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ABSTRACT: In April 2014, the drinking water source in
Flint, Michigan was switched from Lake Huron water with
phosphate inhibitors to Flint River water without corrosion
inhibitors. The absence of corrosion control and use of a more
corrosive source increased lead leaching from plumbing. Our
city-wide citizen science water lead results contradicted official
claims that there was no problem− our 90th percentile was
26.8 μg/L, which was almost double the Lead and Copper
Rule action level of 15 μg/L. Back calculations of a LCR
sampling pool with 50% lead pipes indicated an estimated
90th percentile lead value of 31.7 μg/L (±4.3 μg/L). Four
subsequent sampling efforts were conducted to track
reductions in water lead after the switch back to Lake
Huron water and enhanced corrosion control. The incidence of water lead varied by service line material. Between August 2015
and November 2016, median water lead reduced from 3.0 to <1 μg/L for homes with copper service lines, 7.2−1.9 μg/L with
galvanized service lines, and 9.9−2.3 μg/L with lead service lines. As of summer 2017, our 90th percentile of 7.9 μg/L no longer
differed from official results, which indicated Flint’s water lead levels were below the action level.

1. INTRODUCTION

It has long been understood that seemingly innocuous changes
in water treatment and chemistry can impact water’s
aggressiveness toward lead pipes and lead-bearing plumbing
components. One of the most high-profile examples was the
2001−2004 Washington, DC.lead crisis, in which high water
lead levels (WLLs) were triggered by a change of secondary
disinfection chemicals from free chlorine to chloramine to
comply with new disinfection byproduct regulations.1−3 This
disinfectant change elevated blood lead levels (BLLs) of
hundreds of children above the previous CDC level of concern
of 10 μg/dL and was also associated with increased incidence
of adverse pregnancy outcomes.4,5 Similar lead in water events
were documented in other U.S. cities after instituting
treatment changes to comply with other drinking water
regulations.6 Even modifications in water chemistry specifically
aimed at reducing lead solubility have occasionally resulted in
higher WLLs due to mobilization of particulate lead.7

To minimize water lead exposure, the U.S. Environmental
Protection Agency (USEPA) Lead and Copper Rule (LCR)
requires that water utilities monitor WLLs throughout the
system at residents’ taps and implement optimized corrosion
control treatment.8 No more than 10% of first draw samples
from high-risk homes may exceed the lead action level of 15
μg/L. Specifically, the LCR high-risk sampling approach
requires utilities to collect at least 50% of samples from

homes with lead service lines (LSLs) or from every home with
a LSL if there are not enough to satisfy 50% of the sampling
pool. This treatment technique rule monitors for system-wide
contamination events and does not guarantee that a
municipality’s tap water is free of lead.9 Utilities implement
corrosion control strategies to minimize lead leaching from
premise plumbing components and LSLs by reducing lead
solubility through pH adjustment and/or promoting formation
of insoluble corrosion scales on pipe walls by dosing corrosion
inhibitors.10−15 After implementing corrosion control for
soluble lead, studies indicate that the majority of lead in
water is often attributed to mobilization of particulate lead
rather than soluble lead.7 The release of particulate lead is
associated with the durability and adherence of lead-bearing
corrosion scales and leaded solder.16

Water Crisis in Flint, Michigan: High Lead. For more
than 45 years, the City of Flint purchased drinking water with
optimized corrosion control from the Detroit Water and Sewer
Department (DWSD). On April 25, 2014, DWSD drinking
water service was discontinued and the city began distributing
treated Flint River water.17 The Flint River was a more

Received: February 9, 2018
Revised: June 8, 2018
Accepted: June 22, 2018
Published: June 22, 2018

Article

pubs.acs.org/estCite This: Environ. Sci. Technol. XXXX, XXX, XXX−XXX

© XXXX American Chemical Society A DOI: 10.1021/acs.est.8b00791
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

D
ow

nl
oa

de
d 

vi
a 

V
IR

G
IN

IA
 P

O
L

Y
T

E
C

H
 I

N
ST

 S
T

A
T

E
 U

N
IV

 o
n 

Ju
ly

 2
5,

 2
01

8 
at

 1
2:

10
:2

9 
(U

T
C

).
 

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.
 

pubs.acs.org/est
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.8b00791
http://dx.doi.org/10.1021/acs.est.8b00791
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


corrosive and unstable water source, which did not have either
optimized corrosion control or added orthophosphate
corrosion inhibitors.18,19 In addition, to address a disinfection
byproduct violation, the water operators switched from sulfate-
based to chloride-based coagulants, increasing the chloride to
sulfate mass ratio (CSMR) in the water from 0.45 to 2.04,
which is above the critical trigger threshold of 0.5 that
sometimes predicts accelerated galvanic lead corrosion
problems.6,18 Short-term laboratory experiments confirmed
that this increase in water corrosivity due to the absence of
corrosion control and higher CSMR would be expected to
dramatically increased lead and iron corrosion in Flint.20,21

LCR testing results collected in the home of LeeAnne
Walters in Flint, termed “Resident Zero” for her instrumental
role in revealing the contamination, indicated progressively
increasing WLLs between February and May 2015.19 Intensive
three-dimensional sampling at this home in April 2015
revealed WLLs of 217−13,200 μg/L, attributable to the
breakdown and detachment of lead-bearing iron corrosion
scales from old lead and galvanized iron pipes.18 With the
absence of corrosion control and prevalence of LSLs
throughout Flint, these results suggested potential risk of a
system-wide lead in water contamination event, as was also
predicted in a memo by a USEPA Region V employee.19

The Virginia Tech Flint Water Study Team (www.
FlintWaterStudy.org), citizen scientists of Flint, and supporting
groups including American Civil Liberties Union of Michigan
started an independent water lead investigation in August
2015. Preliminary results of this random sampling (in terms of
known service line material per LCR high-risk sampling
criteria) indicated a serious system-wide lead contamination
event−the elevated WLLs were subsequently linked to an
increased incidence of children with elevated BLLs.22,23 In late
2015, multiple interventions were implemented by the
Michigan Department of Environmental Quality (MDEQ)
and USEPA to reduce human exposure to elevated WLLs and
restore effective corrosion control (Supporting Information
(SI) Figure S1). Specifically, on October 16, 2015 (17 months
after switching to Flint River water), Flint was reconnected to
the original DWSD water source.17 On December 9, 2015, an
additional 2.5−2.7 mg/L of orthophosphate inhibitor was
added to the 1.2 mg/L as normal dose of orthophosphate
added at DWSD.24 On May 1, 2016, residents were
encouraged to participate in a high-flow flushing regimen
(with no monetary impacts to their water bill) to help clean
unstable leaded sediment and scale from the plumbing
networks and hasten recovery of effective corrosion control.25

This manuscript presents the longitudinal data collected
between August 2015 and August 2017, which define the
WLLs during the Flint Water Crisis and subsequent water
quality interventions. Specifically, the objectives of the study
are to (1) evaluate system-wide lead contamination in August
2015 attributed to the switch to Flint River water and absence
of corrosion control; (2) quantify the reduction in WLLs in
2016 and 2017 after MDEQ and USEPA interventions; and
(3) examine variations in WLLs based on water quality
parameters and service line characteristics.

2. MATERIALS AND METHODS
Water Lead Sampling. Each water lead kit prepared at

Virginia Tech included sampling instructions and three
sampling bottles. In addition, a demonstration video of the
sampling protocol was made available. After a minimum of 6+

hours of stagnation, residents were instructed to choose one
drinking water tap (e.g., kitchen or bathroom faucet) to (1)
collect 1 L of cold water at a normal flow (first draw sample);
(2) flush the sample tap for 45 s and collect a 500 mL sample
(1 min flush sample); and (3) flush the sample tap for an
additional 2 min and collect a 125 mL sample (3 min flush
sample). Along with water samples, residents provided
sampling address, which was aggregated by the five primary
zip codes for further analyses. After shipment to Virginia Tech,
all samples were acidified with 2% nitric acid and digested for a
minimum of 16 h before metals analysis via Inductively
Coupled Plasma−Mass Spectrometry (ICP-MS) per Standard
Method 3125 B.26 For data quality assurance and quality
control, blanks and spikes of known concentrations were
measured every 10−15 samples. Residents were offered $20
per sampling event after the first round of sampling in August
2015.

Participation in System-Wide Sampling. Five system-
wide sampling campaigns were held in August 2015, March
2016, July 2016, November 2016, and August 2017 (SI Figure
S1). The Flint citizen scientist team, led by Walters, advertised
and distributed sampling kits throughout the city without
knowledge of service line material. The team organized and
coordinated distribution at local community sites, advertised
participation among fellow residents, and delivered kits to
residents with transportation barriers. Because of their effort,
response rates were very high: 92% (n = 277 of 300) of kits
were returned in August 2015, 68% (n = 184 of 269) in March
2016, 98% (n = 176 of 180) in July 2016, 91% (n = 164 of
180) in November 2016, and 91% (n = 164 of 180) in August
2017. Participation in this testing was voluntary and residents
were self-selected (i.e., high-risk homes with LSLs were not
targeted as required by the LCR). However, virtually all homes
in Flint were constructed before the 1986 ban on lead solder,
which guaranteed a large pool of homes with at least leaded
brass and lead solder.
Water samples from residences that were not on the Flint

water system, as demonstrated by ICP-MS analysis (e.g.,
variation in baseline water quality) and sampling address, were
removed from analysis. A total of 268 valid Flint samples were
collected in August 2015. Of those 268 homes, a total of 186
participated in the next round in March 2016, and those who
did not participate were dropped from later rounds. This
approach led to 176 homes sampled in July 2016, 164 in
November 2016, and 150 in August 2017 (SI Table S1). In
total, 156 Flint residents participated in the first four sampling
campaigns (August 2015 to November 2016) and 145 Flint
residents participated in the annual sampling campaigns
(August 2015, July 2016, and August 2017). Procedures
were reviewed by the Virginia Tech Institutional Review Board
(VT IRB) prior to sample collection, but this effort was
deemed environmental monitoring rather than human subject
research.

Retrospective Evaluation Using Suspected Service
Line Material. In 2016, the University of Michigan-Flint
developed a database of suspected service line materials in
Flint homes based on city water department records.27 This
service line database has been reported to accurately indicate
the true service line material in 82% of the cases, with most
error caused by records with “unknown” service line
materials.28 To reconstruct a viable LCR sampling pool (i.e.,
50% of samples from homes with LSLs), we paired our citizen
science sampling results with their service line material from
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the University of Michigan-Flint database for two samplings
campaigns (August 2015 and August 2017). One Virginia
Tech sampled residence was not within the extent of the
University of Michigan-Flint database and was removed from
the analysis. For a viable 2015 LCR sampling event during the
crisis using a pool of 50% homes with LSLs, first draw WLLs
from the 32 homes sampled by Virginia Tech identified as
having LSLs were combined with 32 randomly selected homes
with copper or galvanized service line materials. Ten sampling
pools were generated using the identified LSLs and randomly
selected non-LSL homes and the average 90th percentile and
standard deviation are reported. This approach was also used
to reconstruct a viable August 2017 LCR sampling event using
the 22 Virginia Tech sampled homes with LSLs. To examine
the impact of LSLs a sampling pool on the resulting 90th
percentile, ten sampling pools of 30 homes from the August
2015 campaign were constructed with varying percentages of
LSLs. The 90th percentile and standard deviation are reported.
Statistical Analysis. Statistical analyses on the citizen

science sampling data (not reconstructed sampling pools) were
conducted in R version 3.4.3 assuming an alpha of 0.05 as an
indication of significance. Spearman’s rho was used to evaluate
correlations between lead and other metals and phosphate in
water. The Kruskal−Wallis test was performed to examine
relationships between WLLs and service line material. A test of
proportions was used to compare WLLs among zip codes. The
minimum reporting level (MRL) was 1 μg/L for lead, 0.01
mg/L for iron, and 0.03 mg/L as PO4

3−-P, and all
measurements below the MRL were set to half the MRL.

3. RESULTS DURING HEIGHT OF CRISIS
System-Wide Lead in Water Contamination Event.

Although Flint reported compliance with the LCR in 2014 and
2015,19,29−31 water lead results from our survey of 268 homes
in the first round of citizen led sampling (August 2015)
indicated that there was a system-wide lead in water
contamination problem. Specifically, the 90th percentile
WLL from this survey was 26.8 μg/L, which was nearly two
times the lead action level of 15 μg/L (Table 1). The median
WLL was 3.5 μg/L, and 85% of samples contained lead above
the minimum reporting level (≥1 μg/L). The magnitude of
WLLs reported was thought to be the lower bound of what was
possible in a legitimate LCR sampling event because our
random sampling pool was unlikely to have achieved the
minimum 50% of LSLs required by the LCR. The incidence of
elevated WLLs was evident throughout the city. The 90th
percentile value for lead was 16.5−33.2 μg/L in the five
primary zip codes represented in this study (48503−48507; n
= 44−68; SI Table S2). However, there were no differences in
median first draw WLLs in the different zip codes (Kruskal−

Wallis, p = 0.36), which ranged from 2.8 to 5.1 μg/L. There
was also no difference based on zip code for homes with
detectable lead (80−91%; Test of Proportions, p = 0.46) as
well as homes exceeding the action level (13−21%; p = 0.84).
Flushing the tap water for several minutes reduced WLLs.

The 90th percentile for 1 min flush samples was 11.3 μg/L, but
59% of samples still had reportable lead. This trend continued
with additional flushing, as the 90th percentile for 3 min flush
samples was 6.6 μg/L and 47% contained reportable lead.
Median WLLs after 1 min of flushing ranged from <1.0−2.5
μg/L and <1.0−1.2 μg/L after 3 min of flushing (SI Table S2).
More pronounced was the difference in percentage of homes
with reportable lead (p = 0.03 and p = 0.008, respectively). For
example, reportable lead was observed after 1 and 3 min of
flushing in 72% and 63% of homes in zip code 48503 (n = 68)
compared to only 43% and 30% of homes in zip code 48506 (n
= 44). Overall, flushing reduced WLLs in most Flint homes
and the effectiveness was a function of zip code, but there were
still heath concerns about sustained low-to-moderate WLLs
and spikes in water lead above the action level.32

Mobilization of Unstable Leaded Scales. During the
time on the Flint River water supply, measurements in a
building located less than 400 m (1312 ft.) from the Flint
Water Treatment Plant had undetectable phosphate (<0.03
mg/L as PO4

3−-P), confirming the absence of detectable levels
of corrosion control inhibitors. However, the deterioration of
leaded corrosion scale layers that accumulated over decades, at
the home of Resident Zero, leached legacy phosphate to the
water at relatively high levels (0.4−9.9 mg/L).18 Sloughing of
legacy phosphate was also evident in the system-wide samples
collected in August 2015. Although detectable orthophosphate
had not been added to the distributed water for more than 15
months, 99% of first draw samples still contained detectable
phosphate (Table 1). The median first draw phosphate
concentration was 0.09 mg/L as PO4

3−-P, which only reduced
slightly with flushing, as median phosphate levels in the 1 min
and 3 min flush samples were 0.08 and 0.07 mg/L as PO4

3−-P.
Even after 3 min of flushing, 96% of water samples contained
detectable phosphate in water.
Consistent with the theory that the pre-existing plumbing

system scales were destabilized, WLLs in the first draw samples
were correlated (p < 0.05) with iron (ρ = 0.40) and phosphate
(ρ = 0.42). These correlations decreased with flushing of fresh
water from mains through home plumbing, as lead was only
weakly correlated with iron (ρ = 0.30) and phosphate (ρ =
0.34) after 1 min of flushing and was not correlated after 3 min
of flushing. We speculate that this reduction in WLLs was
associated with a progressive cleaning of the plumbing network
attributed to removal of unstable and detached leaded scales,
as was observed in the home of Resident Zero.18 However,

Table 1. Water Quality Results for August 2015 Sampling (n = 268)a

Pb (μg/L) Fe (mg/L) PO4
3− as P (mg/L)

water quality statistics FD 1MF 3MF FD 1MF 3MF FD 1MF 3MF

above reporting levelb 85% 59% 47% 100% 99% 98% 99% 99% 96%
median 3.5 1.4 <MRL 0.12 0.10 0.10 0.09 0.08 0.07
90th percentile 26.8 11.3 6.6 0.42 0.27 0.25 0.20 0.14 0.12
percent exceedingc 17% 6% 4% 14% 8% 6%
max 158.0 1,051.0 94.5 9.20 2.32 1.63 2.67 0.73 0.49

aFD = first draw; 1MF = 1 min flush; 3MF = 3 min flush. bMinimum Reporting Level (MRL): Lead (Pb) = 1 μg/L; iron (Fe) = 0.01 mg/L;
phosphate (PO4

3−)= 0.03 mg/L as PO4
3−-P. cPb: USEPA action level of 15 μg/L; Fe: USEPA secondary maximum contaminant level of 0.3 mg/

L;PO4
3−: there is no USEPA drinking water threshold
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13% of 1 min flush samples (n = 35) and 5% of 3 min flush
samples (n = 13) contained higher water lead compared to the
initial first draws (increases of 1−1044 μg/L), which was
attributed to the continued mobilization of leaded rust layers
from service lines or other sources. In these samples, lead was
correlated with iron in 1 min flush samples (ρ = 0.40) but not
phosphate (ρ = 0.31, p = 0.07), and lead was not correlated
with iron or phosphate in the 3 min flush samples. However,
iron and phosphate were correlated in 3 min flush samples (ρ
= 0.55, p = 0.049), suggesting continued presence of sloughing
destabilized corrosion scale in flushed water, and highlighting
the heterogeneous nature of corrosion scales dependent on the
location of leaded materials within the water systems.
The switch to ferric chloride coagulant increased the CSMR,

as water supplied by DWSD had a CSMR of 0.45 while the
mean CSMR values for the 3 min flush samples was 3.48.
CSMR values above 0.5 have been known to cause serious lead
in water problems for residences with galvanic connections
such as lead solder, partial LSLs, and copper deposition.6,33,34

During the August 2015 sampling during the time with high
CSMR water, 46 samples collected from 36 homes had
detectable tin (>1 μg/L) in water. Four samples contained
detectable tin without detectable cadmium (>1 μg/L),
suggesting the detachment of lead−tin solder particles. The
other 42 samples had 1:1 ratio of detectable tin to detectable
cadmium (standard deviation ±0.19), which was consistent
with the findings at Ground Zero impacted by galvanized iron
pipe.18 This tin−cadmium ratio was observed in water samples
collected in January and April 2015 collected from the from
Resident Zero, and also measured in the original surface
coating of the galvanized iron pipe excavated from that home.
Variation in WLLs Based on Service Line Material.

Based on the University of Michigan-Flint database, half (52%)
of the homes sampled in August 2015 had copper service lines
(n = 140), 16% had galvanized iron service lines (n = 44), 12%
had partial or full LSLs (n = 32), and 19% had an unknown
service line material (n = 51). This confirmed our expectation
that the nontargeted citizen science sampling had under-
represented LSLs compared to the minimum 50% requirement
of the LCR. Among the five zip codes represented in this study,
there were differences in the types of service line materials
present, which is consistent with other Flint service line
surveys.28 For example, 28% of service lines were copper in
48503 compared to 73% in 48506, which was believed to
influence the presence of water lead at the tap, creating
differences in water lead at the tap in these two zip codes as
noted earlier.
As might be predicted, the median first draw WLLs were

significantly lower (p < 0.05) in homes with copper service
lines (2.4 μg/L) compared to lead (7.6 μg/L), galvanized (5.8
μg/L), and unknown service lines (6.3 μg/L; Figure 1). This
pattern was maintained during flushing, as homes with copper
service lines had WLLs < 1 μg/L compared to measurable
concentrations reported in homes with lead, galvanized iron,
and unknown service lines. Thus, the WLLs varied based on
service line material as expected.35

Reconstructing a Viable LCR High-Risk Sampling
Pool. To back-calculate and construct a viable LCR sampling
pool with 50% of homes with LSLs, results from all 32 homes
with LSLs were selected along with 32 randomly selected
homes with galvanized iron or copper service lines. The
average 90th percentile lead value across 10 simulations of a
viable LCR sampling pool was 31.7 μg/L (±4.3 μg/L), with

median WLL of 4.3 (±0.4) μg/L. Considering random pools
of 64 homes with exclusively reported copper service lines
(nonleaded pipe), the average 90th percentile lead value was
10.7 μg/L (±3.5 μg/L) and the median WLL was 2.4 (±0.3)
μg/L. The “official” 90th percentile lead level reported by the
City of Flint was 6 μg/L in 2014 and 11 μg/L in 2015,17 which
based on these results suggests only a small percentage of
homes with LSLs was sampled, leading to under-estimation of
lead at the tap compared to legal requirements.17,19 It was later
acknowledged that the Flint sampling pool did not target
homes with LSLs as required by law, and use of the University
of Michigan-Flint database indicates that only nine of the
homes sampled in the “official” 2014 pool (13%; n = 96 of 100;
four homes could not be located) and only 7 homes sampled
in 2015 (10%; n = 69) had LSLs.17,27

4. STATE AND FEDERAL INTERVENTIONS IMPACT OF
WATER LEAD

To evaluate the effectiveness of MDEQ and USEPA
interventions on WLLs, after the August 2015 sampling
event revealed the widespread water lead contamination
problem, three follow-up sampling efforts were conducted in
March, July, and November 2016. Overall, data from the same
156 Flint homes who participated in all four sampling efforts
(including August 2015) were used for these analyses (Table
2).

Reconnection to DWSD and Supplementing Ortho-
phosphate Inhibitors to Reduce WLLs. Water purchased
from DWSD had an average orthophosphate dose of 1.2 mg/L
as PO4

3−-P and additional orthophosphate inhibitors were
introduced at the Flint water plant (2.5−2.7 mg/L as PO4

3−-
P), resulting in a targeted orthophosphate dose of 3.7−3.9 mg/
L as PO4

3−-P in the distributed water.24 During the March
2016 sampling campaign, median phosphate levels were 3.45
mg/L as PO4

3−-P in the first draw, 3.58 mg/L as P in the 1 min
flush, and 3.62 mg/L as PO4

3−-P in the 3 min flush (Table 2).
As expected, median phosphate levels in the 3 min flush

Figure 1. Water lead levels in August 2015 collected through a citizen
science sampling campaign based on service line material. Action level
(15 μg/L) denoted by gray line. Water lead levels <1 μg/L were set to
0.5 μg/L. FD= first draw; 1MF= 1 min flush sample; 3MF = 3 min
flush sample.
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samples were significantly higher in March 2016 compared to
August 2015 (3.62 vs 0.07 mg/L; p < 0.05), which was
attributed to the enhanced phosphate dosing. In addition,
WLLs were lower, as median WLLs in the first draw reduced
from 4.4 to 1.9 μg/L and percentage of first draw with
reportable lead reduced from 92% to 63%. However, the 90th
percentile WLL in the March 2016 sampling round was still
22.4 μg/L, almost 1.5 times the action level despite sampling
less than the required percentage of homes with LSLs.
Consistent with findings observed during the August 2015

campaign, short-term flushing reduced WLLs at the tap in
March 2016. Only 4% and 1% of homes had WLLs above the
action level after 1 min and 3 min flushing, and 42% and 30%
of homes had reportable lead. However, several homes were
still experiencing issues with sporadic spikes in lead, with
maximum WLLs of 2253 μg/L in first draw, 81 μg/L in 1 min
flush, and 69 μg/L in 3 min flush. Lead in these three samples
was most likely in the particulate form, as evidence by the
higher phosphate (4.3−9.1 mg/L as PO4

3−-P) and iron
concentrations (1.25−13.8 mg/L). Thus, we speculate that
the unstable lead corrosion scales were continuing to be
removed with water use, resulting in lower WLLs at the tap but
sporadic spikes in high lead.
Flushing Destabilized Leaded Scales and Sediments

within Plumbing Network. Based on our results from
March 2016 and similar findings from MDEQ and USEPA
sampling campaigns, it was suggested that Flint residents
needed to flush their plumbing networks to help remove
leaded sediment and distribute orthophosphate to the tap.
Each day between May 1−15, Flint residents were encouraged
to run the bathtub faucet for 5 min at the highest flow rate.25

During the July 2016 sampling campaign, median phosphate
levels were consistent across the three samples at 3.0 mg/L as
PO4

3−-P (Table 2). WLLs were lower when sampled July
compared to March, as median first draw WLLs reduced from
1.9 to 1.2 μg/L and percentage of first draw with reportable
lead decreased from 63% to 56%. In addition, the 90th

percentile WLL measured in July 2016 was 13.6 μg/L in this
nontargeted sampling approach. For the 15 homes with WLLs
above the action level, lead was correlated with iron (ρ = 0.52)
and phosphate (ρ = 0.63), again suggesting mobilization of
leaded rust layers. Even after 1 and 3 min of flushing, 4% and
4% of homes still had WLLs above the action level.
An additional sampling campaign was conducted in

November 2016 to evaluate long-term improvements. WLLs
again reduced slightly, as the median WLL was <1 μg/L and
percentage of first draw with reportable lead decreased to 43%.
The 90th percentile WLL observed during the November 2016
sampling effort was 8.4 μg/L. As in the other sampling
campaigns, mobilization of lead (presumably particulate) was
still a problem for several residences, as the maximum WLLs
were 82 μg/L in first draw, 219 μg/L in 1 min flush, and 1740
μg/L in 3 min flush. However, steady reduction in WLLs
continued to be observed with flushing, as only 1% and 0.6% of
homes had lead above the action level after 1- and 3 min of
flushing. Overall, findings from this year long effort were
consistent with prior work, Goovaerts (2016) observed a
consistently high percentage of homes with WLLs above the
action level starting in late February 2016, which began
decreasing in May 2016.28

Variation in WLLs during Interventions Based on
Service Line Material. During the four sampling campaigns,
there were inconsistencies in WLLs at a given residence, as
some residents had higher first draw WLLs (increase ≥5 μg/L)
than in earlier sampling rounds. Specifically, 15% of residents
(n = 24) had higher first draw WLLs in March 2016 than
August 2015; 11% (n = 17) in July than March 2016; and 8%
(n = 12) in November than July 2016. These findings suggest
that homes with low WLLs in past sampling efforts were still at
risk for water lead contamination in the future, as would be
expected given the semirandom nature of particulate lead
release.
Steady improvements in water lead were observed between

August 2015 and November 2016 in homes with a reported

Table 2. Water Quality Data at 156 Homes That Participated in the Four Sampling Efforts between August 2015 and
November 2016a

FD 1MF 3MF

water quality parameter
Aug
2015

Mar
2016

Jul
2016

Nov
2016

Aug
2015

Mar
2016 Jul 2016

Nov
2016

Aug
2015

Mar
2016 Jul 2016

Nov
2016

Pb (μg/L) percent
detectableb

92% 63% 56% 43% 63% 42% 43% 32% 50% 30% 33% 26%

median 4.4 1.9 1.2 <MRL 2.1 <MRL <MRL <MRL <MRL <MRL <MRL <MRL
90th
percentile

28.0 22.4 13.6 8.4 11.4 9.0 5.7 3.9 6.9 3.2 3.3 2.6

max 158.0 2253.0 337.3 82.3 1051.0 80.5 94.0 219.2 94.5 69.0 67.5 1740.0
percent
exceedingc

17% 15% 10% 6% 6% 4% 4% 1% 3% 1% 4% <1%

Fe (mg/L) percent
detectableb

100% 89% 79% 54% 99% 92% 69% 52% 99% 93% 69% 50%

median 0.13 0.05 0.02 0.01 0.11 0.04 0.02 0.01 0.12 0.04 0.02 0.01
max 9.20 13.82 6.19 3.40 2.32 1.47 3.77 1.29 1.63 1.57 5.35 4.61
percent
exceedingc

14% 14% 9% 5% 10% 6% 4% 2% 8% 4% 4% 1%

PO4
3‑ as P

(mg/L)
percent
detectableb

99% 100% 100% 100% 98% 100% 100% 100% 95% 100% 100% 100%

median 0.09 3.45 2.98 2.99 0.09 3.58 3.02 3.24 0.07 3.62 3.04 3.18
max 2.67 9.12 7.47 14.11 0.73 4.68 4.96 4.67 0.49 4.52 5.59 11.31

aMRL = minimum reporting level; FD= first draw; 1MF = 1 min flush; 3MF = 3 min flush. bMinimum reporting level: Lead (Pb)= 1 μg/L; Iron
(Fe)= 0.01 mg/L; phosphate (PO4

3−) = 0.03 mg/L as PO4
3−-P. cPb: USEPA action level of 15 μg/L; Fe: USEPA secondary maximum

contaminant level of 0.3 mg/L; PO4
3−: there is no USEPA drinking water threshold.
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copper service line (n = 80; Figure 2). After reconnection to
DWSD with enhanced corrosion control, median WLLs

reduced from 3.0 to 1.2 μg/L and the percentage of homes
with reportable lead decreased from 88% to 51%. In both July
and November 2016, the median WLL was <1 μg/L and the
population with reportable lead decreased to 40% and 24%.
Despite these improvements, the 90th percentile WLLs
increased−from 12.0 to 17.2 μg/L− through July 2016 but
decreased to 4.5 μg/L in November 2016. The high water lead
in these homes is attributed to premise plumbing corrosion of
soldered joints and brass fittings.

Improvements in water lead in homes with galvanized iron
service lines (n = 21) were observed between August 2015 and
November 2016. By March 2016, median WLLs from these
homes decreased from 7.2 to 1.8 μg/L and the population with
reportable lead decreased to 95% and 67%, which remained
relatively constant between March and November 2016. In
homes with LSLs (n = 22), there was no decrease in median
first draw WLLs in March 2016 (9.9 vs 8.3 μg/L; p = 0.51),
but median WLLs decreased to 2.3 μg/L in July and
November 2016. However, throughout this campaign between
73 and 95% of these homes had reportable lead. Similar
sustained low WLLs in homes with galvanized iron and lead
service lines have also been reported in Canada,35 indicating
that these service line materials may continually leach low
levels of lead to water even if optimal corrosion control is in
place.

Direct Comparison without Seasonal Impact in
Summer 2015, 2016, and 2017. To more definitively
evaluate the long-term effectiveness of the interventions on
lead levels, an additional follow-up sampling effort was
conducted in August 2017. Data from this campaign were
compared to data from August 2015 and July 2016 to
understand city-wide water lead trends at a similar time of year
over a three-year period. Overall, 145 Flint residents
participated in these three sampling efforts (SI Table S3).
During the August 2017 sampling campaign, WLLs were

significantly lower than the prior years (p < 0.05), as median
WLLs in the first draw steadily dropped from 4.3 to 1.2 to <1
μg/L from 2015 to 2017, and percentage of first draw with
reportable lead reduced from 92% to 54% to 45%. The 90th
percentile WLL was reduced from 23.5 to 12.1 to 7.9 μg/L.
Consistent with prior discussions, short-term flushing reduced
WLLs, but several homes were still experiencing issues with
sporadic spikes in lead. The LCR does not guarantee that a
municipality’s tap water is free of lead and safe for all residents
to consume.9

5. LEAD IN DRINKING WATER IMPLICATIONS
Orthophosphate Dosing Can Effectively Inhibit Lead

Release from Leaded Plumbing but Its Effectiveness for
Particulate Lead Takes Time. Adding orthophosphate
inhibitors as a corrosion control treatment strategy can form
low-solubility protective passive scale layers, creating a barrier
and reducing lead dissolution into water. The effectiveness of
this process is controlled by water quality parameters (e.g., pH,
alkalinity) and other factors such as disinfectant types,36−38 but
corrosion control still has some art as well as science, given the
complexity of the plumbing systems and poor state of existing
knowledge regarding control of particulate lead.39 Some U.S.
utilities are still experiencing issues with high WLLs even with
long-term corrosion control strategies that are considered
reasonable.6,7

Studies have demonstrated that 1 mg/L orthophosphate
dosing can reduce lead dissolution from older LSLs by more
than 70% for short (8 h) and long-term (72 h) stagnation.14

However, this intervention may not be as effective in reducing
high water lead originating from some brass fittings, as
laboratory studies have observed that orthophosphate dosing
stabilized brass corrosion but this effect dissipated over
time.40,41 Orthophosphates might also accelerate galvanic
corrosion of lead-solder joints and partial LSL replacements,
resulting in increased lead leaching to water from some types
of leaded plumbing.42 Thus, sole reliance on corrosion control

Figure 2. Water lead levels observed throughout the four sampling
campaigns based by service line material for (A) first draw samples,
(B) 1 min flush samples and (C) 3 min flush samples. Action level (15
μg/L) denoted by gray line. Water lead levels <1 μg/L were set to 0.5
μg/L. Sample campaigns: 1 = August 2015, 2 = March 2016; 3 = July
2016; 4 = November 2016.
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strategies like orthophosphate inhibitors, is an important
intervention, but will not eliminate occasional spikes of water
lead above 15 μg/L at least over a period of years.
The plan to remove lead pipes and lead-bearing galvanized

iron service lines will help reduce lead in Flint’s drinking water
long-term. To date, Lansing, Michigan, and Madison,
Wisconsin are the only two cities with high numbers of lead
pipes, that have replaced all LSLs in both utility and resident-
owned sections.43−45 These efforts took more than a decade to
complete and cost tens of millions of dollars, but Madison
considered LSL replacements a more financially effective long-
term solution compared to continued corrosion control via
phosphate dosing.44 However, LSL removals alone will also
not guarantee nondetectable lead at the tap, as other lead-
bearing components and scales within the home plumbing
network will then become 100% of the remaining lead
source.34,45

The Flint Water Crisis Has Illustrated the Need for
Updates to the LCR, Which Includes More Stringent
Sampling Protocols. Researchers have identified several
weaknesses in the existing LCR9 and investigative reporters
have uncovered nation-wide water lead challenges and
occasionally improper implementation of the LCR.46−48 In
2015, the National Drinking Water Advisory Council
recommended that proactive measurements, such as LSL
replacement programs and improved public education require-
ments, are necessary to protect public health, especially since
the LCR does not guarantee that tap water is free of lead.49

The USEPA accepts that “the regulation and its implementa-
tion are in urgent need of an overhaul”50 and is considering a
“war on lead”.51 But despite more than 16 years of known
problems since the beginning of the Washington DC Lead
Crisis, proposed LCR updates are expected no earlier than
January 2019.52 With these structural flaws in the LCR and its
implementation, public health threats will continue to be
present in some communities and certainly in individual
homes.
One of the key failures that helped create the Flint Water

Crisis was use of an improper sampling pool. Per the LCR,
sampling priority must be given to high-risk sites, which are
outlined in the USEPA’s tiered high-risk sampling pool
approach.8 When LSLs are present in the distribution system,
at least 50% of samples must be from homes with LSLs.
However, challenges such as poor record keeping, remodeling
of homes, reduced budgets, and lack of trained personnel can
result in situations where these conditions cannot be met, so
too many samples from nonlead service line pipe sites are
sometimes collected when they should not be.53 Data from the
August 2015 sampling campaign was explored to determine the
impact of the percentage of LSLs in the sampling pool (Figure
3). The average 90th percentile was 18.2 μg/L (±5.2 μg/L)
when 0% of homes were LSLs (n = 0 of 30), compared to 31.2
μg/L (±8.1 μg/L) when 50% of homes were LSLs, and 68.4
μg/L (±10.4 μg/L) when 100% of homes were lead pipe.
These results are in keeping with current knowledge that LSLs
are the most concentrated source of water lead exposure.54 At
a minimum, LCR sampling protocols should be revised and
updated to ensure stricter enforcement of sampling high-risk
homes.
Even in the sampling conducted August 2017, which was

after two successive rounds of meeting the LCR according to
the official State of Michigan results with a confirmed legal
LCR pool,55,56 our analysis suggests that viable 90th percentile

lead value with (50% LSLs; sampling pool of 44 homes) was
10.7 μg/L (±1.4 μg/L). However, a 100% LSLs sampling pool
(worst-case scenario; sampling pool of 22 homes) had an
estimated 90th percentile lead value of 71.5 μg/L− further
underscoring the importance of sampling LSLs during LCR
monitoring when they are present and the high variability of
the 90% percentile value itself. Overall, our citizen science
sampling in August 2017 is no longer inconsistent with the
official values reported by the State of Michigan in 2017 (7 and
6 μg/L) in relation to the LCR action level.
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