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ABSTRACT: Although extensive literature documents corrosion
in municipal water systems, only minimal data is available
describing corrosion in private water systems (e.g., wells), which
serve as a primary source of drinking water for approximately 47
million Americans. This study developed a profiling technique
specifically tailored to evaluate lead release in these systems.
When applied in an intensive field study of 15 private systems,
three patterns of lead release were documented: no elevated lead
or lead elevated in the first draw only (Type I), erratic spikes of
particulate lead (Type II), and sustained detectable lead
concentrations (Type III). While flushing protocols as short as
15−30 s may be sufficient to reduce lead concentrations below
15 μg/L for Types I and III exposure, flushing may not be an appropriate remediation strategy for Type II exposure. In addition,
the sustained detectable lead concentrations observed with Type III exposure likely result from corrosion of components within
the well and therefore cannot be reduced with increased flushing. As profiling techniques are labor- and sample-intensive, we
discuss recommendations for simpler sampling schemes for initial private system surveys aimed at quantifying lead and protecting
public health.

1. INTRODUCTION

Contaminants of human health concern in private water
systems (e.g., wells, springs) are increasingly recognized as a
source of potential elevated health risk.1−3 The proportion of
waterborne disease outbreaks in private systems since 1971
continues to increase relative to public systems.2 This is not
necessarily surprising as private systems (i.e., systems with <15
service connections and serve <25 individuals for at least 60
days per year) do not fall under the regulatory authority of the
U.S. Environmental Protection Agency (USEPA) and are
therefore not subject to the protections offered by the Safe
Drinking Water Act (SDWA).4 Approximately 15% of U.S.
households, serving more than 47 million residents, are
currently reliant on these unregulated private systems.4

Preliminary efforts to survey water quality in private systems
report that 23−58% of systems exceed at least one SDWA
health-based standard.5−7 However, waterborne metals related
to the corrosion of plumbing components are only rarely
assessed because there are no regulations, sampling protocols
have been designed for public utilities, and the financial burden
falls completely on private system homeowners. The limited
research available at the state level indicates that 12−19% of
private systems sampled exceed the USEPA lead action level of
15 μg/L.5,6,8 Lead concentrations measured in “first draw” (e.g.,
sample collected following 6 h of stagnation) have been
recorded as high as 2800 μg/L in Pennsylvania and
24 740 μg/L in Virginia. For perspective, a lead concentration

of 5000 μg/L or higher qualifies landfill leachate as hazardous
waste.9

Under the Lead and Copper Rule (LCR), the USEPA
monitors and regulates lead concentrations in municipal
systems by collecting 1 L first draw samples in consumers’
homes.10 For LCR compliance, no more than 10% of samples
may exceed the lead action level of 15 μg/L. In order to reduce
lead leaching to water from plumbing, municipalities often
implement corrosion control techniques such as addition of
corrosion inhibitors and/or adjustments of water quality
parameters (e.g., pH, alkalinity). Such corrosion control
strategies are not common in private systems, where the
decision to install treatment is solely the prerogative of the
homeowner. A recent survey of over 2000 private systems in
Virginia indicated that only 5% of systems had installed acid
neutralizers that adjusted water chemistry to control lead
release and 3% had reserve osmosis units that removed lead
through filtration,6 despite the fact that typical source water
(e.g., groundwater) can be extremely aggressive toward metals.
Previous studies in Virginia, Pennsylvania, and New Jersey
report that 18−44% of water samples from private systems are
below the USEPA recommended minimum pH of 6.5,5,6,11
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which indicates a higher propensity for lead leaching from
plumbing.12,13

The USEPA encourages homeowners with private wells to
run the faucet for a few seconds to as long as 2 min to flush any
contaminated stagnant water within the plumbing network to
prevent waterborne lead exposure;14 however, this recommen-
dation is only suggested as necessary for 4 weeks following the
installation of a new pump or brass faucet. Although flushing
may be a low-cost remediation strategy for many private
systems, as elevated lead is often only observed in the first
draw,6 recommended flushing protocols vary greatly with little
confirmation of their effectiveness. The CDC recommends a
1−2 min flush, while Virginia Cooperative Extension suggests a
minimum of 5 min.15,16 Recent work targeting municipal
systems suggest that effective flushing protocols need to be
tailored for specific plumbing configurations and may never be
entirely adequate in mitigating health risk if particulate lead is
mobilized, which is associated with semirandom concentration
spikes.17−22 Particulate lead has been observed in private
systems at levels as high as 99% of the total lead concentration,
and, as in municipal systems, its occurrence appears to be
sporadic and difficult to predict.6,8

Collection of a first draw grab sample only indicates if a given
outlet releases an unacceptable lead concentration, and it
provides little insight into water conditions in the remainder of
the plumbing system.23 To assess lead concentrations
throughout the entire plumbing system, recent municipal
studies have developed profiling techniques (i.e., analysis of
sequential samples) and identified patterns of lead release with
associated public health implications.17,18,22 This research
modifies current profiling techniques to provide an in-depth
understanding of the sources of lead release within private
systems, which is critical when evaluating the effectiveness of
existing remediation strategies to mitigate the risks associated
with waterborne lead exposure. By profiling 15 households in
Virginia, this research (1) investigates variations in waterborne
lead concentrations throughout the entire plumbing network
and (2) demonstrates that the lead release patterns known to
occur in municipal systems can also occur in private systems.

2. METHODS

2.1. Study Participants. Participants were recruited
through the Virginia Household Water Quality Program
(www.wellwater.bse.vt.edu), a Virginia Cooperative Extension
program that offers water quality testing to private system
homeowners in Virginia. During 2012 and 2013, 31% of 250

mL first draw samples submitted from participating households
in Albemarle County (37 of 119) contained lead concentrations
above the USEPA action level of 15 μg/L. In late 2013 and
2014, these homeowners were asked to participate in a
complementary water quality follow-up study to investigate
potential sources of waterborne lead. Participation was wholly
voluntary, and 15 of the 35 homeowners who were contacted
participated. Two of the 37 homeowners had incomplete
contact information.

2.2. Profiling Protocol. 2.2.1. Profiling the Home
Plumbing System. Site visits were scheduled in advance to
ensure that water remained stagnant for a minimum of 6 h prior
to sampling per LCR protocol. At each household, the volume
of water between the kitchen faucet and pressure tank was
estimated based on inspection of the plumbing and is referred
to as volume ‘Z’ (1 to 3 L). To prevent the well pump from
engaging every time a faucet is opened, private systems typically
use a pressure tank that maintains water pressure within the
home plumbing. While pressure tanks extend the life of well
pumps, their presence interrupts profiling techniques, as these
tanks store large volumes of water. Therefore, this profiling
method controls water flow from the pressure tank to detect
lead released from within the home plumbing system (e.g.,
brass, solder), as well as lead potentially derived from well
components (e.g., galvanized iron, brass).
With electricity to the well turned off and flow driven solely

by the pressure tank, 250 and 750 mL first draw samples
(Figure 1a, C1 and C2) were collected at full flow from the
kitchen cold-water faucet to compare first draw results to the
previous 2012/2013 extension effort and the LCR. Immediately
after, consecutive 1 L samples were collected until Z liters were
collected. Two additional 1 L samples were then collected to
evaluate water quality within the pressure tank and allow for
error in volume estimates. These samples (C1−P2) quantified
lead release within the home plumbing system. Subsequently,
the kitchen cold-water faucet was flushed until the pressure
tank read below 20 psi, which is below the common pump cut-
in pressure of 30−40 psi.

2.2.2. Flushing Series to Sample Water within the Well.
With the electricity restored and the pump turned on, a series
of samples was collected to detect lead in water within the well.
It was assumed there would be relatively little contamination
from the home plumbing as the supply to the house would be
primarily fresh source water. Samples were collected after
flushing the kitchen faucet for 15 s, 1, 2, 5, and 10 min (Figure
1b, F1−F5). As the average pressure tank fills within minutes,

Figure 1. Illustration of the profiling protocol developed for private systems: (a) sequential samples were collected from the kitchen cold-water
faucet, and the number of samples was determined from the volume of water within the home plumbing (= Z liters); (b) a series of flushed sampled
was subsequently collected to quantify lead release from the well, and (c) samples collected from the kitchen hot-water faucet and bathroom cold-
water faucet after completion of the kitchen cold-water faucet profile.
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these flushed samples cannot be considered representative of
plug flow.
2.2.3. Assessing Influence of Temperature and Sample

Location. Immediately after the kitchen cold-water flushed
samples were collected (Figure 1b), two first draw samples
(250 and 750 mL) were collected from the kitchen hot-water
faucet (Figure 1c, H1 and H2) and bathroom cold-water faucet
(B1 and B2) at full-flow to assess the influence of temperature
and sample location on lead release.
2.2.4. Sampling in Households with Treatment Devices

with Storage Reservoirs. The profiling method was modified
for households that had a treatment device with a storage
reservoir (e.g., acid neutralizer, water softener). Due to the
volume of stored water within the treatment unit, sampling
water upstream of the pressure tank would not have been
possible without extensive flushing. In this study, six house-
holds had acid neutralizers and one household had an acid
neutralizer and water softener. Therefore, in these households,
after the sequential sampling of the home plumbing system, the
flushing series began immediately, that is, the pressure tank was
not flushed below 20 psi.
2.2.5. Homeowner Interviews and Plumbing Inspections.

Each homeowner was briefly interviewed to document
behaviors since his/her initial water testing and describe
previous participation in the extension effort (e.g., faucet
sampled). To document plumbing materials (e.g., copper
piping; Supporting Information, Table S1) and plumbing
characteristics (e.g., size of pressure tank), the plumbing
network was visually inspected at the kitchen and bathroom
faucets, pressure tank, and well head.
2.3. General Water Quality Analyses. pH was recorded

in the field using a Hanna Instruments HI 98129 probe per
method 4500-H+.24 Alkalinity was measured within 2 weeks of
collection per method 2330 B.24 To quantify dissolved metals,
we pipetted a 10 mL aliquot from each sample and filtered
through a 0.45 μm filter on site. For metals analysis, samples
(unfiltered and filtered) were acidified with 2% nitric acid and
digested for a minimum of 16 h prior to analysis using an ICP-
MS per methods 3030 D and 3125 B.24 Blanks and/or spikes of
known concentrations were processed every 10 samples for
QA/QC purposes.
2.4. Statistical Analyses. Statistical analyses were con-

ducted in R version 3.0.225 assuming an alpha of 0.05 as an
indication of significance. Due to the non-normal distribution
(Shapiro−Wilk, p < 0.05), the Wilcoxon signed-rank test was
used for statistical analyses, including an unpaired test of 250
mL first draw lead concentrations (Figure 1a, C1), alkalinity,
and pH measurements between households with and without
an acid neutralizer installed; a paired test of lead concentrations
in the 250 and 750 mL first draw samples (Figure 1a, C1 and
C2) based on sampling location and temperature; and a paired
test to evaluate differences in lead concentrations in the 250 mL
first draw between the extension effort and the follow-up study.

3. RESULTS
3.1. First Draw Lead Concentrations. During the original

2012/2013 extension clinics, 37 homeowners in Albemarle
County, VA submitted first draw samples with lead
concentrations that exceeded the USEPA action level. Of
these, 15 participated in this follow-up study. The mean and
median first draw concentrations for samples from these 15
households during the extension effort were 37.5 and
27.6 μg/L, respectively. Despite preselection of households

with a history of “high” lead, only two had 250 mL first draw
samples that contained lead above 15 μg/L during the follow-
up (23.4 and 26.0 μg/L); the mean and median concentrations
for all first draw samples were 7.6 and 4.2 μg/L. As a result, the
250 mL first draw samples collected during this follow-up study
had significantly lower concentrations compared to the
extension effort (Wilcoxon paired test, p < 0.05). The median
difference in lead concentrations between the two sampling
efforts was −22.3 μg/L, which highlights the semirandom
nature of lead release and potential benefit of remedial
measures implemented since the first sampling.
Only one of the two households with lead concentrations

above the action level in the 250 mL first draw was also above
the action level in the subsequent 750 mL sample (19.6 μg/L).
However, a 750 mL sample from a third household exceeded
15 μg/L, although the initial 250 mL first draw sample did not
(3.7 μg/L); the concentration in this sample was 54.9 μg/L,
which was 87% particulate lead. Mathematically combining the
initial 250 and 750 mL samples for comparison to the LCR’s
1 L collection protocol for municipal systems, these three
households would not be considered in compliance, as the
equivalent 1 L first draw concentrations were 16.3, 21.2, and
42.1 μg/L.

3.2. Reduction in Lead Due to Acid Neutralizers. The
lower than expected 250 mL first draw concentrations during
this follow-up study could be attributed to the installation or
servicing of acid neutralizers during the 1−2 year period
between the extension effort and the follow-up study, that is,
upon obtaining their original results, homeowners took actions
to improve their household water quality (Figure 2). During

interviews (n = 15), three homeowners indicated that they
installed acid neutralizers and four homeowners noted servicing
(e.g., changed the resin within) their acid neutralizers based on
their 2012/2013 extension water quality results. In addition,
three homeowners described replumbing parts of their premise
plumbing network, and one of these homeowners also installed
an acid neutralizer. No households had a lead filter (e.g., reverse
osmosis) installed.
While properly maintained acid neutralizers can reduce the

corrosivity of water within the premise plumbing, there has
been minimal assessment of the installation and servicing of
these units in private systems. Although there was no significant
difference (p = 0.35) in median 250 mL lead concentrations in
households with an acid neutralizer (n = 7; 3.7 μg/L) versus
those without (n = 8 6.2 μg/L), households with an acid

Figure 2. Paired 250 mL lead concentrations collected during the
2012/2013 extension effort and the follow-up study.
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neutralizer had significantly higher alkalinity (p = 0.02; 96.9
compared to 21.3 mg/L as CaCO3) and pH measurements (p
= 0.04; 7.3 compared to 6.3). Langelier Saturation Index (LSI)
values are discussed in the Supporting Information (Figure S1).
As the relationship between corrosion and aggressive water is
well documented,12,13 the installation or servicing of acid
neutralizers may be partly responsible for the lower observed
lead concentrations during this effort relative to the 2012/2013
extension effort.
3.3. Reduction in Lead Due to Sampling Location.

When homeowners (n = 15) were asked to identify the faucet
used during the 2012/2013 extension clinic, only four
homeowners indicated that they collected samples from a
kitchen faucet. Eight homeowners could not remember or
reported both the bathroom and kitchen faucets, and two
homeowners reported collecting from a bathroom. One
homeowner collected samples from a laundry sink as this
faucet did not have an aerator and did not swivel, per the
extension sampling instructions; however, this type of faucet is
not approved for dispensing water for human consumption.26

As faucet fixtures can contribute a large percentage of the total
lead in the first draw,27,28 the influence of the sampling location
was further investigated.

3.3.1. Lead Release from Bathroom Faucets. During the
follow-up study, two first draw samples (250 and 750 mL;
Figure 1c, B1 and B2) were collected from a bathroom faucet
after profiling of the kitchen faucet. Seven of the 15 bathroom
faucets had 250 mL first draw samples that measured lead
above 15 μg/L, with mean and median concentrations for all
samples of 19.6 and 13.4 μg/L, respectively. The 250 mL first
draws collected from the bathroom faucet had significantly
higher lead concentrations than kitchen 250 mL first draws (B1
vs C1; p = 0.03) with a median difference of 2.0 μg/L. As
plumbing at the outlet is typically 9.5 mm (3/8 in.) diameter
and supply lines are typically 12.7−25.4 mm (1/2−1 in.)
diameter, the first 2.4 m (8 ft.) of plumbing would be
approximately 250 mL of water. Therefore, a 250 mL first draw
is likely primarily representative of lead release at the outlet
only.
Concentrations in the subsequent 750 mL samples were

generally much lower (median of 2.3 μg/L), with no significant
difference in lead concentrations between the 750 mL
bathroom and 750 mL kitchen first draw (B2 vs C2; p =
0.62). As the 750 mL sample was composed of water likely
within the supply line rather than the faucet, this result is not
surprising, though it does further emphasize the importance of

Figure 3. Patterns of waterborne lead release: (a) households with no elevated lead or lead elevated in the first draw only (Type I); (b) erratic spikes
of particulate lead mobilized from plumbing during water use (Type II); and (c) sustained detectable lead concentrations (≥1 μg/L) even with
extensive flushing (Type III). Note: Samples C3 and C4 were not collected in all households due to shorter home plumbing lengths observed.
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sample location. Lead concentrations in the 750 mL first draw
from the bathroom faucet were above the action level in two
households (17.7 and 132.5 μg/L). In the household with a 750
mL bathroom sample concentration of 132.5 μg/L, 93% of the
lead was in the particulate form.
3.3.2. Lead Release from Hot-Water Faucets. During the

follow-up study, two first draw samples (250 and 750 mL;
Figure 1c, H1 and H2) were collected from the kitchen hot-
water faucet to evaluate the effect of temperature. Lead
concentrations in the 250 mL first draw were above 15 μg/L in
two households, with concentrations of 15.7 and 410.7 μg/L.
However, the mean and median concentrations for all 250 mL
first draw samples were 34.7 and 2.7 μg/L. The subsequent 750
mL samples were generally much lower (median of 3.6 μg/L),
but two 750 mL samples had elevated concentrations (15.9 and
122.6 μg/L). In the household with lead concentrations in the
first draws of 410.7 and 122.6 μg/L, 98% of the lead was in the
particulate form. High percentages of particulate lead was
observed in all first draw samples collected from this household.
There was no significant difference between the kitchen hot
and cold-water faucets for the 250 mL first draw (H1 vs C1; p =
0.18) or the 750 mL first draws (H2 vs C2; p = 0.89).
3.4. Profiling. Past surveys of private systems have focused

on quantifying lead in first draw samples as lead is primarily
derived from the corrosion of plumbing components and rarely
found in groundwater.5,6,8,29 Studies have noted the potential
for lead leaching from well components30 although the USEPA
suggests that exposure from well components would be
minimized (<5 μg/L) after 4 weeks of use following installation
of a well pump.14 Based on the 15 households profiled, three
patterns of waterborne lead release were identified (Figure 3;
Supporting Information Table S2): no elevated lead or lead
elevated in the first draw only (Type I), erratic spikes of
particulate lead mobilized at semirandom times (Type II), and
sustained detectable lead concentrations (≥1 μg/L) even with
extensive flushing (Type III). Potential sources of lead release
were evaluated by assessing the combinations of waterborne
metals (e.g., copper, zinc).
3.4.1. Type ICorrosion of Premise Plumbing Compo-

nents. Households identified as having Type I exposure (n = 8)
had nondetectable lead concentrations during the flushing
series (<1 μg/L; Figure 3a). Detectable concentrations were
observed in the home premise plumbing systems (Figure 1a,
C1−P2), with the highest concentrations observed in the first
draw samples (C1 and C2) for six households. Brass
components at the outlet (e.g., faucets) appeared to be the
likely source of lead as water samples often contained elevated
levels of copper and zinc (median C1 concentrations of 492
and 1108 μg/L, respectively), which are the three primary
metals in brass alloys.31 This is in keeping with previous
investigations of lead exposure indicating that water is typically
safe, or hazards are eliminated after a few seconds of flushing at
a leaded brass faucet.6,28

3.4.2. Type IIMobilization of Particulate Lead. Samples
from two households had lead concentrations above the
USEPA action level with the lead primarily in the particulate
form (Type II). While lead concentrations in the home
plumbing system of one household were low (max of 4.4 μg/L;
Figure 1a, C1−P2), there was a lead spike of 43 μg/L (99%
particulate) in sample F4 after 6 min of flushing (Figure 3b,
purple). This sample also had higher concentrations of
particulate copper and zinc (67.5 and 8.2 μg/L), which
suggested sloughing of scale from a brass component(s) as a

likely source. In the other household, particulate lead (87−97%
composition) was mobilized during the profile, but the samples
collected during the flushing series (Figure 1b, F1−F5) had
nondetectable concentrations (<1 μg/L; Figure 3b, blue).
Samples C2 and C3 contained high levels of particulate tin and
copper (11−14 and 141−170 μg/L), which indicated that lead
was likely released from solder.32 This pattern of exposure is
consistent with studies investigating the occurrence of
particulate lead in municipal systems as particulate lead is
highly variable and often associated with higher flow rates and
hydraulic disturbances.19,20,33,34

3.4.3. Type IIICorrosion of Well Components. When
components in the well are corroding (Type III), detectable
background lead concentrations (≥1 μg/L) are present with
continued water use. The 250 mL first draw samples from two
households in this category exceeded the USEPA action level;
the remaining three households did not with concentrations
between 4 and 13 μg/L. In all households, lead levels decreased
in subsequent samples, but sustained detectable lead concen-
trations (2−6 μg/L) were observed throughout the flushing
series (Figure 1b, F1−F5; Figure 3c). These background
concentrations were composed entirely of dissolved lead, which
suggests collection of stagnant well water rather than
mobilization of particulate lead. Concentrations of dissolved
copper and zinc were elevated in samples with detectable lead
concentrations (F1−F5; median concentrations of 125 and 50
μg/L), which suggests leaching of brass components in the well
(e.g., pitless adapters, well pump). The corrosion of
components in the well is a unique pattern associated with
well water as source water from municipal systems typically
contains nondetectable lead concentrations.35 This pattern of
exposure is worrisome given it constitutes a chronic avoidable
lead burden, which cannot be removed with continued flushing.

4. DISCUSSION AND IMPLICATIONS
4.1. Sampling Protocols in Private Water Systems.

Although there is extensive literature evaluating sampling
regimes for the detection of lead in water for municipal
systems,20 there are no standardized sampling protocols for
private systems. As a result, sampling strategies to evaluate
private water quality can vary considerably (e.g., stagnant vs
purged sampling, dissolved vs total lead analysis, point-of-use vs
point-of-entry).5,6,8,29 Concurrent evaluation of a suite of
parameters during this study provided a basis for recommend-
ing a uniform sampling protocol for application in private
systems.
To assess waterborne lead in municipal systems, the LCR

evaluates 1 L first draw samples using the lead action level of 15
μg/L.14,36 While sampling is not required for private systems,
the USEPA encourages private system homeowners to collect a
250 mL first draw sample and 250 mL flushed sample for
comparison to the lead action level.14 During this study, the
median difference in lead concentrations between the 250 mL
and calculated 1 L first draw collected from the kitchen cold-
water faucet was 0.6 μg/L (C1 vs combination of C1 and C2).
Lead concentrations in two 250 mL first draw samples and
three 1 L first draw samples exceeded 15 μg/L. First draw
samples from bathroom cold-water faucets had a median
difference between the 250 mL and calculated 1 L of 2.4 μg/L
(B1 vs combination of B1 and B2). While only two households
had 1 L first draw samples that exceeded 15 μg/L, lead
concentrations in the 250 mL first draw samples were above 15
μg/L in seven households. This research supports the USEPA’s
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recommended first draw analysis of a 250 mL first draw sample
for private system surveys. However, in order to accurately
characterize waterborne exposure, the protocol should be
modified to mimic normal consumption behaviors with first
draw and flushed samples collected from a faucet that is used
for drinking (e.g., kitchen faucet). In addition, to distinguish
Type I versus Type III exposure, the flushed sample should be
collected after 1 min of flushing. Based on the 15 households in
this study, the average flushing time from the faucet to pressure
tank was 16 s. Allowing the tap to run for 1 min would flush all
stagnant water in contact with brass components at the outlet
and pressure tank.
4.2. Waterborne Lead Exposure Patterns. 4.2.1. Reme-

diation Methods. Patterns of waterborne lead health risks at
individual households were classified within three major
categories: no elevated lead or lead elevated in the first draw
only (Type I), erratic spikes of particulate lead (Type II), and
sustained detectable lead concentrations (Type III). With the
random detachment of particulate lead observed in Type II
exposure, flushing may be ineffective in protecting health. For
cases in which Type I and III lead release is confirmed, flushing
protocols as short as 15−30 s are adequate to minimize
concentrations below 15 μg/L, as this flushing duration would
avoid human exposures to the first draw samples that were
typically highest in lead concentration. However, Type III
exposures pose a more significant health threat as there is no
safe long-term exposure level37 and sustained chronic low-level
lead exposure risks cannot be readily cleared from the line with
reasonable flushing times.
Based on the 12 systems in this study where homeowners

knew the approximate well depth, the average volume of water
stored within the home plumbing system and plumbing
connecting to the well pump was 72 L for households without
treatment (n = 6) and 100 L for households with treatment (n
= 6), which would require a minimum of 15 and 21 min to
flush all stagnant water encountering well plumbing (average
flow rate of 4.7 L/min). As a result, private systems
homeowners would need to flush 2−3 times longer than the
recommended flushing protocol for homeowners with a full or
partial lead service line. According to the CDC, households
connected to a municipal system via a leaded service line should
flush a high-volume tap for at least 5 min before flushing the
kitchen tap for 1−2 min.38 As the average person in the U.S.
uses approximately 375 L of water per day,39 flushing a private
system to access fresh groundwater would account for 20−25%
of a homeowner’s total water use for the day and seems
impractical. Therefore, installation and maintenance of a
certified point-of-use lead filter would protect against chronic
low-level lead exposure as flushing is not a practical solution.
Furthermore, acid neutralizers are often recommended as a

corrosion control option for private systems; however, these
treatment devices only increase pH and alkalinity within the
home plumbing system (i.e., do not remove lead). One
household in this study installed an acid neutralizer after the
2012/2013 extension effort due to a major pipe failure from
corrosive water. Despite having a pH of 7.4 and an alkalinity of
96.9 mg/L as CaCO3 after installation, samples collected during
the flushing series (Figure 1b, F1−F5) contained detectable
lead (2 μg/L; Figure 3c, orange). This research highlights the
importance of characterizing lead release in private systems
before selecting and implementing remediation options, as
certain strategies may not be effective in reducing exposure.

4.2.2. Associated Health Risks. Assuming 15% of U.S.
households rely on private systems and 12−19% of systems had
lead concentrations above 15 μg/L during state surveys,4−6,8 an
estimated 5.7−9.1 million private system residents may be at
risk of exposure to lead in water above the action level. As the
15 μg/L action level was determined when the CDC blood lead
level of concern was 25 μg/dL (micrograms of lead per deciliter
of blood), which is 5 times higher than the current threshold of
5 μg/dL,40,41 achieving the action level itself might not be
sufficiently protective. As cases of elevated blood lead levels
(EBLLs; ≥ 5 μg/dL) in children have been associated with lead
contamination from municipal water in the United States, even
in cities with modern corrosion control that meet the 15 μg/L
action level,42,43 characterizing waterborne exposure in private
systems is imperative to protect the public health.
To date, there has been no investigation of the contribution

of lead in water to blood lead levels of children reliant on
private systems in the United States. Therefore, to assess the
potential health risks associated with private well systems in
Albemarle County, VA, observed waterborne lead concen-
trations were compared to concentrations documented in well
systems in a recent study in Tamatave, Madagascar (Figure 4).

This study in Tamatave documented lead release from well
components and potential contribution to EBLLs using the
USEPA Internal Exposure Uptake Biokinetic Model for Lead in
Children (IEUBK model), and used the model default values
(i.e., not Madagascar lead exposure values).44

Although system construction and demographics are very
different between Madagascar and Virginia, the upper 20% of
these data sets had similar waterborne lead concentrations in
the first draw samples −80th percentiles were 18.0 μg/L in
Tamatave and 15.3 μg/L in Albemarle County. Given that the
Madagascar study estimated 15−70% of children in Tamatave
were at risk of EBLLs due to lead in water concentrations
between 4 and 54.5 μg/L, observations of EBLLs in children
reliant on water from private systems in the United States with
similar lead concentrations would not be unexpected. Further
field research is encouraged to directly characterize health risks
associated with metals exposure for families dependent on

Figure 4. Cumulative distribution of waterborne lead concentrations
in first draw and flushed samples collected in Albemarle County, VA,
and Tamatave, Madagascar.
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private systems in the United States to determine whether these
estimates are reasonable.
It is also important to note that plumbing components in

wells are submerged in groundwater, and as a result, the outer
surfaces of these components can corrode and release lead.
Based on the data and information provided, flushed samples
collected in Tamatave appeared to represent stagnant water in
contact with the outer surfaces of plumbing components.
Despite flushing 2.5 times the volume of water within the
plumbing in the well (average volume of 8.8 L using reported
diameter of 26 mm), flushed samples still contained high levels
of lead. This occurrence illustrates the potential for the outer
surfaces of well components to release lead as well as
highlighting the large volume of water associated with wells.
Therefore, additional emphasis should be given to character-
izing the unique flow patterns associated with private systems as
this would aid in the development of remediation strategies.

5. LIMITATIONS
Despite multiple emails sent via the Virginia Cooperative
Extension over several weeks, only 15 homeowners (43%)
chose to participate in this study. These households were
selected due to their previously high lead results, though it is
important to note that 7 households had installed or serviced
acid neutralizers in the interim between the two studies, which
was only determined upon the site visit. The presence of acid
neutralizers impacts the likelihood of corrosion and likely
reduced the overall quantity of waterborne lead observed.
However, inclusion of these households highlighted a unique
potential concern regarding the effectiveness of acid neutral-
izers in homes with Type III exposure: one household, despite
acid neutralizer installation, still measured background
concentrations throughout this effort. This reveals that if the
well components are a source of lead (i.e., lead is released
upstream of household entry), installation of treatment
adjusting water chemistry within the homes, while preventing
further release, will not eliminate all exposure. As this was only
observed at one site, further sampling is essential to fully
understand corrosion in private systems.
Although only 15 homes were studied, this sample size was

sufficient to characterize the range of problems occurring in
private systems. To illustrate the representativeness of this
effort, we evaluated the first draw and 5 min flushed samples
collected during the previous 2012/2013 extension effort based
on this study’s findings.6 During the extension study, 26% of
flushed samples (n = 552) had detectable lead concentrations
(≥1 μg/L), and 4% of samples (n = 90) had concentrations
greater than 5 μg/L. While most systems appear to have Type I
exposure with nondetectable concentrations after 5 min of
flushing, the occurrence of detectable lead in flushed samples
indicates Type III exposure may be of concern. As for Type II
exposure, 75 flushed samples with detectable lead concen-
trations were analyzed for particulate lead, and 47% (n = 35)
contained primarily particulate lead (>75% in particulate form).
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