristics of Residents and Wells
Kane, n (%) or Jackson, n (%) or Peoria, n (%) or Total, n (%) or
Question/ltem Median (IQR) Median (IQR) Median (IQR) Median (IQR)
Total number of participants 62 38 51 151
Resident factors
Female 29 (46.8) 13(35.1) 14 (27.5) 56 (37.3)
Respondents 57 (92.9) 34 (89.5) 43 (84.3) 134 (89.3)
Race/Ethnicity
Non-Hispanic White 51(82.3) 34(91.9) 43 (84.3) 128 (85.3)
Non-Hispanic Black 2(3.2) 0(0.0) 0(0.0) 2(1.3)
Hispanic 1(1.6) 0(0.0) 1(2.0) 2(1.3)
Other 1(1.6) 0(0.0) 1(2.0) 2(1.3)
Respondents 55 (88.7) 34 (89.5) 45 (88.2) 134 (89.3)
Age, y
26-45 3(4.8) 2(5.4) 5(9.8) 10 (6.7)
46-65 11(17.7) 7(18.9) 7(13.7) 25(16.7)
>66 24 (38.7) 19(51.4) 22 (43.1) 65 (43.3)
Respondents 38 (61.3) 28 (73.7) 34 (66.7) 100 (66.7)
Education
Some high school 0(0.0) 1(2.7) 1(2.0) 2(1.3)
High school graduate 6(9.7) 5(13.5) 9(17.6) 20(13.3)
College/university graduate 14 (22.6) 8(21.6) 14 (21.5) 36 (24.0)
Postgraduate degree 17 (27.4) 8(21.6) 13 (25.5) 38(25.3)
Respondents 37 (59.7) 22 (57.9) 37(72.3) 96 (64.0)
Annual income, $
<25000 1(1.6) 3(8.1) 1(2.0) 5(3.3)
25000-54 999 2(3.2) 6 (16.2) 6(11.8) 14(9.3)
>55000 39 (62.9) 20 (54.1) 31(60.8) 90 (60.0)
Respondents 42 (67.7) 29 (76.3) 38 (74.5) 109 (72.7)
Well and housing factors
Well construction
Drilled 33(53.2) 29 (78.4) 26 (51.0) 88 (58.7)
Bored 0(0.0) 1(2.7) 7(13.7) 8(5.3)
Other 0(0.0) 3(8.1) 3(5.9) 6 (4.0)
Respondents 33(53.2) 33(86.8) 36 (70.6) 102 (68.0)
Well depth, ft 235.0 (230) 200.0 (217) 60.0 (58) 172.5 (236)
Respondents 37 (60.0) 29 (76.3) 36 (70.6) 102 (68.0)
Year house was built® 1977 1984 (1969-1994) 1978 (1958-1994) 1978
(1964-1992) (1964-1993)
Respondents 58 (93.5) 35(92.1) 49 (96.1) 142 (94.7)
Detectable water lead
Stagnant samples 27 (43.5) 20 (52.6) 26 (51.0) 73 (48.3)
Flushed samples 8(12.9) 11(28.9) 15 (29.4) 34 (22.5)
Respondents 62 (100) 38(100) 51(100) 151 (100)

Abbreviation: IQR, interquartile range.
4Median (IGR).
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TABLE 2

Single Predictor Models of Water Ph Detection and WLL
>2 ppb

Outcome: Outcome:
Pb Detection, WLL >2 ppb,
Predictor OR (95% CI) OR (95% CI)
House built 1986 or earlier ~ 5.18(2.35-11.42)*  2.88(1.16-7.16)"
House built pre-1964 (25th ~ 1.42(0.65-3.09) 0.41(0.15-1.16)
percentile)
House built pre-1978 2.22 (1.13-4.34)° 1.25(0.59-2.63)
(median)
House built pre-1994 (75th  4.23(1.82-9.81)° 3.07 (1.10-8.57)°
percentile)
LSI (continuous) 1.95 (0.98-3.89) 2.14 (1.08-4.27)°
LS| >0.08 (25th percentile) ~ 2.26 (1.03-4.95)° 2.19(0.84-5.73)
LS| >0.23 (Median) 1.77 (0.93-3.38) 3.27 (1.49-7.18)°

LSI >0.63 (75th percentile) ~ 2.38 (1.12-5.06)° 3.32(1.52-7.23)°

Abbreviations: Cl, confidence interval; LSl Larson-Skold Index; OR, odds ratio; Pb,
lead; WLL, well lead level.

ap < .001.
bp1<P < .05
€.0001 <P <.01.

“old home OR corrosive water.” Because sensitivity
is more important than specificity to identify at-risk
homes due to health risks of Pb exposure, the “or”
criterion would be preferred.

Water lead levels on follow-up testing

Twenty-eight homes were resampled for Pb. For
all sites, WLLs decreased from stagnant samples to
flushed samples to well samples (Figure). Three well
samples in Jackson County had detectable WLLs,
suggesting well or pump components could be a Pb
source.

Among homes with the highest initial WLLs in first-
draw samples, follow-up first-draw WLLs were con-
siderably lower (see Supplemental Digital Content,
Figure 1, available at http://links.lww.com/JPHMP/
A718). Mann-Whitney rank sum tests showed no sig-
nificant differences between alkalinity, Cl~, sulfate,
LSI, or CSMR between the initial and follow-up

Predictors of WLL

TABLE 4
Sensitivity and Specificity of Screening Tool
0ld Home 0ld Home OR
AND Corrosive Corrosive
Water Water

Sensitivity 0.30 0.88
Specificity 0.90 0.42
Positive predictive value 0.74 0.58
Negative predictive value 0.59 0.80

samples of a given home (P values all >.4). Cl~ con-
centrations were much higher in Kane and Peoria
County samples than in Jackson County.

Jackson County samples collected at follow-up sug-
gested rapid recharge into the shallow karst aquifer.
Most of the samples had measurable dissolved oxy-
gen, and nitrate and Cl~ concentrations greater than
background.’*** Of the 9 follow-up samples from
Jackson County, 5 had pH values less than 6.0. Al-
though pH is not explicitly considered in either LSI
or CSMR, low pH waters are clearly corrosive and
first-draw WLLs were correlated with pH for follow-
up sampling in Jackson and Kane Counties (see
Supplemental Digital Content, Figure 2, available at
http:/links.lww.com/JPHMP/A718).

Discussion and Conclusion

This is the first study to measure corrosivity as a
predictor of WLLs in private wells from non—point
sources of corrosive agents. Findings that 48.3% of
homes tested had detectable Pb and that 3.3% had
levels exceeding the US EPA action level that applies
to community drinking systems are broadly consis-
tent with findings elsewhere in the US Midwest and
East Coast.!>"*2> Among the 3.3% of samples with
WLL more than 15 ppb, nearly all of the Pb present
was in the particulate phase. This work points to
a public health need for testing homes with private
wells for Pb, and the screening strategy described here
is a first start in that direction. Further research is

TABLE 3
Association Between Elevated Corrosivity (>75th Percentile LSI) and Dichotomous WLL, by Housing Age Category

Pb Detection, Pb >2 ppb, Pb >5 ppb,
Home Built OR (95% Cl) OR (95% ClI) OR (95% Cl)
1986 and earlier 2.32(0.86-6.21) 3.17 (1.24-8.06)° 4.50(1.16-17.50)°
1987 and later 1.94 (0.40-9.49) 1.94 (0.31-12.12) Unstable estimate

Abbreviations: Cl, confidence interval; LSI, Larson-Skold Index; OR, odds ratio, Pb, lead; WLL, well lead level.

P < .05.
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2Except for 3 samples in Jackson County, Pb below detection level (<0.76 ppb) in all well samples.

needed to improve the sensitivity and specificity of this
approach.

Given that 44 million people in the United States
rely on private wells for drinking water,'>!* identi-
fying predictors of water Pb presence or elevation
should be useful in identifying homes with private
wells that are at an increased risk for Pb contami-
nation. Home age (1986 and earlier, when the use
of Pb in plumbing materials and service lines was
banned, vs post-1986) and water corrosivity were
found to be predictors of detectable WLLs. Home
age can be determined through municipal records or
estimated by homeowners. Maps of potential corro-
sivity of untreated groundwater have been published
by the US Geological Survey and should be used
by LHDs and others to determine whether corrosive
groundwater is likely to be present locally.** LHDs
could play a primary role in driving this process, but
community-based organizations could be involved as
well. Programs in Pennsylvania (Pennsylvania Master
Well Owner Network) and Virginia (Virginia House-
hold Water Quality Program and Virginia Master
Well Owner Network) are examples of state extension
programs that combined subsidized testing, educa-
tion, and recommendations on mitigation, such as
removal of Pb components, maintenance, and instal-
lation of treatment devices.’”**® These programs may

still not reach socioeconomically disadvantaged indi-
viduals who are most at risk, as seen in other studies,
without federal requirements and funding allocated to
private well testing.’

At baseline, Pb in tap water of homes with the high-
est WLLs was generally in particulate form; those
levels were much lower on follow-up testing (see Sup-
plemental Digital Content Figure 1, available at http:
/MNinks.lww.com/JPHMP/A718). This highlights the
importance of improved understanding of physical
and/or chemical processes associated with formation
and intermittent release of particulate Pb in water
systems, in addition to adequate treatment/filtration.
It also raises the question of frequency of testing
required to determine that intermittent release of par-
ticulate Pb is not occurring.

Jackson County has shallow carbonate (limestone
and dolomite) aquifers that contain karst features
such as sinkholes. Dissolution of bedrock has pro-
duced creviced aquifers connected to land’s surface.
Rainfall, which has a natural pH of 5 to 5.5, enters
the aquifer and rapidly passes through the creviced
bedrock, with little time to react with the bedrock or
soil zones above it.** Thus, the water can be naturally
corrosive. Low pH waters have been linked to high
WLLs in other states.!”-** Closer proximity of wells
to recharge zones means more rapid water movement
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and a higher likelihood of corrosive water. It seems
possible, then, that WLLs may vary temporally in such
terrains, as the groundwater flow and geochemistry
vary as a result of variations in recharge.

Our study has several limitations. First, study par-
ticipants, rather than members of the research team,
conducted water sampling in their homes. We are
unable to estimate the extent of sampling protocol
adherence, although protocols were fairly simple. Re-
sults were consistent with our expectation, based on
existing literature, that flushed water samples would
have lower WLLs than stagnant samples, indicating
protocol adherence. Second, participants were re-
cruited by LHDs through publicity efforts and almost
certainly do not represent a random sample of private
well users within counties. It is not possible to evaluate
whether the mean WLLs, demographics, or housing
characteristics of participants would have been differ-
ent had random sampling been used, which was not
feasible in this pilot study. Representative sampling
should be considered in future research. Given that

Implications for Policy & Practice

B Approximately half of the homes with domestic wells sam-
pled had measurable WLLs, and 3.3% had levels that
exceeded the 15-ppb level that applies to community water
systems.

W Homes built before 1987 were more likely to have measur-
able Pb and far more likely to have Pb levels of 2 ppb or more
than homes built since 1986.

W Homes builtin or before 1986 that had corrosive groundwater
were 11 times more likely than newer homes with noncorro-
sive water to have detectable water Pb.

W A screening strategy was developed, containing 2 questions:
(1) Was the home built before 19877 or (2) Is well water rel-
atively corrosive?

B This approach was 88% sensitive and 42% specific for iden-
tifying homes with measurable Pb in well water.

B LHDs in areas of corrosive ground water should promote tar-
geted testing of WLLs, particularly among homes built before
1987.

B The finding that the highest WLLs were nearly all particulate
Pb, and that on retesting months later, the highest levels had
decreased significantly, suggests episodic release of partic-
ulate Ph. In addition to effective mitigation, water sampling
strategies need to be developed to account for this.

M Policies to protect rural residents—particularly households
with pregnant women or small children—from water Pb are
needed, as is financial support for testing and remediation.

Predictors of WLL

testing of WLLs in private wells is not required, it is
unlikely that participants self-selected because of their
knowledge of tap WLLs. Third, data about plumb-
ing or well materials in homes were not collected.
Efforts to screen homes for WLLs could be improved
if the presence of Pb-bearing materials in plumbing or
well elements was known. Fourth, because we were
unable to identify a validated questionnaire specific
to purposes of this study, we developed one, in part,
drawing items from questionnaires used by others.
Fifth, this study included 3 of the 102 counties in
Illinois, representing 3 distinct groundwater regions.
Observed prevalence of WLL detection and associ-
ations between WLL and corrosivity may differ in
other settings.

Study results indicate that approximately half of
homes in this study had measurable WLLs and that
3.3% had levels that exceeded the 15-ppb level that
applies to community water systems.®* This is a clear
threat to the health of small children living in homes
with private wells, as the US EPA estimates that there
is a 0.042 pg/dL increase in blood Pb per 1 ug/L in-
crease in water Pb.!-¢%-¢¢ More widespread testing and
remediation of Pb in private wells are needed. Tar-
geted sampling can be achieved by prioritizing older
homes in areas with corrosive water.

References

1. Needleman HL. Lead poisoning in children: neurologic implications
of widespread subclinical intoxication. Semin Psychiatry. 1973;5(1):
47-54.

2. Needleman HL, Shapiro IM. Dentine lead levels in asymptomatic
Philadelphia school children: subclinical exposure in high and low
risk groups. Environ Health Perspect. 1974,7:27-31.

3. Needleman HL, Davidson |, Sewell EM, Shapiro IM. Subclinical lead
exposure in Philadelphia schoolchildren. Identification by dentine
lead analysis. N Engl J Med. 1974;290(5):245-248.

4. Needleman HL, Gunnoe C, Leviton A, et al. Deficits in psychologic
and classroom performance of children with elevated dentine lead
levels. N Engl J Med. 1979;300(13):689-695.

5. Winneke G, Kramer U, Brockhaus A, et al. Neuropsychological stud-
ies in children with elevated tooth-lead concentrations. Int Arch
Occup Environ Health. 1983;51(3):231-252.

6. Nicolescu R, Petcu C, Cordeanu A, et al. Environmental exposure to
lead, but not other neurotoxic metals, relates to core elements of
ADHD in Romanian children: performance and questionnaire data.
Environ Res. 2010;110(5):476-483.

7. Mason LH, Harp JP, Han DY. Pb neurotoxicity: neuropsychological
effects of lead toxicity. Biomed Res Int. 2014,2014:840547.

8. Council on Environmental Health. Prevention of childhood lead tox-
icity. Pediatrics. 2016;138(1):620161493.

9. Hanna-Attisha M, LaChance J, Sadler RC, Champney Schnepp A.
Elevated blood lead levels in children associated with the Flint
Drinking Water Crisis: a spatial analysis of risk and public health
response. Am J Public Health. 2016;106(2):283-290.

10. Jean Brown M, Raymond J, Homa D, Kennedy C, Sinks T. Associ-
ation between children’s blood lead levels, lead service lines, and
water disinfection, Washington, DC, 1998-2006. Environ Res. 2011;
111(1):67-74.

11. Ngueta G, Abdous B, Tardif R, St-Laurent J, Levallois P. Use of
a cumulative exposure index to estimate the impact of tap water
lead concentration on blood lead levels in 1- to 5-year-old children
(Montréal, Canada). Environ Health Perspect. 2016;124(3):388-395.



November/December 2021 ¢ Volume 27, Number 6

12.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Lopez P. Letter from EPA Region 2 Administrator. https:
//www.epa.gov/newsroom/letter-august-9-2019-peterd-lopez-
hon-catherine-mccabe-commissioner-nj-dep-and-hon-ras.  Pub-
lished August 19, 2019. Accessed September 8, 2020.

. US Census Bureau. American Community Survey (ACS). https://

WWW.census.gov/programs-surveys/acs. Accessed April 18, 2020.

. Dieter CA, Maupin MA, Caldwell RR, et al. Estimated Use of Water

in the United States in 2015. Reston, VA: US Geological Survey;
2018:76. Circular 1441.

. US Census Bureau. American Housing Survey (AHS)—AHS Table

Creator. https://www.census.gov/programs-surveys/ahs/data/
interactive/ahstablecreator.html?s_areas=00000&s_year=2017&s
_tablename=TABLE4&s_bygroup1=1&s_bygroup2=1&s_
filtergroup1=1&s_filtergroup2=1. Accessed July 9, 2020.

. NCSL. Unregulated drinking water systems. https://www.ncsl.

org/research/environment-and-natural-resources/unregulated-
drinking-water-systems.aspx. Accessed May 21, 2020.

Swistock BR, Clemens S, Sharpe WE, Rummel S. Water quality
and management of private drinking water wells in Pennsylvania. J
Environ Health. 2013;75(6):60-66.

. Rhode Island Department of State. Private drinking water systems

(216-RICR-50-05-2). https://casetext.com/regulation/rhode-island-
administrative-code/title-216-department-of-health/chapter50-
environmental-health/subchapter-05-waterquality/part-2-private-
drinking-water-systems-216-ricr-50-05-2/section-216-ric-50-05-
212-mandatory-testing-requirements-for-private-water-supplies.
Accessed July 17, 2020.

. Knobeloch L, Gorski P, Christenson M, Anderson H. Private drink-

ing water quality in rural Wisconsin. J Environ Health. 2013;75(7):
16-20.

Pieper KJ, Krometis L-AH, Gallagher DL, Benham BL, Edwards M.
Incidence of waterborne lead in private drinking water systems in
Virginia. J Water Health. 2015;13(3):897-908.

Pieper KJ, Tang M, Jones CN, et al. Impact of road salt on drinking
water quality and infrastructure corrosion in private wells. Environ
Sci Technol. 2018;52(24):14078-14087.

Tomlinson MS, Bommarito P, George A, et al. Assessment of inor
ganic contamination of private wells and demonstration of effective
filterbased reduction: a pilot-study in Stokes County, North Car
olina. Environ Res. 2019;177:108618.

Pell MB, Schneyer J. Lead in the water: a corrosive danger lurks
in U.S. water wells. Reuters. http://www.reuters.com/investigates/
special-report/usa-waterlead. Accessed April 25, 2020.

US Environmental Protection Agency. Use of lead free
pipes, fittings, fixtures, solder and flux for drinking water.
https://www.epa.gov/sdwa/use-lead-free-pipes-fittings-fixtures-
solderand-flux-drinking-water. Published August 3, 2015. Ac-
cessed April 25, 2020.

National Center for Environmental Health. CDC—Lead—At risk
populations—Pregnant women. https://www.cdc.gov/nceh/lead/
prevention/pregnant.htm. Published July 31, 2019. Accessed July
17, 2020.

Centers for Disease Control and Prevention. Program overview—
CDC's Childhood Lead Poisoning Prevention Program.
https://www.cdc.gov/nceh/information/healthy_homes_lead.htm.
Published February 22, 2019. Accessed July 17, 2020.

Hansel AK, Johnson WH. Wedron and Mason Groups: Lithostrati-
graphic Reclassification of Deposits of the Wisconsin Episode,
Lake Michigan Lobe Area. Champaign, IL: lllinois State Geological
Survey; 1996. Bulletin No. 104.

Dey WS, Curry BB, Sieving JC, Davis AM, Abert CC. Kane County
Water Resources Investigations: Interim Report on Geologic Inves-
tigations. Champaign, IL: lllinois State Geological Survey; 2004.
Dey WS, Curry BB, Sieving JC, Davis AM, Abert CC. Kane
County Water Resources Investigations: Interim Report on Three-
Dimensional Geologic Modeling. Champaign, IL: lllinois State
Geological Survey; 2005.

Meyer SC, Roadcap GS, Lin Y-F, Walker DD. Kane County Water
Resources Investigations: Simulation of Groundwater Flow in Kane
County and Northeastern lllinois. Champaign, IL: lllinois State Ge-
ological Survey; 2009.

Kelly WR, Abrams DB, Knapp HV, et al. Water Supply Planning:
Middle Illinois Assessment of Water Resources for Water Sup-

32.

33.

34.

3b.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

575

www.JPHMP.com

ply: Final Report. Champaign, IL: lllinois State Geological Survey;
2018.

Pryor WA. Groundwater Geology in Southern lllinois: A Preliminary
Geologic Report. Champaign, IL: Illinois State Geological Survey;
1956.

Panno SV, Weibel CP, Li W. Karst Regions of lllinois. Champaign,
IL: lllinois State Geological Survey; 1997.

Weibel CP, Panno SV. Karst Terrains and Carbonate Rock of Illinois.
Champaign, IL: lllinois State Geological Survey; 1997.

Kelly WR, Hadley D, Mannix D. Shallow Groundwater Sampling in
Kane County, 2015. Champaign, IL: lllinois State Geological Sur
vey; 2016. Bulletin No. 64. http://www.isws.illinois.edu/pubdoc/CR/
ISWSCR2016-04.pdf. Accessed September 8, 2020.

Panno SV, Kelly WR. Nitrate and herbicide loading in two ground-
water basins of lllinois’ sinkhole plain. J Hydrol. 2004,290(3/4):229-
242.

Kelly WR, Panno SV, Hackley KC, et al. Bacteria contamination of
groundwater in a mixed land-use karst region. Water Qual Expo
Health. 2009;1(2):69-78.

CITI Program. Collaborative Institutional Training Initiative. https://
about.citiprogram.org/en/homepage. Accessed May 21, 2020.

US EPA R 08. Lead and copper—suggested directions
for homeowner tap sample collection procedures. https:
//www.epa.gov/region8-waterops/lead-and-copper-suggested-
directions-homeowner-tap-sample-collection-procedures. Pub-
lished February 22, 2013. Accessed July 17, 2020.

US Environmental Protection Agency. Lead and Copper Rule. https:
//www.epa.gov/dwreginfo/lead-and-copper-rule. Published Octo-
ber 13, 2015. Accessed April 18, 2020.

Cornwell DA, Brown RA, Via SH. National survey of lead service
line occurrence. J AWWA. 2016;108(4):E182-E191.

Environmental Monitoring Systems. Determination of trace
elements by stabilized temperature graphite furnace atomic
absorption. https://nepis.epa.gov/Exe/ZyNET.exe/300036HL.
TXT?ZyActionD=ZyDocument&Client=EPA&Index=1991+Thru+
1994&Docs=&Query=&Time=&EndTime=&SearchMethod=
1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=
&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=
0&XmlQuery=&File=D %3A%5Czyfiles %5CIndex%20Data %
5C91thru94%5CTxt%5C00000012%5C300036HL.txt&User=
ANONYMOUS&Password=anonymous&SortMethod=h%7C-
&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=
r7598/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=
x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=
Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=
x&ZyPURL#. Published 1996. Accessed April 18, 2020.

Larson TE, Skold RV. Laboratory studies relating mineral quality of
water to corrosion of steel and cast iron. Corrosion. 1958;14(6):44-
46.

Nguyen CK, Stone KR, Edwards MA. Chloride-to-sulfate mass ra-
tio: practical studies in galvanic corrosion of lead solder. J AWWA.
2011;103(1):81-92.

Onufrak SJ, Park S, Sharkey JR, Sherry B. The relationship of
perceptions of tap water safety with intake of sugarsweetened
beverages and plain water among US adults. Public Health Nutr.
2014;17(1):179-185.

Jones AQ, Dewey CE, Doré K, et al. Public perceptions of drink-
ing water: a postal survey of residents with private water supplies.
BMC Public Health. 2006;6:94.

McLeod L, Bharadwaj L, Waldner C. Risk factors associated
with the choice to drink bottled water and tap water in rural
Saskatchewan. Int J Environ Res Public Health. 2014;11(2):1626-
1646.

Hargrove WL, Juérez-Carillo PM, Korc M. Healthy Vinton: a health
impact assessment focused on water and sanitation in a small rural
town on the U.S.-Mexico border. Int J Environ Res Public Health.
2015;12(4):3864-3888.

Merkel L, Bicking C, Sekhar D. Parents’ perceptions of water safety
and quality. J Community Health. 2012;37(1):195-201.

Erinosho TO, Pinard CA, Nebeling LC, et al. Development and im-
plementation of the National Cancer Institute’s Food Attitudes and
Behaviors Survey to assess correlates of fruit and vegetable intake
in adults. PLoS One. 2015;10(2):e0115017.


https://www.epa.gov/newsroom/letter-august-9-2019-peter-d-lopez-hon-catherine-mccabe-commissioner-nj-dep-and-hon-ras
https://www.census.gov/programs-surveys/acs
https://www.census.gov/programs-surveys/ahs/data/interactive/ahstablecreator.html?s_areas=00000&s_year=2017&s_tablename=TABLE4&s_bygroup1=1&s_bygroup2=1&s_filtergroup1=1&s_filtergroup2=1
https://www.ncsl.org/research/environment-and-natural-resources/unregulated-drinking-water-systems.aspx
https://casetext.com/regulation/rhode-island-administrative-code/title-216-department-of-health/chapter-50-environmental-health/subchapter-05-water-quality/part-2-private-drinking-water-systems-216-ricr-50-05-2/section-216-ricr-50-05-212-mandatory-testing-requirements-for-private-water-supplies
http://www.reuters.com/investigates/special-report/usa-water-lead
https://www.epa.gov/sdwa/use-lead-free-pipes-fittings-fixtures-solder-and-flux-drinking-water
https://www.cdc.gov/nceh/lead/prevention/pregnant.htm
https://www.cdc.gov/nceh/information/healthy_homes_lead.htm
http://www.isws.illinois.edu/pubdoc/CR/ISWSCR2016-04.pdf
https://about.citiprogram.org/en/homepage
https://www.epa.gov/region8-waterops/lead-and-copper-suggested-directions-homeowner-tap-sample-collection-procedures
https://www.epa.gov/dwreginfo/lead-and-copper-rule
https://nepis.epa.gov/Exe/ZyNET.exe/300036HL.TXT?ZyActionD=ZyDocument&Client=EPA&Index=1991+Thru+1994&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=&File=D%3A%5Czyfiles%5CIndex%20Data%5C91thru94%5CTxt%5C00000012%5C300036HL.txt&User=ANONYMOUS&Password=anonymous&SortMethod=h%7C-&MaximumDocuments=1&FuzzyDegree=0&ImageQuality=r75g8/r75g8/x150y150g16/i425&Display=hpfr&DefSeekPage=x&SearchBack=ZyActionL&Back=ZyActionS&BackDesc=Results%20page&MaximumPages=1&ZyEntry=1&SeekPage=x&ZyPURL#

576

51

52.

53.

54.

55.

56.

57

58.

59.

Geiger, et al ® 27(6), 567-576

NHANES Environmental Chemical Data Tutorial—Important ana-
lytic considerations and limitations—Task 2. https://www.cdc.gov/
nchs/tutorials/environmental/critical_issues/limitations/Info2.htm.
Accessed April 25, 2020.

Succop PA, Clark S, Chen M, Galke W. Imputation of data values
that are less than a detection limit. J Occup Environ Hyg. 2004;1(7):
436-441.

Durenberger D. S.124—99th Congress (1985-1986): Safe Drinking
Water Act Amendments of 1986. https://www.congress.gov/bill/
99th-congress/senate-bill/124. Published June 19, 1986. Accessed
April 25, 2020.

Panno SV, Kelly WR, Martinsek AT, Hackley KC. Estimating back-
ground and threshold nitrate concentrations using probability
graphs. Ground Water. 2006;44(5):697-709.

Panno SV, Hackley KC, Hwang HH, et al. Characterization and iden-
tification of Na-Cl sources in ground water. Ground Water. 2006;
44(2):176-187.

Belitz K, Jurgens BC, Johnson TD. Potential Corrosivity of Untre-
ated Groundwater in the United States. Reston, VA: US Geological
Survey; 2016. Scientific Investigations Report 2016-5092.

Benham B, Ling E, Ziegler P, Krometis LA. What's in your water?
Development and evaluation of the Virginia Household Water Qual-
ity Program and Virginia Master Well Owner Network. J Hum Sci
Extension. 2016;4(1):16.

Clemens SS, Swistock BR, Sharpe WE. The Master Well
Owner Network: volunteers educating Pennsylvania well owners.
J Ext. 2007,45(4):4RIB7. https://www.joe.org/joe/2007august/rb7.
php. Accessed May 26, 2019.

Zheng Y, Flanagan SV. The case for universal screening of private

60.

61.

62.

63.

64.

65.

66.

Predictors of WLL

well water quality in the U.S. and testing requirements to achieve
it: evidence from arsenic. Environ Health Perspect. 2017;125(8):
085002.

Flanagan SV, Spayd SE, Procopio NA, Chillrud SN, Braman S, Zheng
Y. Arsenic in private well water part 1 of 3: impact of the New Jer
sey Private Well Testing Act on household testing and mitigation
behavior. Sci Total Environ. 2016;562:999-1009.

Flanagan SV, Spayd SE, Procopio NA, et al. Arsenic in private well
water part 2 of 3: who benefits the most from traditional testing
promotion? Sci Total Environ. 2016;562:1010-1018.

Flanagan SV, Spayd SE, Procopio NA, et al. Arsenic in private well
water part 3 of 3: socioeconomic vulnerability to exposure in Maine
and New Jersey. Sci Total Environ. 2016;562:1019-1030.

Pieper KJ, Krometis L-AH, Benham BL, Gallagher DL. Simultaneous
influence of geology and system design on drinking water quality
in private systems. J Environ Health. 2016;79(2):E1-E9.

National Primary Drinking Water Regulations: proposed Lead and
Copper Rule revisions. Fed Regist. https://www.federalregister.
gov/documents/2019/11/13/2019-22705/national-primary-drinking-
waterregulations-proposed-lead-and-copperrule-revisions.  Pub-
lished November 13, 2019. Accessed May 20, 2020.

Levallois P, St-Laurent J, Gauvin D, et al. The impact of drinking wa-
ter, indoor dust and paint on blood lead levels of children aged 1-5
years in Montréal (Québec, Canada). J Expo Sci Environ Epidemiol.
2014;24(2):185-191.

US Environmental Protection Agency. Proposed Modeling Ap-
proaches for a Health Based Benchmark for Lead in Drinking
Water. Washington, DC: US Environmental Protection Agency;
2017.


https://www.cdc.gov/nchs/tutorials/environmental/critical_issues/limitations/Info2.htm
https://www.congress.gov/bill/99th-congress/senate-bill/124
https://www.joe.org/joe/2007august/rb7.php
https://www.federalregister.gov/documents/2019/11/13/2019-22705/national-primary-drinking-water-regulations-proposed-lead-and-copper-rule-revisions

