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Abstract

BACKGROUND: Exposure to lead (Pb), arsenic (As) and copper (Cu) may cause significant
health issues including harmful neurological effects, cancer or organ damage. Determination
of human exposure-relevant concentrations of these metal(loids) in drinking water, therefore, is
critical.

OBJECTIVE: We sought to characterize exposure-relevant Pb, As, and Cu concentrations in
drinking water collected from homes participating in the American Healthy Homes Survey I, a
national survey that monitors the prevalence of Pb and related hazards in United States homes.
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METHODS: Drinking water samples were collected from a national survey of 678 U.S. homes
where children may live using an exposure-based composite sampling protocol. Relationships
between metal(loid) concentration, water source and house age were evaluated.

RESULTS: 18 of 678 (2.6%) of samples analyzed exceeded 5 pg Pb L™ (Mean = 1.0 pg L™1).
1.5% of samples exceeded 10 pg As L1 (Mean = 1.7 pg L™1) and 1,300 pg Cu L™ (Mean = 125
ug L™1). Private well samples were more likely to exceed metal(loid) concentration thresholds than
public water samples. Pb concentrations were correlated with Cu and Zn, indicative of brass as a
common Pb source is samples analyzed.

SIGNIFICANCE: Results represent the largest national-scale effort to date to inform exposure
risks to Pb, As, and Cu in drinking water in U.S. homes using an exposure-based composite
sampling approach.

IMPACT STATEMENT: To date, there are no national-level estimates of Pb, As and Cu

in US drinking water collected from household taps using an exposure-based sampling

protocol. Therefore, assessing public health impacts from metal(loids) in drinking water remains
challenging. Results presented in this study represent the largest effort to date to test for exposure-
relevant concentrations of Pb, As and Cu in US household drinking water, providing a critical step
toward improved understanding of metal(loid) exposure risk.
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INTRODUCTION

The American Healthy Homes Survey (AHHS) 11 is a collaboration between the United
States Department of Housing and Urban Development (HUD) and the United States
Environmental Protection Agency (USEPA). AHHS I1’s primary focus is to monitor
changes in the prevalence of lead-based paint and associated hazards in homes and to
identify changes in findings from AHHS | (conducted 2005-2006) [1] and the National
Survey of Lead and Allergens in Housing (conducted 1998-1999) [2]. AHHS Il also
included assessments of lead (Pb) in soil and dust collected from homes, along with
pesticide, formaldehyde and mold levels. New to AHHS I, and the focus of this study,

was the collection and analysis of drinking water samples for Pb, arsenic (As), and

copper (Cu), along with additional elements of interest, using an exposure-based composite
sampling protocol. Exposure to these elements may result in severe health effects including
neurological effects in developing infants and children (Pb) [3], various types of cancer (As)
[4], and gastrointestinal, nervous system, liver or kidney damage (Cu) [4, 5]. Therefore,
investigation of Pb, As, and Cu concentrations in drinking water and how these may be
related to source materials is critical.

Pb, As, and Cu levels in household drinking water are driven by multiple factors including
source water quality, water chemistry, drinking water treatment effectiveness, plumbing
materials, plumbing configuration and water usage patterns [6, 7]. Where Pb service lines
(LSLs) are present, corrosion or dissolution of leaded plumbing materials present the largest
contributors of Pb to household drinking water [8, 9]. Other Pb plumbing materials include
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brass fixtures and fittings [10, 11], leaded solder [12], Pb goosenecks [13], and galvanized
steel pipes [9]. The USEPA has estimated that Pb in drinking water may contribute as

much as 60% of total Pb exposure in infants [14]. The relative contribution of Pb from
drinking water to total Pb exposure may be increasing over time as other Pb sources are
reduced or removed from homes [15]. Similar to Pb, sources of Cu in drinking water include
service lines and premise plumbing materials including Cu pipes and brass components via
corrosion and release from associated pipe scales [9, 16, 17].

Arsenic concentrations vary in groundwaters and surface waters as a result of both

natural and anthropogenic sources [18]. In natural environments, high concentrations of

As are generally caused by weathering of As-containing minerals [18, 19]. Anthropogenic
sources of As contamination include discharge from mining, petroleum refining, glass and
ceramics manufacturing, and legacy pesticide application [19]. Geogenic and anthropogenic
As sources can accumulate in drinking water distribution systems and, under some
circumstances, be released back to tap water at elevated concentrations [20, 21].

Pb, As and Cu concentrations in drinking water of public health interest are informed by
governmental regulatory efforts and public health organization guidelines. In the United
States, these have included passage and subsequent amendments to the Safe Drinking Water
Act (SDWA) and promulgation of the Lead and Copper Rule (LCR) [22]. The SDWA
authorized USEPA to set nonenforceable Maximum Contaminant Level Goals (MCLGs),
defined as the level at which no known or expected health risks occur, and enforceable
Maximum Contaminant Levels (MCLs), defined as the highest level of contaminant allowed
in drinking water considering available treatment technologies and costs. The MCLG and
MCL for As, measured at the point of entry to the drinking water distribution system, are

0 and 0.010 mg L~1 respectively [22]. The MCLG for Pb and Cu are 0 and 1.3 mg L1
respectively [22]. Enforceable levels of Pb and Cu were established under the LCR based on
treatment technique in lieu of an MCL, where 90 percent of monitoring samples must fall
below 0.015 mg L™ and 1.3 mg L1, respectively [23]. Amendments to the SDWA in 1986
and 1996 and passage of the Reduction of Lead in Drinking Water Act in 2011 established
and updated requirements involving the use of Pb-free plumbing pipes, fittings and fixtures
to contain no more than 0.25% Pb by weighted average across the wetted surface and solder
and flux to contain no more than 0.2% Pb [24]. Human health-based targets for Pb, As

and Cu in drinking water are also informed by other government and public health agency
guidelines. Notably, Health Canada has established a maximum acceptable concentration,
defined as the level to have a known or suspected adverse health effect, for Pb, As and Cu
in drinking water of 5 ug L1, 10 ug L™ and 2000 ug L1 respectively [25], with additional
guidance to keep As and Pb levels as low as reasonably achievable. The World Health
Organization has established guidelines of health significance for Pb, As and Cu in drinking
water of 10 ug L1, 10 ug L1, and 2000 ug L1 respectively, where the Pb guideline is
considered provisional.

This study summarizes AHHS 11 Pb, As and Cu in drinking water results from 678 homes
where children may reside. Samples were collected between March 2018 and June 2019.
Results are presented in context of metal(loid) concentrations in drinking water of public
health interest. Metal(loid) concentrations between homes on public water supply systems
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versus private wells are compared, as are correlations between Pb, Cu, and Zinc (Zn) that
may suggest brass fittings as a Pb source. Additional elements of secondary interest are also
reported. Results provide a first-of-itskind assessment of Pb, As, and Cu concentrations in
drinking water across a national survey of US homes where children may reside using an
exposure-based composite sampling approach.

METHODS

Sample collection

AHHS Il was conducted in a nationally representative sample of permanently occupied,
non-institutional homes in the U.S. where children may live. Field operations took place
from March 2018 to June 2019. Additional information regarding selection of homes is
provided in Supporting Information (SI).

A manual composite water sampling approach that captured residential exposure to metals
in drinking water over the course of one day was used to estimate human exposure from
multiple household Pb sources [26-29]. Composite samples are collected by diverting a
fraction of tap water to a single sample bottle at a specified frequency [26-31]. This
sampling approach is more representative of metal(loid) exposure via drinking water than
other common sampling procedures such as first draw, fully flushed, or random grab
sampling, as it is intended to collect water under normal household usage conditions,
making the resulting data more powerful from a public health standpoint [8, 32, 33]. It

also enabled collection of exposure-relevant water samples easily and cost-effectively, which
were important considerations of this study. For sample and data collection from homes, a
trained interviewer and a State- or EPA-certified Lead-Based Paint Inspector/Risk Assessor
were dispatched to each Primary Sampling Unit (PSU), defined as a Metropolitan Statistical
Avrea, single county, or group of contiguous counties that together comprise a minimum
population of 15,000 (based on the 2000 Census) and maximum end-toend distance of

100 miles. Residents were provided with a labeled collection bottle (Thermo Scientific™
Nalgene™ Certified Wide-Mouth HDPE Bottle) with instructions for collecting a composite
sample of the household’s consumptive water use over the course of one day (Fig. 1). The
sampling team instructed the resident to collect only cold water from their kitchen faucet
each time the faucet was used for water consumption (drinking, food preparation etc.) the
day before the sample was scheduled to be picked up. Once the resident had drawn the
water for their consumptive purpose, they were instructed to decrease the flow from the

tap and place the sample collection bottle under the faucet, filling the bottle to the next

fill line marked on the bottle. Additional details on water sample collection and associated
questionnaire data are summarized in the SI.

Sample analysis

Upon completion of field collection, sealed samples were shipped by the field sampling
team under chain-of-custody to the USEPA’s Office of Research and Development (ORD)
in Durham, NC for analysis. Upon receipt, bottle IDs were matched to chain-of-custody
reports included with each shipment. Water samples were acidified to 2% nitric acid (by
mass) within two weeks of receipt and stored at 4 °C for subsequent analysis.
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Prior to analysis, samples were digested at 85 °C for 2 h by hotblock (SCP Science;
Quebec, Canada). Quality control (QC) samples associated with each hotblock digestion
batch included a 2% nitric acid in DI water blank, blank spike, NIST SRM (1640a or
1643f or both), field blank spike, matrix spike (every 10 samples) and sample duplicate
(every 10 samples) (Table S3 and S4). Samples were analyzed for primary (Pb, As and
Cu) and secondary (Zn, Cd, Ni, P, Sh, and Si) elements of interest by inductively coupled
plasma-mass spectrometry (Thermo Fisher Scientific; Bremen, Germany) in accordance
with a standard operating procedure approved by USEPA (see SI).

Statistical analyses

Statistical analyses were performed using R version 4.0.1 (R Development Core Team
2020). All findings were considered statistically-significant at a= 0.05. Because metal(loid)
concentrations in water samples were not normally distributed, non-parametric statistical
tests were used.

Relationships, if any, between the age of the home and Pb, As, and Cu water concentrations
were explored by Spearman’s rank correlation. Mann-Whitney U test was used to explore
differences in Pb concentrations in water samples collected from homes built before versus
in or after 1988, following implementation of the ban on use of Pb service lines.

Pb, As, and Cu concentrations in water samples collected from homes reported by the
resident to be on public water supply systems versus private wells were evaluated by
permutation tests. Differences in probabilities of public water supply or private well samples
exceeding Pb, As and Cu thresholds of human-health interest were evaluated using 2 x 2
contingency tables [34, 35].

To explore brass fittings as a potential Pb source, correlations between Pb, Zn and Cu were
evaluated using Spearman’s rank correlation. Brass is an alloy of Cu (60-80%) and Zn
(4-32%) that may contain other elements in smaller quantities, including Pb (2-8%), tin,
nickel, aluminum, iron and/or cadmium [17]. This approach has been used to explore brass
as a Pb source in drinking water in other studies [6, 9, 36].

RESULTS

Pb, As, and Cu in drinking water samples

Of the 24 to 36 homes targeted for sampling per PSU, participation ranged from 3 to

20 homes (mean = 8.7, median = 9), for a total of 678 water samples collected and

analyzed across the 78 PSUs. Mean Ph, As and Cu concentrations were 1.0, 1.7, and

125 pg L1 respectively. Median Pb, As and Cu concentrations were 0.4, 0.4, and 33.9

ug L~ respectively (Table 1). Ninety-nine percent (99%) of samples analyzed for Pb and

Cu were above method detection limits (MDLs) of 0.021 and 0.551 pg L1, respectively.
Fifty-seven percent (57%) of samples analyzed for As were above the MDL of 0.308 ug L1,
The proportion of water samples that exceeded specific concentration thresholds of human
health interest are also summarized in Table 1. Pb, As, and Cu concentrations are presented
geographically by overlaying results by ZIP code on a map of the United States (Fig. 2)
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[37-39]. Cd, Ni, P, Sh, Si, and Zn results measured in water samples, while not a primary
focus of this study, are presented in Sl (Table S7).

Spearman’s rank correlation coefficient (rs), used to evaluate potential relationships between
home age and Pb, As, and Cu water concentrations, was 0.08 for Pb (p= 0.04) and was not
statistically significant for As or Cu. Mean and median Pb concentrations in homes built
prior to the 1988 effective date of the Pb service line ban (mean = 0.95 pg L™, median
=0.39 pg L™1) were similar to those built in or after 1988 (mean = 1.06 ug L™1, median
=0.34 pg L71), and Mann-Whitney U test results did not indicate a statistically significant
difference between the two groups.

Public water supply versus private wells

Pb, As and Cu concentrations were compared between homes reported by the resident to
be on a public water supply system (/7= 595) versus private well (/7= 65). Permutation test
results showed mean Pb, As and Cu concentrations were significantly higher (2.4, 5.6, and
202 pg L71 higher for Pb, As and Cu respectively) in water samples collected from homes
on private wells than public water supplies (Table 2). Median Pb concentrations were also
higher in private well samples (p= 0.01). Median As and Cu concentrations between public
and private water samples were not statistically different.

For Pb, water samples collected from homes on private wells were more likely to have a
Pb concentration > 5 pg L™ (12% of well samples tested) than samples collected from
public water supplies (2% of public water supply samples tested) (o= 0.01). Proportions
of samples > 10 or 15 pg Pb L1 in private well versus public water supply samples were
not statistically different. For As, proportions of samples from homes on private wells that
exceeded 5 and 10 ug As L™1 (14% and 8% of samples, respectively) were higher than those
from homes on public water supplies (2% and 1% of samples, respectively) (o= 0.01 and
0.02 for 5 and 10 pg As L~ thresholds, respectively). Observationally, a majority (4 out
of 5) of samples from homes on public water supplies that had As concentrations > 10 g
L1 were from one ZIP code. 9% and 6% of samples from homes served by private wells
exceeded 650 and 1300 pg Cu L™ respectively, versus 2% and 1% of samples collected
from homes on public water supplies (o= 0.02 and 0.04 for 650 and 1300 pg Cu L1
thresholds, respectively).

Pb and brass fittings: Relationships among Pb, Cu and Zn

Spearman’s rank correlation coefficient (rs) values between Pb and Zn across all 678 water
samples was 0.43. Private wells had a higher rq (0.73) than public water supplies (0.40). rq
values between Pb and Cu across all 678 water samples was 0.46. Private wells had a higher
rs (0.79) than public water supplies (0.42). P-values for all ry values relating Pb, Cu and Zn
were < 0.01.

DISCUSSION

Our results summarize drinking water sampling efforts of Pb, As, and Cu collected from
a U.S. survey of 678 homes participating in AHHS II. New and innovative to this large-
scale national effort was the use of an exposure-based composite drinking water sampling
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protocol. This sampling approach is important in representing Pb exposure given the
inherent variability associated with Pb measurements in drinking water, which are dependent
on many factors including water chemistry, various Pb sources in the plumbing and service
lines, and household water usage patterns [8, 29, 33, 40]. Pb concentrations from a single tap
can change over time, along with variations among different taps in a single residence [29,
32, 33, 41-44]. Therefore, sampling approaches such as first draw stagnated samples and
sequential or profile samples may not reflect mean daily metal(loid) exposure to residents
from drinking water [29, 33, 42, 44]. Instead, the sampling method used in this study is
designed to better capture variability that occurs in drinking water metal(loid) concentration
within a home, ultimately providing a more appropriate estimate of metal(loid) exposure
[26, 29, 33, 44]. Results of this work demonstrate that such a sampling approach can be
implemented at a large scale.

LSLs represent the largest Pb source in drinking water when present [8, 9, 29]. The
installation of LSLs was banned in 1986, with an effective date of 1988, although most
water systems discontinued LSL use decades earlier [8, 41]. Similarly, leaded solder was
banned in 1986 and reductions in Pb content in brasses and other plumbing followed [10,
11, 17]. Therefore, older homes are expected to have an increased likelihood to contain
higher drinking water Pb concentrations. However, mean and median Pb concentrations
in homes built before versus on or after 1988 were not statistically different, and only a
limited relationship between overall household age and Pb was observed (SI Figure S1).
Several potential causes for the discrepancy include homes with LSLs were not specifically
targeted and use of corrosion control treatment was unknown. Previous studies reporting
limitations of exposure assessment sampling support findings of this study that gross
surrogate estimators of Pb concentrations in drinking water (e.g., age of housing, etc.) are
poor predictors of measured Pb concentrations [14, 29].

18 of 678 samples tested (2.6%) were > 5 ug Pb L™1. Recent studies of contributions of
waterborne Pb to blood Pb levels (BLL) have found that even low levels of Pb in drinking
water may impact children’s BLLs, potentially disrupting childhood brain development
and causing other detrimental health effects [45-51]. Three of 678 samples tested (0.4%)
exceeded 15 pug Pb L1, and these residents were sent a letter with the drinking water Pb
concentration, an EPA guide on how to reduce exposure to lead in drinking water, and
contact information for local, state, and National Lead Information Center resources. Two of
these samples were reported to be from private well water. Additionally, mean and median
Pb levels in homes on private wells were statistically higher than those on public water
supplies. Further testing of water samples from homes on private wells versus public water
supply using equivalent sampling approaches is needed to affirm this finding as nationally
representative. Differences in Pb levels in private wells versus public water supply systems
observed in this study are consistent with a recent study in North Carolina reporting higher
blood Pb levels in children drinking private well versus city water [52-54]. Collectively,
these observations may reflect the influence of the EPA’s LCR, which regulates Pb and Cu
in community water systems [23, 55]. Under the LCR, public water supplies are required
to assess Pb and Cu concentrations in these systems and apply corrosion control treatment
when necessary. Without community regulatory oversight, such assessment is less likely in
homes with private wells.
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Spearman Rank Correlation coefficients (rg) values characterizing correlations among Pb, Zn
and Cu observed in this and other studies suggest brass may be a common source of elevated
Pb in drinking water. Pb:Zn rg values were observed to be higher in private well samples
than those from public water supplies, consistent with generally higher Pb concentrations
observed in well water samples. The correlation between Pb and Cu is more complicated.
Like Zn, Cu is a component of brass. However, Cu is generally common in plumbing
components. Ph:Cu correlations, therefore, may also suggest a link to overall corrosiveness
of the source waters. Lead-containing brass taps and fittings have been linked to Pb and Cu
contamination of drinking water [56]. Observed rg values between Pb and Zn and Pb and Cu
in private well samples in our study are similar to those reported by others [36].

Drinking water Cu concentrations exceeded 1.3 mg L1 in 10 of 678 (1.5%) samples tested.
As with Pb, Cu concentrations were significantly greater in homes on wells, likely reflecting
the influence of LCR corrosion treatment requirements, although individual background
water quality is also important. Cu concentrations in water were not statistically related to
house age. Research has shown that in the absence of phosphates in the water, Cu levels
considerably decrease with time as Cu-containing scales age [57]. Cu concentrations are also
a function of water chemistry, particularly pH and alkalinity [16, 58].

Arsenic exceeded 10 pg As L1 in 10 of 678 (1.5%) samples tested. A higher proportion
was observed in well water (5 of 65) compared to public water supply system samples

(5 of 613). The fraction of private wells with elevated As is unsurprising given the

wide distribution of naturally occurring As in groundwaters across the United States [19].
Geographic clusters of elevated As, like those observed in this study in portions of the
central U.S., are also indicative of groundwater as the primary source. A 2017 statistical
analysis of As concentrations from 20,450 US domestic wells predicted that 2.1 million

of the 44.1 million people using well water (4.8%) received water containing over 10 ug
As L1 [59]. A lower proportion (1%) of drinking water samples collected from homes

on public water supplies exceeded 10 pg As L1, with 4 of 5 observations in this study
being from a single ZIP code. While water samples collected as part of this study were

not associated with a specific community water supply (CWS) — samples were identified
only by city/state and zip code — a review of the Safe Drinking Water Information System
Federal Reporting Services database indicated a similar rate of exceedance of 10 ug As
L=1in CWS’s between 2018 and 2020 of 0.5 to 0.6% by year [60]. It should be noted

that As compliance sampling is conducted at the entry point of the distribution system at a
public water supply, whereas sampling in this study was conducted at the household tap, as
build-up and release of As in water supply plumbing between the point of distribution and
the household tap may contribute to different levels of As when the water reaches a home
[20, 21, 58]. Differences in As concentrations in public water supply versus private well
samples likely reflect the implementation of the EPA’s Arsenic Rule to community water
systems [61], and application of treatment strategies such as iron coagulation and adsorption
media approaches. As noted for Pb, further testing of water samples from homes on private
wells versus public water supply using equivalent sampling approaches is needed to affirm
this finding as nationally representative.
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The overarching AHHS |1 study was designed to maximize national representation of results
to the greatest extent feasible given available resources. However, several limitations should
be considered when evaluating or extrapolating water data presented in this study. As
previously noted, the sampling protocol used in this study was selected in part due to its ease
of implementation and cost-effectiveness relative to other exposurebased sampling methods,
notably use of automated proportional sampling devices [29, 31, 33, 44]. Because samples
were collected immediately after the resident’s consumptive use, some Pb in drinking

water may not have been captured that would have been represented via use of automated
proportional sampling devices. However, when comparing the two sampling methods, it is
not possible to estimate measurement bias relevant to this study in part because important
contributory factors, including the concentration of Pb from premise plumbing sources in
sampled homes, are unknown. Additionally, non-parametric statistical methods were used in
this study to enable direct comparisons to similar studies of metal(loid) concentrations in
U.S. drinking water using equivalent statistical methods. While application of parametric
statistical methods may result in small changes in statistical significance, use of such
methods are not expected to impact reported findings. Important factors that may impact
metal(loid) concentration in drinking water, such as presence of LSLs, types and relative
location of plumbing materials, use or type of corrosion control, or water usage were not
assessed in this study. Inclusion/exclusion of communities located near geogenic As sources
may have a significant influence on overall As results. Sampling was also limited to a single
day in each sampled home. Future investigations considering these factors may improve our
understanding of metal(loid) exposure from drinking water.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Collect COLD water from the kitchen faucet each
time you normally use water for drinking or
eating throughout one day starting with the first
use in the morning. Immediately after getting
water from the tap, adjust the tap so the water
flows slowly and fill to the next lowest fill line on
this bottle using the steps below.

surface close to the tap.

STEP 2 - Unscrew the cap and place it %
upside down on the counter. Please DO NOT |
touch the inside of the bottle or cap. I‘_]

STEP 3 - Hold the bottle next to the slowly
flowing tap. Swing the opened bottle under .
the cold water tap and watch it fill to the .
next fill line swinging the bottle out from | J
under the tap when the line is reached.  \
Please DO NOT let the bottle touch the tap.

STEP 4 - Screw the cap back on the bottle
and tighten it.

STEP 1 - Place bottle on a clean dry counter [ LS

Give this filled bottle to the AHHS II Interviewer
when he/she comes to visit. This bottle does not
have to be full. If you over fill past a fill line,
that's OK, please do not pour any water out.

L S W

Fig. 1.
Sample collection bottle instructions.
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A) Household Lead Concentrations
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B) Household Arsenic Concentrations
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Household Pb (A) and As (B) results overlaid on a map of the United States. Maps were
constructed using the R packages “ggplot”, “sf”, and “ggspatial”. Cu results are similarly

presented in Figure S2.
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