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BACKGROUND: Exposure to arsenic (As) in well water is a well-documented public health issue for Maine and New Hampshire, as well as for other
states in the United States and abroad. Arsenic contamination of well water in these locations is primarily attributed to metasedimentary bedrock that
leaches As into groundwater. However, As can also enter groundwater reserves from soils contaminated by the historical use of arsenical pesticides.
Approximately half of the households in Maine and New Hampshire rely on private wells, many of which have elevated As. Arsenic exposure has
been associated with an increased risk of cancer, cardiovascular disease, reduced infection resistance, and lower intelligence quotient in children.
Despite these known health impacts, well water testing and treatment are not universal.
OBJECTIVES: We have approached the problem of low well water testing rates in Maine and New Hampshire communities by developing the All
About Arsenic (AAA) project, which engages secondary school teachers and students as citizen scientists in collecting well water samples for analysis
of As and other toxic metals and supports their outreach efforts to their communities.
METHODS:We assessed this project’s public health impact by analyzing student data relative to existing well water quality datasets in both states. In
addition, we surveyed private well owners who contributed well water samples to the project to determine the actions taken to mitigate As in well
water.

RESULTS: Students collected 3,070 drinking water samples for metals testing, and 752 exceeded New Hampshire’s As standard of 5 ppb. The AAA
data has more than doubled the amount of information available to public health agencies about well water quality in multiple municipalities across
both states. Students also collected information about well types and treatment systems. Their data reveal that some homeowners did not know what
type of wells they had or whether they had filtration systems. Those with filtration systems were often unaware of the type of system, what the system
was filtering for, or whether the system was designed to remove As. Through interviews with pilot survey participants, we learned that some had
begun mitigating their exposure to As and other toxic metals in response to test results from the AAA project.
DISCUSSION: A school-based approach to collecting and analyzing private well water samples can successfully reach communities with low testing
rates for toxic elements, such as As and other metals. Importantly, information generated through the program can impact household decision-
making, and students can influence local and state policymaking by sharing information in their communities. https://doi.org/10.1289/EHP13421

Introduction
Arsenic (As) in well water is a well-documented public health
issue around the world, including in Northern New England
states. Of particular note is that bladder cancer mortality rates are
∼ 20% higher in Maine, New Hampshire, and Vermont than in
the United States overall. This has been attributed to long-term
exposure to As in well water, particularly dug wells dating from
the early part of the 20th century.1 Arsenic may contaminate dug
wells in locations where arsenical pesticides, such as lead arse-
nate, were historically used2 and drilled wells in areas where As-
laden metasedimentary bedrock is found.3 Water from some
wells in Maine and New Hampshire far exceeds the US

Environmental Protection Agency (EPA) maximum contaminant
level (MCL) for public water systems of 10 ppb, with a maximum
measured water concentration of 3,100 ppb reported in the Maine
Tracking Network4 and 1,040 ppb in the New Hampshire
Department of Health and Human Services (DHHS) Data Portal.5
It should be noted that MCLs only apply to public drinking water
systems, not private water sources such as wells, given that these
are currently not regulated in the United States. Given the poten-
tial for extremely high As levels in drinking water in Maine and
New Hampshire, As presents a significant public health issue in
both states. In addition to bladder cancer, there is a litany of
health impacts that are associated with long-term exposure to As,
including cancer of the lung, liver, prostate, and skin, as well as
the potential for cardiovascular, pulmonary, immunological, neu-
rological, reproductive, and endocrine problems.6–10

In studies specific to New England, exposure to As has been
associated with adverse birth outcomes, such as reduced birth
weight in New Hampshire11; a study in Maine found that As in
drinking water, at levels ≥5 ppb, was negatively associated with
childhood intelligence quotient (IQ) and may pose a threat to
child development.12

Despite growing knowledge of the health impacts of As expo-
sure, research demonstrates that people do not regularly test their
well water for As, and even when they know there is As in the
water, theymay not treat their water to remove it.13–18 Specifically,
a study of well owners in Maine found that 41% had never tested
their wells for As.14 Numerous factors influence testing and treat-
ment behavior, including knowledge (education, perception of
risk, and personal concerns about As), resources (socioeconomic
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status, time, and ability to test well water), and community involve-
ment (having neighbors who regularly test their wells).14–18

Because unregulated private wells provide drinking water to
approximately half of the homes in Maine and New Hampshire,
and many residents are unaware that As is a problem, addressing
the public health impacts of As in well water requires creative solu-
tions. Citizen science programs are increasingly used to foster
community engagement with pressing local challenges, including
environmental health issues.19 In a survey of citizen science practi-
tioners across Europe, citizen science was shown to address envi-
ronmental goals by generating knowledge, creating learning
opportunities, and enabling civic participation.20 Across environ-
mental fields, student data collection and school-based programs
have encouraged appreciation of environmental issues and pro-
vided a framework for teaching the scientific method.21,22 School-

based interventions have also been successfully applied in the con-
text of drinking water contamination, such as one in Bangladesh,
which prompted families to switch from high-As household wells
to new low-As community wells.23 In addition, school-based
recruitment of residents for well water testing proved successful in
two townships in New Jersey.24 Similarly, we recognized the poten-
tial of school-based citizen science programs to address As in well
water and launched a secondary school-based program called All
About Arsenic (AAA) in 2016. AAA engages teachers and students
as citizen scientists in collecting well water samples for As analysis
with dual education and public health goals focused on addressing
As and other toxicmetals in privatewells.25 Figure 1 graphically rep-
resents the AAA program, which, in seeking to address health issues
through data collection and sharing, has resulted in a large publicly
available dataset, family and community conversations about As,

Figure 1. The All About Arsenic Project Information overview: Because arsenic (As) can be found at elevated levels in many wells in Maine and New
Hampshire, we created a school-based citizen science project that involved collecting water samples to analyze As and other toxic metals and communicating
data in affected communities. Project outcomes with potential for public health impacts include a large publicly available dataset, family conversations and
decisions to mitigate exposure, and student input to legislative decision-making (e.g., funds for eligible owners of single-family homes or landlords with private
well water to mitigate contamination). Note: NIGMS SEPA, National Institute of General Medical Sciences Science Education Partnership Award.
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mitigation action by some project participants, and student influence
on legislative action.

The AAA program started as a pilot project with 7 middle and
high schools (US EPA NE-83592001, 2016–2017). The project
expanded to include 19 additional middle and high schools over the
next 5 y [National Institutes of General Medical Sciences (NIGMS)
Science Education Partnership Award (SEPA) 1R25GM129796,
2018–2023], emphasizing data literacy and public health goals. The
project is ongoing with a second grant that has an additional focus
on science communication and intergenerational learning, as well as
a plan to address elevated levels of other toxic metals in well water,
such as uranium (U), lead (Pb), and manganese (Mn), identified in
water tested by the AAA program [National Institute of Nursing
Research (NINR) SEPA 1R25NR021077, 2023–2028]. The pro-
gram involves professional development for teachers and scientist
partners working together to plan classroom-based projects associ-
ated with drinking water quality. Although teachers embed the pro-
ject in different courses, including earth science, biology, and
chemistry, they all provide the same introduction to the issue of
drinking water contamination with toxic metals that are naturally
occurring in bedrock found across Maine and New Hampshire. All
teachers in the program engage their students as citizen scientists in
collecting well water samples from their homes and work with sci-
entist partners who support project implementation, data analysis,
and dissemination of information to their communities. Information
about each drinking water sample is entered into the citizen science
data portal, Anecdata, by teachers or students. Teachers send the
water samples to the Trace Element Analysis Core (TEAC) at
Dartmouth College, Hanover, New Hampshire, for analysis of As
and other toxic metals. The resulting metals data are linked to the
drinkingwater sample information in Anecdata and then transferred
to a customplatform created for theAAAproject by the data literacy
company, Tuva. Finally, with assistance from their teachers and sci-
entist partners, students analyze their well water data using Tuva
software and share the results with their communities to raise aware-
ness and move “data to action” by encouraging additional testing
and mitigation of As in drinking water. This project is both relevant
and motivating for students; it has generated a publicly available
dataset that can be used to inform public health decision-making
while providing the opportunity for students to contribute to public
health goals in their states.25

Although the AAA project was designed to achieve both educa-
tion and public health goals, the present study was focused on our
assessment of the public health impacts of this school-based citizen
science effort in its first 6 y. In this paper, we report the public
health impacts of the AAA program by analyzing the AAA well
water dataset relative to municipal- and state-level information on
well water contaminants and through findings from surveys and
interviews of people who provided well water samples.

Methods
To accomplish public health goals over the first 6 y of the project,
we recruited teachers, partnered them with local scientists, and
encouraged data sharing through community outreach and educa-
tion. We analyzed the student data relative to state datasets and
used a mixed methods study approach to assess the impact of
these efforts on public health.

Teacher and Scientist Partner Recruitment
Between 2016 and 2022, we recruited teachers from across
Maine and New Hampshire to cover a wide array of geographic
areas (Figure 2). We paired each teacher with a scientist partner
from a nearby college or university to provide support for project
implementation, data analysis, and community outreach. Two of

these scientist partners, one from the College of the Atlantic in
Maine and one from Colby-Sawyer College in New Hampshire,
also implemented well water sampling efforts with their under-
graduate students. Their data are included in the AAA dataset on
Anecdata.26

We recruited teachers using several approaches. First, we con-
tacted teachers at schools in areas at risk for elevated As who had
previously worked with us on other education-related projects. At-
risk regions were determined by looking at US Geological Survey
(USGS) reports on As risk27,28 and the results of As testing in pub-
licly available online data portals.4,5 These teachers recommended
or recruited other teachers they thought would be interested in the
program. MDI Biological Laboratory, Bar Harbor, Maine, is the
lead institution in Maine for the National Institutes of Health (NIH)
IDeA Network of Biomedical Research Excellence (INBRE) pro-
gram, and Dartmouth College is the lead institution for the New
Hampshire INBRE program. We contacted INBRE partner col-
leges and universities to identify scientists interested in working
with schools in their communities on this well water monitoring
effort. Some of these scientists identified and recruited additional
teachers from their communities.

Well Water Sample and Data Collection
Teachers assembled water sample kits that included a 50-mL coni-
cal tube with a preassigned sample number label, a strip of
Parafilm to seal the tube after sample collection, a refrigeratormag-
net with amatching label to help families keep track of their sample
number, a cover letter with permission to have a water sample ana-
lyzed (see Supplemental Material, “SEPA Parent Letter with
Permissions)” a datasheet (see Supplemental Material, “Datasheet
for DrinkingWater Sample Collection”), and instructions for sam-
ple collection (see Supplemental Material, “Sample Collection
Protocol 2023–2024”). Students took one or more of the water
sample kits home and collected a single drinking water sample
from their own home and in some instances, from the homes of
neighbors or other community members. Occasionally, a student
collected a second sample from their home or a neighbor’s home at
the teacher’s discretion. At the time of sample collection, informa-
tion about each water sample was recorded by the student or home-
owner on an individual datasheet. Data fields included the water
sample number, the physical address of the sample, and contact in-
formation for the person receiving the results (e.g., student’s par-
ent, guardian, neighbor, or other community member). The
datasheet originally asked participants to select the type of well
serving the property (e.g., drilled well, driven well, dug well, boil-
ing spring, public water, I don’t know); this has been revised for
clarity. In its current iteration, the well type has been changed to
drinking water source, and we have clarified the types of public
water sources and added “I don’t know my drinking water source”
as a choice (see Supplemental Material, “Datasheet for Drinking
Water Sample Collection”). Other information recorded on the
datasheet included the location fromwhich tap water was collected
(kitchen, bathroom, outside, other), knowledge of previous As test-
ing (yes or no), information about household water filtration (e.g.,
no filter, sink-mounted filter, water pitcher or refrigerator filter,
whole-household filter), and whether the sampler chose to leave
the filter in place or bypass it for collection of the water sample
(yes, no, I don’t know). The parent/guardian or another sampler,
such as a neighbor or other community member, decided whether
to collect a filtered or unfiltered sample. If the samplewas collected
by another sampler, they signed the permission form. We initially
required a signature on both the permission form and the datasheet
for samples to be analyzed. Currently, we only require the signa-
ture on the permission form, to which we have added the acknowl-
edgment that the information on the datasheet is correct, including
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additional permission to share private data with public health agen-
cies for further outreach and to share exact location information
with other researchers for mapping or additional studies.

Upon receipt of the water samples and completed forms, teach-
ers worked with students to register their samples. This entailed
entering the information on their datasheets into Anecdata, a data
portal created at MDI Biological Laboratory to facilitate the man-
agement and public sharing of citizen science data. For the AAA
project, we created privacy features that obfuscate the location of
participating households and obscure the names and mailing
addresses of parents and students.29

Well Water Analysis for Trace Metals
Water samples were shipped to the TEAC at Dartmouth College
for analysis, along with a sample manifest and the completed and
signed paper datasheets. Upon arrival at Dartmouth, the data-
sheets were checked against the information on the manifest and
Anecdata to ensure they matched. Where discrepancies existed,
the information on the paper datasheet was used.

TEAC participates in the USGS proficiency program for
water quality measurements, which conducts an interlaboratory
comparison study semiannually.30 Well water samples collected
by students were acidified at 0.5% vol/vol with trace metal grade
nitric acid (HNO3) prior to analysis by inductively coupled
plasma mass spectrometry (ICP-MS; Agilent 8900). The samples

were analyzed in helium mode for As, barium (Ba), beryllium
(Be), cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), Mn,
nickel (Ni), lead (Pb), antimony (Sb), selenium (Se), U, and zinc
(Zn). The ICP-MS was calibrated with National Institute of
Standards and Technology–traceable standards, and the calibration
was verified by a second source calibration check, which was run
after calibration and every 10 samples. A USGS water proficiency
sample was also run as a quality control sample. Duplicate and
spiked samples were also run at a frequency of 1 of each per 20
samples. The methods follow US EPA 6020A.31 Average quality
control data over 4 y of analysis were 97%–109% recoveries for
USGS proficiency water samples and 96%–103% recoveries for
analytical spikes. Averages for duplicate analysis were <20% rela-
tive difference except for elements frequently present at concentra-
tions near the instrument detection limits (Be, Cr, Se, Cd).

Notification of Results
After analysis at TEAC, sample results were sent in an Excel file
to MDI Biological Laboratory, where they were uploaded to
Anecdata and paired with sample registration information. Then,
teachers notified sample contributors to use the Lookup Tool on
the AAA project website for easy access to their individual well
water test results.32 All households with exceedances of one or
more well water contaminants received a personal letter explain-
ing their results and information, such as state-produced literature

Figure 2. School locations and water sample distribution in Maine and New Hampshire in the All About Arsenic (AAA) project. MDI Biological Laboratory
in Bar Harbor, Maine, and Dartmouth College in Hanover, New Hampshire, are the lead institutions in this study. Gray lines are county lines.
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specific to their contaminant, to aid them in considering next
steps (see Supplemental Material, “Cover Letter and Results
Report Example”). For As, the MCLs differ for Maine and New
Hampshire. New Hampshire lowered its MCL to 5 ppb in 2017,33

whereas Maine continues to use the US EPA MCL of 10 ppb to
regulate public water systems. In this study, all Maine and New
Hampshire households received a notification letter when their
well water samples exceeded 5 ppb As or the US EPA primary or
secondary MCL for any other toxic metal contaminant.

Dissemination of Results to Communities by Schools
After analyzing the data using Tuva data literacy software and pre-
paring outreach materials, teachers and students at each school
planned and implemented community education efforts. Information
on As in wells was shared by students and teachers with their com-
munities in different ways. Some put information in their school
newsletter and engaged other classes or schools in their community
to collect water samples. Others planned public meetings. One
school presented its findings each year to its board of selectmen.
Another school made displays for their municipal building on elec-
tion day. Some students submitted letters to the editor of their local
papers or provided public testimony supporting legislative action to
promote well testing and contaminant mitigation. In these and other
ways, teachers and students communicated to stakeholders that local
wells are at risk for As and other toxic metal contaminants and that
regular exposure to these contaminants can lead to negative health
outcomes.25

Well Water Data Preparation
In November 2022, we downloaded the publicly available AAA
project dataset from Anecdata to compare student data collected
between 2016 and 2022 with existing state agency datasets on the
Maine Tracking Network4 and the New Hampshire DHHS Data
Portal.5 The Maine Tracking Network comprises all private well
water test results submitted to the state Health and Environmental
Testing Laboratory (HETL) between 1999 and 2019. They do not
include any test results from private labs and, therefore, only repre-
sent well owners who choose to test at HETL. Likewise, private
well water testing data in the DHHS Data Portal consists of water
quality results from the NewHampshire Public Health Laboratories
and New Hampshire Department of Environmental Services for
2006–2020 and do not represent data fromprivate labs.

ArcGIS Pro (version 3.0.2), a software that supports data
analysis by creating maps that can be layered with other location
data, facilitated the comparison between these datasets and the
AAA dataset. The full AAA dataset and the code used to analyze
the data described below are available from the Environmental
Data Initiative under edi.1253.2.34

We excluded from the analysis 281 samples that did not have
any well water test results. These samples were registered on
Anecdata, but analyses were not conducted for various reasons, the
most common of which were the lack of a permission form or a
missing signature from a parent or guardian. In addition, we
excluded samples designated as public water for analyses of AAA
program data compared with state agency data. Some well types
designated as “other” were identified in the notes section of the
datasheet. These were, for example, community wells, artesian
wells, springs, and shared wells. We included these samples in our
map analyses and other analyses of drinkingwater samples.

Our analyses included samples from well types designated as
“I don’t know.” At the time of sample collection, participants
were asked to identify their well type on the sample datasheet by
choosing one of the multiple response options described above,
including “I don’t know.” We sorted the data from those who

designated their well types as “I don’t know” and determined the
percentage with an As level greater than the US EPA limit of
10 ppb or the New Hampshire limit of 5 ppb to conclude that
these samples were likely from wells and that they should be
included in the analysis. In preparation for mapping, we gener-
ated descriptive statistics on the AAA dataset and determined the
maximum As level by town. We also identified towns where
>10% of samples exceeded MCLs, and we compared these to
those identified in the Maine Center for Disease Control and
Prevention (CDC) and New Hampshire DHHS datasets.

Well Water Data Analysis
We compared datasets spatially using geographic information sys-
tems (GIS) analysis. We started by importing datasets as comma-
separated values (CSV) files into ArcGIS Pro (version 3.0.2). The
AAA dataset, the Maine Tracking Network dataset, and the New
Hampshire DHHS Data Portal dataset were joined to state munici-
pality shapefiles using town name as the primary key. We used the
“Maine Town and Township Boundary Polygons Dissolved”
shapefile from the Maine Office of GIS (MEGIS),35 and the “New
Hampshire Political Boundaries at 1:24,000 Scale” shapefile from
the Earth Systems Research Center at the University of New
Hampshire.36 After the data were joined, these shapefiles were
saved as new shapefiles.

To compare the datasets, we identified towns with well water
data from our AAA and state private water datasets, which
included 162 towns in Maine and 107 towns in New Hampshire.
We determined the distribution of sample data from the AAA
dataset and the state datasets by applying a code for towns and
grouping them in the following categories: a) Maine Tracking
Network samples only, b) New Hampshire DHHS Data Portal
samples only, c) Maine Tracking Network samples or New
Hampshire DHHS Data Portal samples and AAA samples,
d) AAA samples only, and e) no samples. For the towns in cate-
gory 3, we compared the number of samples collected in the AAA
program to the number of samples collected by the respective state
program to analyze the percentage change in the number of sam-
ples in those towns using the following formula: percentage
change = [ðV2−V1Þ=V1× 100], where V1 is the count of CDC
(or DHHS) samples; V2 is the count of CDC (or DHHS) samples
plus the count of AAA samples.

We compared maximum As values for towns in both state data-
sets with the maximum As values in our AAA dataset. Then, we
mappedmaximumAs values for towns with one or more well water
samples in our dataset and highlighted towns where the AAA data-
set revealed a higher maximum As level than had previously been
reported in state datasets. In addition, we compared theAAAdataset
to the state datasets to look for overlap in the towns where≥10% of
wells exceeded the state MCL. Again, using ArcGIS Pro (version
3.0.2), we mapped As levels for towns where the AAA and state
datasets revealed >10% ofwells exceeded stateMCLs.

To understand variability in As by features of the water sam-
ple, we analyzed the data in aggregate to compare water samples
from different drinking water sources and under different types of
filtration. The data from well water samples and other metadata
from the AAA dataset were analyzed in R (version 4.1.2, R
Development Core Team). Because the samples were nonnor-
mally distributed, we used a Kruskal–Wallis test37 to determine
whether there were statistical differences in the As concentration
by well type (drilled, driven, dug, public water, unknown well
type, or other) or by the filtration status (filtered, unfiltered, or
unknown) and the specific filtration type (no filter, whole-
household, sink-mounted, water pitcher or refrigerator, other, or
unknown type). If the Kruskal–Wallis test revealed significant
differences, we used the Wilcoxon rank sum test with continuity
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correction to test for significant differences between individual
groups.37 We used an alpha value of 0.05 for all statistical analy-
ses to assess significance.

Well Owner Pilot Surveys and Interviews
In the summer of 2021, we conducted a pilot survey of well owners
or renters (N =231) who contributed water samples during years 1
and 3 of the AAA program to refine the survey for distribution to
participants from all years of the program at a later date. This study
was approved by the Committee for the Protection of Human
Subjects at Dartmouth College (STUDY00032306). The owners/
renters surveyed were from both Maine and New Hampshire and
had well water test results with exceedances of As >5 ppb (i.e., the
MCL for NewHampshire).

Data were collected using a modified version of the Tailored
Design Method for surveys.38 We mailed five solicitations for
participation, including a prenotification letter, a first-round sur-
vey and invitation letter with a dollar incentive and focus group
recruitment postcard, a reminder postcard, a second-round sur-
vey, and an invitation letter with a dollar incentive and focus
group recruitment postcard, and a final reminder postcard. The
focus group recruitment postcard was returned separately from
the survey to maintain the anonymity of survey responses. The
survey was administered in English only. Paper survey responses
were entered into Qualtrics. Numerical data were analyzed using
R, and text data were analyzed using Atlas.ti 9.

When we received the returned focus group recruitment cards,
we emailed the respondents who had children in the program to ask
them to participate in a focus group about the school-based compo-
nents of the program, and we emailed participants without children
in the program to participate in individual interviews. Only one
individual who had a child in the program responded to the focus
group request; therefore, we interviewed this individual like the
other respondents without children in the program. During the
interviews, we collected “well water stories” to gain insights on
well water testing and treatment decisions, the factors influencing
those decisions, and perceptions of water quality. Questions were
sufficiently broad to allow unanticipated themes to emerge.

Eight interviews were conducted in January and February 2022
by Zoom or phone, and we also received one email response to the
interview questions, resulting in data from nine individuals. With
permission, we recorded all interviews using Zoom. The average
interview length was 27 min. Interviews were conducted by one or
two interviewers in English. Field notes were taken after each
interview and recorded in a Google document. In addition, we
offered to mail a 10-cup (2.4 L) ZeroWater filtration pitcher to
participants’ homes as a thank-you gift. These filtration pitchers
were selected as the gift because, when maintained properly, they
remove As from drinking water.39 Interviews were then tran-
scribed using Temi, a speech-to-text transcription service. We
reviewed each interview transcript and, when necessary, relistened
to the interviews to check the accuracy of the transcription. We
then uploaded transcribed interviews and the email interview to
Atlas.ti 9 for analysis. K.H.B. conducted the analysis and reviewed
the findings with the other interviewer to ensure consistency in
interpretation across interviewers.

Well Owner Pilot Survey Design
Before designing the survey, we devised a framework for assess-
ing owner behaviors and the factors that may influence those
behaviors. The framework was informed by research conducted
at the Columbia Superfund Research Program, which explored
the relationship between latent factors and well water testing
and treatment decisions in Maine and New Jersey.15–17,40–42

Independent variables included knowledge about As, per-
ceived water quality, perceived risk from As, capacity to address
As in drinking water, program visibility (related to the AAA pro-
gram), As levels, and various demographic factors. Our depend-
ent variables were actions to remediate As from well water
before and after participation in the AAA program. We also
asked several open-ended questions that provided rich text data
about the program and program impact. Open-ended questions
included the following:

• If you did not take any arsenic-related action AFTER partici-
pating in the All About Arsenic project, why not? Check the
box that applies. If “other”, please describe.

• Please tell us more about your decision to treat or not treat
your well water. We are trying to understand how to best
support households that have arsenic in their well water.

• Please use the space below for additional feedback for the
researchers or All About Arsenic project leaders.
Given that the purpose of the present study was to assess pub-

lic health outcomes, we report on survey responses related to
respondents’ remediation behaviors, or the lack thereof, not the
model explaining the factors influencing their behavior.

Survey Descriptive Analysis
We used R to generate basic descriptive statistics (e.g., frequency
tables). The descriptive output provided us with respondents’ de-
mographic information and assisted us with identifying the
types of remediation and mitigation actions people took before
and after the program. R notebooks were created to keep track
of the analysis process and to support communication among
researchers.

Interview and Survey Text Analysis
To analyze the interviews and survey text data, we first created a
codebook based on the themes identified in our field notes and the
latent constructs within our framework (e.g., risk, water quality).43,44

Themes also emerged during the text analysis process (i.e., the cost–
benefit analysis in decision-making), and we revised our codebook
accordingly. Each code was accompanied by a code description to
help ensure consistency of coding across transcripts. After developing
and refining our codebook, we coded each interview transcript and
survey text data. After completing the coding, we reviewed the codes
and related quotations for meaning and insights. For this study, we
report on the portion of the analysis that helped us understand the
impact of the project on decision-making regardingmitigating As ex-
posure and the factors thatmay influence that decision-making.

Results

Analysis of Student Well Water Data
Students involved in the AAA program and undergraduates from
two partner institutions, the College of the Atlantic and Colby-
Sawyer College, collected 3,070 drinking water samples
between 2016 and 2022, which were analyzed for As and other
toxic metals.26 The full breakdown by types of drinking water
samples is in Table 1.

Of the collected samples, 753water samples were collected from
unknown or other well types from Maine and New Hampshire. We
suspect that many or all of the unknown samples were indeed well
water given that 130 (17.3%) exceeded the 10-ppbUSEPAMCL for
As and 204 (27.1%) exceeded the more stringent 5-ppb New
Hampshire MCL for As, levels that would not be expected if these
were public water sources. In fact, these numbers are higher than
those for all knownwell types. Of the 2,148 samples fromMaine and
New Hampshire designated as drilled, driven, or dug wells, 323
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(15%) exceeded the 10-ppb US EPA MCL for As, and 546 (25%)
exceeded the more stringent 5-ppb New Hampshire MCL. In com-
parison, of the 164 samples designated as “public drinkingwater sup-
ply,” only 2 exceeded the 5-ppb New Hampshire MCL (5.4 and
5:2 ppb). Therefore,we included the data from thewater sources des-
ignated as “I don’t know” in our analyses ofwells.

Adding this student-derived well water data to existing data-
sets from the Maine Tracking Network and New Hampshire
DHHS Data Portal significantly increased the number of wells
tested in many towns, revealing the capacity for this school-

based citizen science approach to improve well testing rates and
provide new public health knowledge (Figure 3; Excel Table S1).
There was a notable percentage change in the number of samples
by town when the AAA dataset was added to state datasets. In
both Maine and New Hampshire, there were four towns where
the percentage change was >100%, meaning the number of sam-
ples more than doubled when adding student samples to the state
dataset (Figure 3, Table 2; Excel Table S1). Also notable were
three towns where Maine CDC had no samples, and the AAA
dataset contributed 1–2 samples, so students were able to access

Table 1. Number of measurements and arsenic (As) values by state and selected variables in analyses of drinking water samples contributed to the All About
Arsenic project between 2016 and 2022 [total samples (N =3,070)].

Sample description Samples (n) Maine New Hampshire <5 ppb As 5–10 ppb As >10 ppb As Median (ppb) (min–max)

State
Maine 1,583 1,583 0 1,213 158 212 0.81 (0.00–717.91)
New Hampshire 1,487 0 1,487 1,105 141 241 1.04 (0.00–197.49)
Sample type
Drilled well 1,900 1,027 873 1,391 211 298 1.10 (0.00–717.91)
Driven well 67 33 34 60 4 3 0.53 (0.00–19.90)
Dug well 181 86 95 151 8 22 0.40 (0.00–108.58)
Public water supply 164 97 67 162 2 0 0.21 (0.00–5.45)
Spring 5 4 1 5 0 0 0.19 (0.06–0.61)
Unknown or other 753 336 417 549 74 130 1.24 (0.00–200.42)
Filtration status (n=2,906)a

Filtered 875 391 484 675 81 119 0.84 (0.00–717.91)
Unfiltered 1,543 911 632 1,145 159 239 0.98 (0.00–233.49)
Unknown 488 184 304 336 57 95 1.49 (0.00–197.49)
Filtration type (n=2,906)a

Other 41 22 19 27 4 10 0.73 (0.00–717.91)
Sink-mounted 65 36 29 45 4 16 1.16 (0.00–135.05)
Unfiltered 1,543 911 632 1,145 159 239 0.98 (0.00–233.49)
Unknown 488 184 304 336 57 95 1.49 (0.00–197.49)
Water pitcher or refrigerator 62 24 38 51 3 8 0.57 (0.00–70.48)
Whole-household 707 309 398 552 70 85 0.84 (0.00–168.62)
Total 3,070 1,583 1,487 2,318 299 453 0.89 (0.00–717.91)
Note: Sample type, filtration status, and filtration type were reported by the homeowner or renter. Max, maximum; min, minimum.
aPublic water system samples (n=164) were excluded.

Figure 3. Percentage change in numbers of well water samples when adding All About Arsenic (AAA) data to existing Maine Center for Disease Control or
New Hampshire Department of Health and Human Services data. Numeric data can be found in Excel Table S1.
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towns that had little or no publicly available information on As and
other metals in local wells. When people contributed well water
samples to the AAA program, they were asked permission to share
their data with the Maine CDC or the New Hampshire Department
of Environmental Services. Among those participants who indi-
cated their preference on the datasheet, ∼ 90 percent from Maine
and New Hampshire permitted their data to be shared. Maine CDC
plans to integrate shared data from the AAA dataset into the Maine
Tracking Network in the coming year. New Hampshire is consider-
ing including these datasets in the DHHS Data Portal in future ver-
sions of the Well Water Dashboard.

Maximum As levels, as well as the percentage of samples that
exceed MCLs, are metrics that state agencies use to identify priority
areas for community outreach and education to reduce exposure and
to recommend specific actions. For example, when a well exceeds
100 ppb of As, state health agencies may advise that well owners
reach out to a state expert for additional guidance and support,
including risks from exposure routes other than primary ingestion,

such as bathing, and discussions around point-of-use vs. point-of-
entry treatment systems.45–48 We looked at how the MCLs found in
the AAA project compared with the MCLs found in the Maine
TrackingNetwork andNewHampshire DHHSData Portal (Figure 4;
Excel Table S2). In all municipalities where we found an MCL of
>100 ppb, state agencieswere already aware that some households in
that area had well water with high levels of As. In seven municipal-
ities inMaine and nine in NewHampshire, the AAA dataset revealed
higher maximum As levels in well water than previously had been
identified. In some cases, these new maximum values for towns
exceed state MCLs; in one case, there had not been a known exceed-
ance of theMCL in the town before theAAAproject.

Our data mirrors Maine CDC and New Hampshire DHHS
data for the percentage of households per town with exceedances
of state MCLs (Figure 5; Excel Table S3). The towns in the AAA
dataset with >10% of households with MCL exceeding 10 ppb
(Maine) or 5 ppb (New Hampshire) were also evident in the
Maine CDC and New Hampshire DHHS datasets as towns with
>10% of households exceeding those MCLs.

Overall, 15% (n=323=2,148) of identified wells (dug, driven,
and drilled) in the AAA dataset and 14.8% (n=453=3,070) of all
drinking water samples exceeded 10 ppb As, the national US
EPA MCL that is currently used in Maine, whereas 25.4%
(n=546=2,148) of wells and 24.5% (n=752=3,070) of water
samples in the AAA dataset exceeded 5 ppb, the MCL set by
New Hampshire (Table 1). Notably, this means that the drinking
water of 10.4% (n=223=2,148) of households with wells and 9.7%
(n=299=3,070) of all households fall between 5 and 10 ppb As
(Table 1). This reveals that hundreds of households from which stu-
dents collected samples were at risk of chronic exposure to As levels
deemed safe for drinking in one state but not another.

Students collected metadata for their well water samples,
revealing information about homeowners’ knowledge of their

Table 2. Towns in Maine and New Hampshire where student efforts in the
All About Arsenic (AAA) project more than doubled the total number of
wells tested, 2016–2022.

State Town
CDC or DHHS
samples (n)

AAA samples
(n)

Increase
(%)

Maine Waterville 35 106 303
Maine Bar Harbor 175 304 174
Maine Castle Hill 2 3 150
Maine Mount Desert 101 128 127
New Hampshire Hinsdale 9 31 344
New Hampshire Pelham 121 362 299
New Hampshire Winchester 15 32 213
New Hampshire Exeter 23 31 135

Note: CDC, Maine Center for Disease Control and Prevention; DHHS, New Hampshire
Department of Health and Human Services.

Figure 4.Maximum levels of arsenic (As) in well water samples collected for the All About Arsenic (AAA) project. The towns where the highest detected lev-
els exceeded maximum contaminant levels (MCLs) identified by the Maine Center for Disease Control or the New Hampshire Department of Health and
Human Services are outlined and hatch-marked in black. Note that Maine and New Hampshire have different MCLs (10 ppb and 5 ppb, respectively). Numeric
data can be found in Excel Table S2.
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wells and additional details related to contamination of drinking
water with As and other toxic metals. Most residents who con-
tributed water samples to the AAA program reported getting
their drinking water from drilled, driven, or dug wells (70.0%,
n=2,148); the remainder reported getting their drinking water
from public, unknown, or other sources (30.0%, n=917). As
expected, the median As concentrations of public water supplies,
which are regulated, were significantly lower than those for all
categories of wells (Figure 6, Table 1; Excel Tables S4 and S5).
In addition, the median As concentrations of water samples from
drilled wells and unknown or other well types were higher than
those of water samples from driven wells (Figure 6, Table 1;
Excel Tables S4 and S5). Importantly, drilled wells in the AAA
dataset had significantly more As than other well types or water
sources, which is explained by the As-laden metasedimentary
bedrock common throughout Maine and New Hampshire. The
dug wells had more As than anticipated (Figure 6; Excel Tables
S4 and S5). Although geology explains most As contamination
in groundwater,49 the fact that some dug wells had elevated As
has raised the question of whether As is getting into drinking water
from surface contamination, perhaps from the historical use of ar-
senical pesticides in the region,2 or whether irrigation water from
drilled wells with elevated As contaminates dug wells.

In addition to information on drinking water source and well
type, students collected information onfiltrationwhen sampling their
home drinking water. The filtration status and type of filter were not
always known. The data analysis revealed a significant difference in
median As levels for the water samples identified as filtered
(0:84 ppb, n=875) and those identified as unfiltered (0:98 ppb,
n=1,543, p=0:004; Figure 7A; Excel Tables S6 and S7). Further,
there are statistically significant differences between the median As
levels of samples with unknown filtration status (1:49 ppb, n=488)
and both samples that were filtered (p<0:0001; Figure 7A; Excel
Tables S6 and S7) and unfiltered samples (p<0:0001; Figure 7A;

Excel Tables S6 and S7). Samples with unknown filtration status
had median As levels 0:65 ppb higher than the filtered samples
(p<0:0001) and 0:51 ppb higher than the unfiltered samples
(p=0:0015; Figure 7A; Excel Tables S6 and S7). When investi-
gating the impacts of specific types of filters (Figure 7B; Excel
Tables S8 and S9), we found samples filtered with whole-
household filters (0:84 ppb) or water pitcher/refrigerator filters
(0:57 ppb) had significantly lower median As levels than unfil-
tered samples (0:98 ppb, p=0:018 and p=0:0007, respectively).
We did not detect significant differences between unfiltered samples
and those from sink-mounted filters (1.16; p=0:73). Importantly,
when comparing samples with unknown filtration systems to those
with known filtration types, the samples with unknown filtration
types had significantly higher median levels than samples filtered
with whole-household filters (1.49 vs. 0.84, p<0:0001) or with
water pitcher/refrigerator filters (1.49 vs. 0.57, p<0:0001) but as
noted above, had significantly higher As levels than samples that
were notfiltered.

Beyond As, we are also learning other valuable public health
information. For example, the well water samples collected by
students were analyzed for other metals in addition to As. The
results revealed that other metals, also of concern across Maine
and New Hampshire, are elevated in many wells (Table 3).

Results of Teacher Recruitment, Sample Collection, and
Outreach by Schools
In the time span of data collection presented in this paper, 31
teachers from 27 middle and high schools in Maine and New
Hampshire participated in the AAA program. Between 2016 and
November 2022, 4,859 students were involved in the program.
Students collected 2,877 water samples for analysis of As and
other toxic metals (Excel Table S10), some from private wells,
public water supplies, and other sources. These numbers do not

Figure 5. Towns where >10% of wells exceed the maximum contaminant level (MCL) of 10 ppb for arsenic (As) in Maine and 5 ppb for As in New
Hampshire. All About Arsenic (AAA) study results are similar to state agency data for the percentage of wells exceeding the MCL in each municipality.
Numeric data can be found in Excel Table S3.
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include contributions from the College of the Atlantic in Maine
and Colby-Sawyer College in New Hampshire. However, the well
water sample data collected by their undergraduates for the AAA
project are included in analyses of well water samples.

As part of the program, teachers and students not only col-
lected well water samples for analysis but also conducted out-
reach events and activities. Most teachers did not quantify the
number of people reached through each activity. Some activities
were impossible to quantify because they involved the submis-
sion of newspaper articles or letters to the editor, presentations at
municipal meetings, or testimony at public hearings that were
televised. In all contexts, the outreach content presented included
the effect of As and other toxic metals on human health, the rea-
sons why this is a particular issue in Maine and New Hampshire,
findings by students in their communities, and information on
mitigation. Some examples of outreach activities where teachers
reported numbers of people reached are described below:

In 2019 students from Pinkerton Academy in Derry, New
Hampshire, distributed 100 flyers at the Londonderry, New
Hampshire HazardousWaste Collection Day to encourage people to
think about their drinking water and potential contaminants and
offered “best management practices” for well water protection. Field
trips were canceled in 2020 and 2021 due to the pandemic; however,
students developed a public service announcement and outreach
materials that were distributed throughout the school. They resumed
distributing flyers on theHazardousWaste CollectionDay in 2022.

In 2019, a community event in Waterville, Maine was hosted
by multiple teachers involved in the AAA program. The event
drew 60 participants from the surrounding area. After a shared din-
ner, students presented posters and talks and engaged community
members, fellow students, and teachers in discussing healthy
drinking water, possible sources of water contamination, and rec-
ommendedmitigationmeasures.

In Machias, Maine, during the 2020–2021 school year, a
Machias Memorial High School teacher engaged students in writing

a newspaper article inviting the community to participate in the
AAA program. In addition, information and test kits were supplied
to a local pediatrician to disseminate to patients. Students distributed
test kits to interested community members; 14 were returned for
analysis. Six samples were received from the pediatrician. A well
water sample from a household with a newborn baby was found to
have 35 ppb ofAs.

In 2022, students from Pelham High School in New Hampshire
went to PelhamElementary School on each of four nights of parent–
teacher conferences, displaying and handing out information about
well water contamination with As and other toxic metals. They dis-
tributed 100 well water test kits to families, 86 of which were
returned for analysis.

In November 2021 and 2022, Conners Emerson Middle School
students from Bar Harbor, Maine were at the town’s polls on voting
day with tri-fold displays and handouts on As, showcasing their data
and offering free test kits to community members. Each year, they
talked to hundreds of people and distributedmanywell water test kits,
38 of which were returned for analysis in 2021 and 41 in 2022. In
those years, 6%of samples exceeded theUSEPAMCLof 10 ppbAs.

Results of the Pilot Survey: Participants’ Remediation
Behaviors
Of the 231 households surveyed, 120 were from Maine and 111
were from New Hampshire (Table 4). After accounting for undeli-
verable surveys, the response rate was 40% (N =79) across both
states. Table 5 provides a summary of demographic data related to
the survey respondents. It is important to note that the survey was
only distributed to people whose filtered or unfiltered well water
test results exceeded 5 ppb. Seventy-two survey respondents
reported on their actions to address As in their well water before
and after participation in the AAA program. Fifty-six (77.8%)
respondents acted to remove As from their well water before the
program. Of the 56 respondents who reported acting before

Figure 6. A comparison of drinking water sources from which students collected samples in Maine and New Hampshire for the All About Arsenic project,
2016–2022. Unknown/other includes those who did not know the source of their drinking water and rare well types that do not fit in other categories. The label
above each x-axis category indicates the number of samples for each well type and the percentage of the water samples it represents. Each box shows the IQR,
with a thick black horizontal line indicating the group median. The upper whisker indicates the third quartile plus 1:5× IQR, whereas the lower whisker indi-
cates quartile 1 minus 1:5 × IQR. The y-axes are on a log10 scale for easy visual comparison. To facilitate plotting on the log scale, all values are increased by
0.001 to avoid infinite values. An alpha value of 0.05 was considered statistically significant. If there is no line between two box and whisker plots, there is no
significant difference between them. Numeric data and statistics for this figure are found in Excel Tables S4 and S5. Note: IQR, interquartile range.
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program involvement, 22 (30.6%) took additional steps (e.g.,
changed filters, retested water, drank bottled water) after partici-
pating in the AAA program. Sixteen individuals (22.2%) reported
not acting to remove As from their drinking water before the pro-
gram.Of that group, 7 (9.7%) respondents took steps tomitigate As
exposure after participating in the program, and 9 (12.5%) did not
take remediation actions.

Written comments to the open-response questions in the sur-
vey yielded insights on why participants did or did not take action

to mitigate As after participating in the program. First, there were
36 text comments indicating that respondents already had treat-
ment systems (e.g., point-of-use systems) in place or used prac-
tices (e.g., drinking bottled water) to mitigate As exposure before
participating in the program. Second, 8 text responses described
actions taken after participating in the program and included indi-
viduals who had no prior knowledge of As in their well water
(e.g., they learned about it through the program) and individuals
who had treatment systems or used bottled water and took further

Table 3. Summary of well water contaminants in Maine and New Hampshire wells tested in the All About Arsenic (AAA) project, 2016–2022.

Contaminant
Samples

(n)
LOD
(ppb)

MCL or alert
value (ppb)

Wells over MCL/
Alert value (n)

Wells over MCL/
Alert value (%)

Median±SD conc.
(ppb)

Maximum
conc. (ppb)

Antimony 2,906 0.02 6 5 0.17 0:02± 0:69 24.78
Barium 2,366 0.03 2,000 1 0.04 2:47± 56:10 2,438
Beryllium 2,901 0.05 4 3 0.10 0:00± 0:71 35.36
Cadmium 2,904 0.01 5 0 0 0:00± 0:19 4.94
Chromium 2,902 0.05 100 0 0 0:00± 0:52 12.77
Copper 2,906 0.03 1,300 27 0.93 13:95± 352:09 6,637
Iron 2,903 1.00 300 149 5.13 7:96± 4,429:97 235,960
Lead 2,906 0.01 4 153 5.26 0:23± 232:87 10,910
Manganese 2,906 0.02 50 395 13.59 2:03± 225:24 4,975
Nickel 2,905 0.02 NA — — 0:31± 26:77 1,107
Selenium 2,903 0.08 50 0 0 0:04± 0:1 1.09
Thallium 1,489 0.01 2 0 0 0:00± 0:01 0.29
Uranium 2,905 0.01 30 181 6.23 0:76± 78:38 3,274

Note: No MCL has been established for Ni. Although all samples were analyzed for As, the other analytes assayed depended on a variety of other factors, some internal to the study
and others related to the Trace Element Analysis Core (TEAC). For example, our samples were sometimes run with other samples at TEAC that were being tested for a similar but dif-
ferent array of elements. The sample sizes reflect the number of samples analyzed for that element. —, No data; As, arsenic; conc., concentration; LOD, limit of detection; MCL, max-
imum contaminant level; NA, not applicable; Ni, nickel; SD, standard deviation.

Figure 7. (A) Arsenic levels in unfiltered, filtered, and unknown filtration-status well water samples collected in Maine and New Hampshire for the All About
Arsenic project, 2016–2022. (B) Arsenic levels in drinking water samples with no filtration and those filtered through one of the various filtration systems, as
reported by residents. The y-axes are on a log10 scale for easy visual comparison. To facilitate plotting on the log scale, all values are increased by 0.001 to
avoid infinite values. The label above each x-axis category indicates the number of samples in that category and the percentage of the water samples it repre-
sents. Each box shows the IQR, with a thick black horizontal line indicating the group median. The upper whisker indicates the third quartile plus 1:5× IQR,
whereas the lower whisker indicates quartile 1 minus 1:5× IQR. An alpha value of 0.05 is considered statistically significant. If there is no line between two
box and whisker plots, then there is no significant difference between them. The sum of whole-household, sink-mounted, water pitcher or refrigerator, and other
(n=875) corresponds to the category “Filtered” in (A). Numeric data and statistics for (A,B) are provided in Excel Tables S6–S9. Note: IQR, interquartile
range.
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action after participating in the program. These actions varied but
included upgrading systems, installing treatment systems, filling
water bottles at other locations, and drinking bottled water.

Importantly, when considering impediments to action, 15
written comments indicated that, for them or their neighbors, cost
prohibited certain types of actions, such as installing a whole
house system, and influenced their cost–benefit analysis, such as
deciding that treatment was not worth the cost if their As levels
were only slightly higher than the MCL.

Interview Analysis Results
Following the surveys, we conducted eight Zoom or phone inter-
views and one email interview with survey respondents to learn
additional information about their well water stories and testing
and treatment decisions. Table 6 summarizes the key characteris-
tics of the interviewees, including the actions they took before
and after participating in the AAA project and how we classified
program impact in the analysis. Seven individuals were from
Maine and two were from New Hampshire, representing partici-
pation from seven different schools across the two states.

Interviews revealed the program’s public health, affective (expe-
rience of feeling or emotion), and educational impacts. Regarding
public health, five interviewees indicated they took specific actions
to treat their drinking water after participating in the AAA project.
These are classified as direct public health impacts. Three others
noted that the project confirmed for them that they still had an As

problem prior to filtration but that their filters were effectively
removingAs; thesewere all individuals who had filters before partic-
ipating in the project and tested their unfiltered water only during the
AAA project. The confirmation gave them added confidence in their
filtration systems and the companies testing and treating their water.
These are classified as affective or emotional impacts.50

Finally, five interviewees discussed what we classify as the
educational impact of the project on students and the community.
For example, they noted that this project helped educate students
about drinking water quality and generated interest in community-
based research owing to its relevance and real-world implications.
In addition, a few participants mentioned that the project was im-
portant for educating the broader community about As and its
health impacts.

Participants describedmultiple factors that motivated them and
influenced their decision-making when asked to tell their “well
water stories” and their reactions or actions when they learned
about their elevated As levels. Risk, specifically health risk, was a
central theme in the discussion about well water testing and treat-
ment decisions. For three interviewees, the health risks to their
children and family were primary concerns. In fact, one individual
knew about the As problemwhen they bought the house but did not
treat their water; they became concerned with the As levels when
they had a family and finally installed a filtration system. For
others, general concerns about the impacts on their personal health
dominated their discussion of risk. These expressions were often
vague, such as “because arsenic, you know, is not good. . . the con-
cern, it was health concerns.” Others expressed very specific con-
cerns about liver failure, heart disease, and cancer.

Interviews also provided insight into individual decision-
making. Although the factors that influenced decisions varied by
the individual, some of the factors that interviewees identified
included who was drinking the water, how much water was con-
sumed, the frequency of consumption, cost, perceived risks from
As, age, and level of As exceedance. Two examples from inter-
views exemplify the complex decision-making process:

I didn’t know much about the, the point of use systems
and. . . I didn’t use a lot of water, so I didn’t know if at the
time it would be cost beneficial. I wasn’t using that much
bottled water. So, I know environmentally, it wasn’t really
the best idea to use bottled water. But yeah, I just, I decided
to keep using the bottled water or very small amounts of my
well water.
When I found out after this water test that I had high levels
of arsenic in my home groundwater, I immediately told my
wife and stepdaughter to use bottled water until I could get
a filter installed. A couple weeks after the test I installed a
“point of use” reverse osmosis filter (iSpring RO500
model) at the kitchen sink. We now use this faucet to pour
any drinking water for ourselves and our pets . . .A point of
use filter seemed to be the most realistic solution, I installed
this in the kitchen where we drink/cook the most. Whole
house solutions were merely unrealistic, and I looked into
the “assistance programs” however I did not qualify for
any of these income-based options.

Discussion

Lessons fromWell Water Analysis
The AAA program engaged students as citizen scientists in active
learning through the collection of well water samples that were
analyzed for As and other toxic metal contaminants. The program
was relevant to students because a large proportion of the

Table 4. Summary of the surveys mailed, delivered, and returned.

Survey status Maine New Hampshire Both states

Surveys mailed 120 111 231
Surveys undeliverable 24 9 33
Surveys delivered 96 102 198
Surveys returned 31 48 79
Return rate (%) 32 47 40

Note: Data are presented as n unless otherwise noted. The surveys were mailed to
households with ≥5 ppb arsenic in well water from years 1 and 3 of the All About
Arsenic project.

Table 5. Characteristics of pilot survey participants in the All About Arsenic
project, 2018–2022.

Characteristic
n (%) unless

otherwise noted

Age [mean (y)] 51.4
Gender
Female 52 (70.3)
Male 20 (27.0)
No response 2 (2.7)
Residence
Years in home (mean) 13.9
Own home 71 (95.9)
Rent home 2 (2.7)
Other 1 (1.4)
Education
Associate degree or less 13 (17.6)
Bachelor’s degree or more 60 (81.1)
Other 1 (1.3)
Gross household income
<$80,000 12 (16.2)
≥$80,000 40 (54.1)
Prefer not to answer 17 (23.0)
No response 5 (6.7)
Arsenic in drinking water
As concentration in the sample (in ppb) [mean (median)] 27.2 (18.2)
All demographic questions skipped 5 (6.3)

Note: N=79; 5 (6.3%) skipped all of these questions; therefore, percentages are based on
n=74. In addition to the 5 individuals who skipped all demographic questions, an additional
set of individuals selected “prefer not to answer” or skipped one or more demographic ques-
tions. Missing demographic data are represented as “no response” to this question.
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population in their home states relied on private wells, and based
on geology, these wells had a relatively high likelihood of well
contamination with As or other toxic metals.

Student data revealed that there is variation in As levels even
in some homes with active filtration. This is not surprising, given
that we know there is substantial variability in the ability of tab-
letop filters to remove As,39 as well as variability in the capability
of commercially available filtration systems to remove As.51 In
our AAA study, some whole-household filtration systems were
described as sediment filters. Some homeowners may be unaware
that these filters are not designed to remove As. However, we did
not ask homeowners what they thought their filters were designed
to do; therefore, we are unable to discern homeowners’ under-
standing of filter efficacy. Despite this limitation, we do see that
even in the presence of filtration, 13.6% (n=119=875; Table 1)
of filtered water samples exceeded the 10-ppb MCL. Alarmingly,
24.6% (n=16=65; Table 1) of samples filtered with sink-
mounted filters still have drinking water exceeding the 10-ppb
MCL in Maine. Elevated As levels in filtered samples reveal an
exposure risk for people who might assume their filters are reduc-
ing As levels to a safe amount when they are not. This under-
scores the importance of regular water testing and filtration
maintenance, even when mitigation efforts are in place.

Students learned about As’s health effects, developed data
analysis skills, and communicated their findings to their families
and communities. The growing AAA dataset is of interest to state
agencies and holds the potential to impact public health across
both Maine and New Hampshire by broadening the reach of well
water testing across communities, thereby increasing individual
knowledge and strengthening the dataset that informs public
health officials’ education and outreach initiatives. We have dem-
onstrated that the sheer number of samples collected by students
has, for some municipalities, doubled or more than doubled the
amount of publicly available data on As in wells.

Elevated levels of other toxic metal contaminants were found in
drinking water samples, such as U, Mn, and Pb, each of which can

cause various negative health effects. U exposure can cause problems
with bone metabolism and structure,52 kidney function,53–55 and has
been associated with increased risk of leukemia.56 Exposure to Mn
levels in drinking water above the US EPA secondary standard has
been reported as a health concern in formula-fed infants57 and has
been associated with attention deficit hyperactivity disorder in chil-
dren.58 Pb is a well-known neurotoxin associated with reduced IQ
and developmental delays in children.59 For all these reasons, we
plan to expand our focus to include these other metals in our current
NINR SEPA project, given that concerns have risen in some com-
munities in response to student findings. Student-derived drinking
water data may serve to address environmental justice issues in
Maine and New Hampshire. Water treatment options can be expen-
sive; therefore, thosewho experience low incomemay bemore likely
to suffer disproportionately the health effects of exposure to toxic
metals. Toxic Metal-Environmental Justice Indices can be used to
identify areas at risk for health impacts and prioritize resources for
testing and remediation of As and the other metals tested in the AAA
project.60 This approach, coupled with participatory research with
affected communities, has been shown to lead to structural change
outcomes.61

Lessons from Survey and Interview Data
Survey and interview data demonstrated the program has public
health, affective, and educational impacts. Specifically, survey
data revealed that of the 72 respondents who reported taking
action to remediate As, 7 acted for the first time after participat-
ing in the project and 15 others took additional steps to improve
their filtration. For some of those who knew that they had ele-
vated levels of As in their well water, the program confirmed that
As was still an issue and that they needed to continue to monitor
their well water. Educationally, the program sparked conversa-
tion among parents and children about their drinking water and
how it impacts health and increased community-level awareness
about the issue. Finally, the interviews revealed that “action” is

Table 6. Characteristics of interviewees (n=9) and their actions before and after participating in the All About Arsenic (AAA) project.

State Date of sample
As level of
sample (ppb)

Knowledge of As levels
prior to testing

Action before AAA
program

Action after AAA
program Type of impact

New Hampshire February 2021 6.61 No knowledge of As
problem

None None – “As level not
that high”

Educationala

New Hampshire December 2020 9.81 No knowledge of As
problem

None Switched to bringing
water from a fam-
ily member’s
home

Public healthb

Maine February 2021 135.1 Knew when bought the
house

Changed filters on an
existing system

Program was
confirmatory

Affectivec

Maine May 2019 8.22 Knew exceeded state, but
not federal levels

Drank bottled water,
cooked with tap
water

Used ZeroWater filter
pitcher

Public health

Maine December 2020 9.52 Knew before program Began researching
systems

Took no action, but
wants to

Educational

Maine December 2020 24.96 Knew when bought the
house

None Switched to bottled
water and then
installed POU
System

Public health

Maine February 2019 185.11 Knew when replacing
the filter for another
system

Installed POU System Confirmed As levels Affective

Maine December 2020 5.51 Knew when bought the
house

Installed POU System Used ZeroWater filter
pitcher

Educational
public health

Maine December 2020 20.28 Suspected when bought
the house

Drank and cooked with
bottled water

Installed POU
System

Public health

Note: As, arsenic; POU, point-of-use (system); ppb, parts per billion.
aEducational impact means the resident reported having new information.
bPublic health impact means household exposure to As was reduced.
cAffective impact means the resident reported new or renewed confidence in prior actions to reduce exposure.
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multifaceted and often involves a process that begins with research-
ing options, contacting well water treatment professionals, and try-
ing different remediation options. By defining “action” as filtration
or not drinking contaminated water, the pilot study may have
underestimated the program’s impact by not capturing antecedent
behaviors. A follow-up survey should account for a broader set of
actions to assess the program’s impact on individual households.

Interviews also revealed that decision-making is complex and
that public health programs need to recognize that there is a bal-
ance among health risks, costs, and convenience in homeowner
testing and treatment decisions. The survey and interviews oper-
ated successfully as part of the pilot study in that they revealed
issues with survey design and content that need to be addressed
before surveying a broader population of AAA participants with
well water As exceedances. The data entry and survey analysis
processes revealed several areas for survey improvement, includ-
ing wording changes, problems with the underlying meaning of
certain items and constructs, question ordering, and superfluous
and missing questions. One of the important limitations of the
survey and interview results is that the respondents were primar-
ily college-educated homeowners with higher incomes. It is pos-
sible that the findings, such as testing and treatment behaviors
prior to and after participation in the program, may be different
among different populations, particularly those who may not
have the financial means to pay for different mitigation measures,
such as bottled water and treatment systems. Future studies
should explore mechanisms for reaching a more diverse audience
so we can better understand how to positively impact testing and
treatment among all community members.

In addition to the results of the pilot surveys and interviews,
we have anecdotal feedback that parents are taking action after
their child participated in the AAA program. A parent in a town
with a significant As issue and a high rate of well water testing
sent the following email to the teacher involved in the program,
providing additional evidence that, on an individual level, the
AAA project is impacting human health:

My [child] came home and told us that we were at 50 [ppb]
for arsenic after the first test so we put a filter on the drink-
ing water and this 2nd test has us at 0.02. We never would
have known if you hadn’t done this program.

Contributions to Other Research
In 2019, students provided duplicate water samples to a gradu-
ate student at the University of Maine for use in a bioassay to
test the effects of metal mixtures on zebrafish behavior. The
results of the study revealed that exposure to a mixture of met-
als was associated with adverse developmental effects, even
when individual metal levels were low.62 Collaborations with
researchers interested in studying the well water samples are
another way the AAA program contributes to public health
research. Research on the impact of metal exposure on animal
health helps inform what standards might be needed to reduce
health risks in humans.

Policy Impacts
Another essential metric of public health impact is legislative
change. Although advocacy and activism are not the focus of this
paper, the AAA program played an important role in recent legisla-
tion in Maine. A bill that came before Maine’s 130th legislature
was LD 1891, HP 1401, An Act to Continue Supporting Safe
Drinking Water for Maine Families. Using resources provided in a
“Data to Action Toolkit” on our project website,63 students from

two schools prepared and provided testimony for public hearings
in support of this legislation, which was enacted on 3 May 2022.
The legislation enables the Maine State Housing Authority to pro-
vide one-time remediation grants to eligible owners of single-
family homes or landlords with a private well that shows evidence
of contamination. This effort by students and the eventual legisla-
tive outcome demonstrates the capacity of advocacy and activism
in school-based citizen science programs to effect change.

Conclusion
We believe that a school-based approach to well water testing
can “move the needle” to prevent exposure to As and other toxic
metals in vulnerable communities where people are unaware of
their risk or where other efforts to encourage well water testing
have fallen short. Even in communities where there is already
broad public knowledge of the potential for contaminants in
drinking water, well water testing rates remain low, and pro-
grams, such as AAA, can start to effect change. Increasing home-
owner awareness of the health risks of toxic metal exposure and
related solutions through programs that promote education, test-
ing, and mitigation for As and other toxic metals in well water
will remain an important component of the public health strategy
in rural states, such as Maine and New Hampshire, where there
are considerable risks of exposure to these contaminants in pri-
vate drinking water.

Acknowledgments
We acknowledge the following people for their help in this work.

Sam Harris from the New Hampshire Department of Health and
Human Services helped us access state well water datasets for
comparisons with All About Arsenic (AAA) datasets. Bill Zoellick
played a critical role in designing and implementing the survey and
analyzing the results. Steven N. Fiering, Ph.D., provided valuable
support and advice in recruiting faculty in New Hampshire and
garnering financial support from the Dartmouth Cancer Center and
the New Hampshire Institutional Development Award (IDeA)
Network of Biomedical Research Excellence (INBRE) grant.
Defend our Health community organizer, Sergio Cahueque, and
College of the Atlantic student, Isidora Muñoz Segovia, provided
invaluable assistance with creating the Data to Action toolkit and
engaging teachers and students in advocacy work.We appreciate the
contributions of all of the teachers, students, and scientist partners for
their efforts and contributions to the outcomes of the project,
including theAAAdataset.

This work was supported by US Environmental Protection
Agency (EPA) NE-83592001 (J.E.D.), the National Institute of
General Medical Sciences (NIGMS) of the National Institutes of
Health (NIH) with a Science Education Partnership Award
(SEPA) under grants R25GM129796 and 3R25GM129796-02S1
(J.E.D.), the National Institute of Nursing (NINR) of the NIH with a
SEPA under grant 1R25NR021077 (J.E.D.), the New Hampshire
INBRE through an IDeA from the NIGMS of the NIH under
grant P20GM103506, the Maine INBRE and the Center for
Biomedical Research Excellence (COBRE) through an IDeA
from the NIGMS of the NIH under grants P20GM103423 and
P20GM104318, the National Cancer Institute Cancer Center
Support Grant (P30CA023108), a Prouty Pilot Grant from
Friends of the Norris Cotton Cancer Center (now Dartmouth
Cancer Center), a National Institute of Environmental Health
Sciences Award under grant P42ES007373, and US Centers for
Disease Control and Prevention Strengthening Environmental
Health Capacity grant 1 NUE1EH001428-01-00.

The content of this publication is solely the responsibility of
the authors and does not necessarily represent the official views

Environmental Health Perspectives 087006-14 132(8) August 2024



of the federal funding agencies, or other funders or contributors
to the project.

References
1. Baris D,Waddell R, Beane Freeman LE, SchwennM, Colt JS, Ayotte JD, et al. 2016.

Elevated bladder cancer in northern New England: the role of drinking water and
arsenic. J Natl Cancer Inst 108(9):djw099, PMID: 27140955, https://doi.org/10.1093/
jnci/djw099.

2. Robinson GR, Ayotte JD. 2006. The influence of geology and land use on ar-
senic in stream sediments and ground waters in New England, USA. Appl
Geochem 21(9):1482–1497, https://doi.org/10.1016/j.apgeochem.2006.05.004.

3. Ayotte JD, Montgomery DL, Flanagan SM, Robinson KW. 2003. Arsenic in ground-
water in eastern New England: occurrence, controls, and human health implica-
tions. Environ Sci Technol 37(10):2075–2083, PMID: 12785510, https://doi.org/10.1021/
es026211g.

4. Maine Center for Disease Control and Prevention. 2024. Maine Tracking
Network. https://data.mainepublichealth.gov/tracking/home [accessed 17 April
2024].

5. State of New Hampshire. 2023. New Hampshire DHHS Data Portal. https://
wisdom.dhhs.nh.gov/wisdom/dashboard.html?topic=drinking-water&subtopic=
private-well water-quality&indicator=private-well-water-quality [accessed 1
May 2023].

6. Moon K, Guallar E, Navas-Acien A. 2012. Arsenic exposure and cardiovascular
disease: an updated systematic review. Curr Atheroscler Rep 14(6):542–555,
PMID: 22968315, https://doi.org/10.1007/s11883-012-0280-x.

7. Naujokas MF, Anderson B, Ahsan H, Aposhian HV, Graziano JH, Thompson
C, et al. 2013. The broad scope of health effects from chronic arsenic expo-
sure: update on a worldwide public health problem. Environ Health Perspect
121(3):295–302, PMID: 23458756, https://doi.org/10.1289/ehp.1205875.

8. Carlin DJ, Naujokas MF, Bradham KD, Cowden J, Heacock M, Henry HF, et al.
2016. Arsenic and environmental health: state of the science and future
research opportunities. Environ Health Perspect 124(7):890–899, PMID:
26587579, https://doi.org/10.1289/ehp.1510209.

9. Attreed SE, Navas-Acien A, Heaney CD. 2017. Arsenic and immune response
to infection during pregnancy and early life. Curr Environ Health Rep 4(2):229–
243, PMID: 28488132, https://doi.org/10.1007/s40572-017-0141-4.

10. Hasanvand M, Mohammadi R, Khoshnamvand N, Jafari A, Palangi HS,
Mokhayeri Y. 2020. Dose-response meta-analysis of arsenic exposure in drink-
ing water and intelligence quotient. J Environ Health Sci Eng 18(2):1691–1697,
PMID: 33312671, https://doi.org/10.1007/s40201-020-00570-0.

11. Shi X, Ayotte JD, Onda A, Miller S, Rees J, Gilbert-Diamond D, et al. 2015.
Geospatial association between adverse birth outcomes and arsenic in
groundwater in New Hampshire, USA. Environ Geochem Health 37(2):333–351,
PMID: 25326895, https://doi.org/10.1007/s10653-014-9651-2.

12. Wasserman GA, Liu X, Loiacono NJ, Kline J, Factor-Litvak P, van Geen A, et al.
2014. A cross-sectional study of well water arsenic and child IQ in Maine
schoolchildren. Environ Health 13(1):23, PMID: 24684736, https://doi.org/10.
1186/1476-069X-13-23.

13. Chappells H, Campbell N, Drage J, Fernandez CV, Parker L, Dummer TJB. 2015.
Understanding the translation of scientific knowledge about arsenic risk expo-
sure among private well water users in Nova Scotia. Sci Total Environ
505:1259–1273, PMID: 24444512, https://doi.org/10.1016/j.scitotenv.2013.12.108.

14. Flanagan SV, Marvinney RG, Johnston RA, Yang Q, Zheng Y. 2015. Dissemination
of well water arsenic results to homeowners in Central Maine: influences on mit-
igation behavior and continued risks for exposure. Sci Total Environ 505:1282–
1290, PMID: 24726512, https://doi.org/10.1016/j.scitotenv.2014.03.079.

15. Flanagan SV, Marvinney RG, Zheng Y. 2015. Influences on domestic well water
testing behavior in a Central Maine area with frequent groundwater arsenic
occurrence. Sci Total Environ 505:1274–1281, PMID: 24875279, https://doi.org/
10.1016/j.scitotenv.2014.05.017.

16. Flanagan SV, Spayd SE, Procopio NA, Marvinney RG, Smith AE, Chillrud SN, et
al. 2016. Arsenic in private well water part 3 of 3: socioeconomic vulnerability
to exposure in Maine and New Jersey. Sci Total Environ 562:1019–1030, PMID:
27118035, https://doi.org/10.1016/j.scitotenv.2016.03.217.

17. Flanagan SV, Gleason JA, Spayd SE, Procopio NA, Rockafellow-Baldoni M,
Braman S, et al. 2018. Health protective behavior following required arsenic test-
ing under the New Jersey Private Well Testing Act. Int J Hyg Environ Health
221(6):929–940, PMID: 29884571, https://doi.org/10.1016/j.ijheh.2018.05.008.

18. Zheng Y, Ayotte JD. 2015. At the crossroads: hazard assessment and reduction
of health risks from arsenic in private well waters of the northeastern United
States and Atlantic Canada. Sci Total Environ 505:1237–1247, PMID: 25466685,
https://doi.org/10.1016/j.scitotenv.2014.10.089.

19. English PB, Richardson MJ, Garzón-Galvis C. 2018. From crowdsourcing to
extreme citizen science: participatory research for environmental health. Annu

Rev Public Health 39(1):335–350, PMID: 29608871, https://doi.org/10.1146/annurev-
publhealth-040617-013702.

20. Turrini T, Dörler D, Richter A, Heigl F, Bonn A. 2018. The threefold potential of
environmental citizen science - generating knowledge, creating learning
opportunities and enabling civic participation. Biol Conserv 225:176–186,
https://doi.org/10.1016/j.biocon.2018.03.024.

21. Young AM, van Mantgem EF, Garretson A, Noel C, Morelli TL. 2021.
Translational science education through citizen science. Front Environ Sci
9:800433, https://doi.org/10.3389/fenvs.2021.800433.

22. Kempton CE, Weber KS, Johnson SM. 2017. Method to increase undergraduate
laboratory student confidence in performing independent research. J
Microbiol Biol Educ 18(1):18.1.18, PMID: 28912928, https://doi.org/10.1128/jmbe.
v18i1.1230.

23. Khan K, Ahmed E, Factor-Litvak P, Liu X, Siddique AB, Wasserman GA, et al.
2015. Evaluation of an elementary school–based educational intervention for
reducing arsenic exposure in Bangladesh. Environ Health Perspect 123(12):1331–
1336, PMID: 25956010, https://doi.org/10.1289/ehp.1409462.

24. Rockafellow-Baldoni M, Lubenow BL, Procopio NA, Gleason JA, Spayd SE.
2020. School-based private well testing outreach event for arsenic and boron
in New Jersey. J Environ Health 83(2):26–32.

25. Farrell A, Buckman K, Hall SR, Muñoz I, Bieluch K, Zoellick B, et al. 2021.
Adaptations to a secondary school-based citizen science project to engage stu-
dents in monitoring well water for arsenic during the COVID-19 pandemic. J
STEM Outreach 4(2):1–14, PMID: 34532651, https://doi.org/10.15695/jstem/v4i2.05.

26. MDI Biological Laboratory. 2024. All About Arsenic. https://www.anecdata.org/
projects/view/299 [accessed 19 November 2022].

27. Ayotte JD, Medalie L, Qi SL, Backer LC, Nolan BT. 2017. Estimating the high-
arsenic domestic-well population in the conterminous United States. Environ
Sci Technol 51(21):12443–12454, PMID: 29043784, https://doi.org/10.1021/acs.
est.7b02881.

28. Nielsen MG, Lombard PJ, Schalk LF. 2010. Assessment of Arsenic
Concentrations in Domestic Well Water, by Town, in Maine, 2005–09. USGS
Scientific Investigations Report 2010–5199. Reston, VA: USGS. https://doi.org/
10.3133/sir20105199.

29. Bailey C, Farrell A, Purty T, Taylor A, Disney J. 2021. Development of privacy
features on Anecdata.org, a free citizen science platform for collecting data-
sets for climate change and related projects. Front Clim 3:620100, PMID:
34541525, https://doi.org/10.3389/fclim.2021.620100.

30. USGS (US Geological Survey). 2022. Office of Water Quality Branch of Quality
Systems. Standard Reference Sample Project. https://bqs.usgs.gov/srs_study/
reports/round_details.php?fy=2022&season=2 [accessed 19 December 2022].

31. US EPA (US Environmental Protection Agency). 1998. Method 6020A (SW-
846): Inductively Coupled Plasma-Mass Spectrometry, Revision 1. https://
19january2017snapshot.epa.gov/homeland-security-research/epa-method-6020a-
sw-846-inductively-coupled-plasma-mass-spectrometry [accessed 6 April 2024].

32. All About Arsenic. 2024. All About Arsenic. Communicating data. https://www.
allaboutarsenic.org/sepa/ [accessed 1 May 2023].

33. New Hampshire Department of Environmental Services. 2021. More Protective
Arsenic Standard Will Reduce Risk for Many. https://www.des.nh.gov/blog/more-
protective-arsenic-standard-will-reduce-risk-many [accessed 9 December 2023].

34. Disney JE, Taylor A, Bieluch K, Buckman K, Lust H, Bailey C, et al. 2024. Data
from “A Mixed Methods Approach to Understanding the Public Health
Impact of a School-Based Citizen Science Program to Reduce Arsenic in
Private Well Water” ver 2, Environmental Data Initiative. https://doi.org/10.6073/
PASTA/F51D09F89902FF4096B5E5D46E50B886.

35. Maine Maps. 2021. Maine Town and Township Boundary Polygons Dissolved.
Geospatial Data Presentation Form: vector digital data. https://maine.maps.arcgis.
com/sharing/rest/content/items/b0c7b943162f45e48b3a829b7f35709a/info/
metadata/metadata.xml?format=default&output=html [accessed 11 December
2023].

36. Complex Systems Research Center. 1992. New Hampshire Political Boundaries at
1:24,000 Scale. Edition: One Geospatial Data Presentation Form: Map. https://ftp.
granit.unh.edu/d-mrkmz/pb.html [accessed 11 December 2023].

37. Zar JH. 2010. Biostatistical Analysis. Upper Saddle River, NJ: Prentice Hall.
38. Dillman DA, Smyth JD, Christian LM. 2014. Internet, Phone, Mail, and Mixed-

Mode Surveys: the Tailored Design Method. 4th ed. Hoboken, NJ: Wiley.
39. Barnaby R, Liefeld A, Jackson BP, Hampton TH, Stanton BA. 2017. Effectiveness

of table top water pitcher filters to remove arsenic from drinking water. Environ
Res 158:610–615, PMID: 28719869, https://doi.org/10.1016/j.envres.2017.07.018.

40. Flanagan SV, Spayd SE, Procopio NA, Chillrud SN, Braman S, Zheng Y. 2016.
Arsenic in private well water part 1 of 3: impact of the New Jersey Private
Well Testing Act on household testing and mitigation behavior. Sci Total
Environ 562:999–1009, PMID: 27118151, https://doi.org/10.1016/j.scitotenv.2016.
03.196.

41. Flanagan SV, Spayd SE, Procopio NA, Chillrud SN, Ross J, Braman S, et al.
2016. Arsenic in private well water part 2 of 3: who benefits the most from

Environmental Health Perspectives 087006-15 132(8) August 2024

https://www.ncbi.nlm.nih.gov/pubmed/27140955
https://doi.org/10.1093/jnci/djw099
https://doi.org/10.1093/jnci/djw099
https://doi.org/10.1016/j.apgeochem.2006.05.004
https://www.ncbi.nlm.nih.gov/pubmed/12785510
https://doi.org/10.1021/es026211g
https://doi.org/10.1021/es026211g
https://data.mainepublichealth.gov/tracking/home
https://wisdom.dhhs.nh.gov/wisdom/dashboard.html?topic=drinking-water&subtopic=private-well water-quality&indicator=private-well-water-quality
https://wisdom.dhhs.nh.gov/wisdom/dashboard.html?topic=drinking-water&subtopic=private-well water-quality&indicator=private-well-water-quality
https://wisdom.dhhs.nh.gov/wisdom/dashboard.html?topic=drinking-water&subtopic=private-well water-quality&indicator=private-well-water-quality
https://www.ncbi.nlm.nih.gov/pubmed/22968315
https://doi.org/10.1007/s11883-012-0280-x
https://www.ncbi.nlm.nih.gov/pubmed/23458756
https://doi.org/10.1289/ehp.1205875
https://www.ncbi.nlm.nih.gov/pubmed/26587579
https://doi.org/10.1289/ehp.1510209
https://www.ncbi.nlm.nih.gov/pubmed/28488132
https://doi.org/10.1007/s40572-017-0141-4
https://www.ncbi.nlm.nih.gov/pubmed/33312671
https://doi.org/10.1007/s40201-020-00570-0
https://www.ncbi.nlm.nih.gov/pubmed/25326895
https://doi.org/10.1007/s10653-014-9651-2
https://www.ncbi.nlm.nih.gov/pubmed/24684736
https://doi.org/10.1186/1476-069X-13-23
https://doi.org/10.1186/1476-069X-13-23
https://www.ncbi.nlm.nih.gov/pubmed/24444512
https://doi.org/10.1016/j.scitotenv.2013.12.108
https://www.ncbi.nlm.nih.gov/pubmed/24726512
https://doi.org/10.1016/j.scitotenv.2014.03.079
https://www.ncbi.nlm.nih.gov/pubmed/24875279
https://doi.org/10.1016/j.scitotenv.2014.05.017
https://doi.org/10.1016/j.scitotenv.2014.05.017
https://www.ncbi.nlm.nih.gov/pubmed/27118035
https://doi.org/10.1016/j.scitotenv.2016.03.217
https://www.ncbi.nlm.nih.gov/pubmed/29884571
https://doi.org/10.1016/j.ijheh.2018.05.008
https://www.ncbi.nlm.nih.gov/pubmed/25466685
https://doi.org/10.1016/j.scitotenv.2014.10.089
https://www.ncbi.nlm.nih.gov/pubmed/29608871
https://doi.org/10.1146/annurev-publhealth-040617-013702
https://doi.org/10.1146/annurev-publhealth-040617-013702
https://doi.org/10.1016/j.biocon.2018.03.024
https://doi.org/10.3389/fenvs.2021.800433
https://www.ncbi.nlm.nih.gov/pubmed/28912928
https://doi.org/10.1128/jmbe.v18i1.1230
https://doi.org/10.1128/jmbe.v18i1.1230
https://www.ncbi.nlm.nih.gov/pubmed/25956010
https://doi.org/10.1289/ehp.1409462
https://www.ncbi.nlm.nih.gov/pubmed/34532651
https://doi.org/10.15695/jstem/v4i2.05
https://www.anecdata.org/projects/view/299
https://www.anecdata.org/projects/view/299
https://www.ncbi.nlm.nih.gov/pubmed/29043784
https://doi.org/10.1021/acs.est.7b02881
https://doi.org/10.1021/acs.est.7b02881
https://doi.org/10.3133/sir20105199
https://doi.org/10.3133/sir20105199
https://www.ncbi.nlm.nih.gov/pubmed/34541525
https://doi.org/10.3389/fclim.2021.620100
https://bqs.usgs.gov/srs_study/reports/round_details.php?fy=2022&season=2
https://bqs.usgs.gov/srs_study/reports/round_details.php?fy=2022&season=2
https://19january2017snapshot.epa.gov/homeland-security-research/epa-method-6020a-sw-846-inductively-coupled-plasma-mass-spectrometry
https://19january2017snapshot.epa.gov/homeland-security-research/epa-method-6020a-sw-846-inductively-coupled-plasma-mass-spectrometry
https://19january2017snapshot.epa.gov/homeland-security-research/epa-method-6020a-sw-846-inductively-coupled-plasma-mass-spectrometry
https://www.allaboutarsenic.org/sepa/
https://www.allaboutarsenic.org/sepa/
https://www.des.nh.gov/blog/more-protective-arsenic-standard-will-reduce-risk-many
https://www.des.nh.gov/blog/more-protective-arsenic-standard-will-reduce-risk-many
https://doi.org/10.6073/PASTA/F51D09F89902FF4096B5E5D46E50B886
https://doi.org/10.6073/PASTA/F51D09F89902FF4096B5E5D46E50B886
https://maine.maps.arcgis.com/sharing/rest/content/items/b0c7b943162f45e48b3a829b7f35709a/info/metadata/metadata.xml?format=default&output=html
https://maine.maps.arcgis.com/sharing/rest/content/items/b0c7b943162f45e48b3a829b7f35709a/info/metadata/metadata.xml?format=default&output=html
https://maine.maps.arcgis.com/sharing/rest/content/items/b0c7b943162f45e48b3a829b7f35709a/info/metadata/metadata.xml?format=default&output=html
https://ftp.granit.unh.edu/d-mrkmz/pb.html
https://ftp.granit.unh.edu/d-mrkmz/pb.html
https://www.ncbi.nlm.nih.gov/pubmed/28719869
https://doi.org/10.1016/j.envres.2017.07.018
https://www.ncbi.nlm.nih.gov/pubmed/27118151
https://doi.org/10.1016/j.scitotenv.2016.03.196
https://doi.org/10.1016/j.scitotenv.2016.03.196


traditional testing promotion? Sci Total Environ 562:1010–1018, PMID: 27142115,
https://doi.org/10.1016/j.scitotenv.2016.03.199.

42. Flanagan SV, Procopio NA, Spayd SE, Gleason JA, Zheng Y. 2020. Improve pri-
vate well testing outreach efficiency by targeting households based on proxim-
ity to a high arsenic well. Sci Total Environ 738:139689, PMID: 32559486,
https://doi.org/10.1016/j.scitotenv.2020.139689.

43. Seidman I. 2006. Interviewing as Qualitative Research: A Guide for
Researchers in Education and the Social Sciences. 3rd ed. New York, NY:
Teachers College Press.

44. Thomas DR. 2006. A general inductive approach for analyzing qualitative
evaluation data. Am J Eval 27(2):237–246, https://doi.org/10.1177/10982140052
83748.

45. Smith AE, Lincoln RA, Paulu C, Simones TL, Caldwell KL, Jones RL, et al. 2016.
Assessing arsenic exposure in households using bottled water or point-of-use
treatment systems to mitigate well water contamination. Sci Total Environ
544:701–710, PMID: 26674699, https://doi.org/10.1016/j.scitotenv.2015.11.136.

46. Wisconsin Department of Natural Resources. 2017. Arsenic in drinking water:
drinking water wells tested with arsenic levels greater than 10 ppb. PUB-DG-
2017 62AD. https://dnr.wisconsin.gov/sites/default/files/topic/DrinkingWater/
Publications/DG062.pdf [accessed 18 December 2023].

47. New Hampshire Department of Environmental Services. 2021. Environmental
Fact Sheet: Arsenic in New Hampshire Well Water. https://www.des.nh.gov/
sites/g/files/ehbemt341/files/documents/2020-01/dwgb-3-2.pdf [accessed 18
December 2023].

48. Maine Department of Health and Human Services. 2020. Arsenic in Your Well
Water. https://www.maine.gov/dhhs/mecdc/environmental-health/eohp/wells/
documents/arsenicresultstipsheet.pdf [accessed 18 December 2023].

49. Ayotte JD, Nielsen MG, Robinson GR Jr, Moore RB. 1999. Relation of
Arsenic, Iron, and Manganese in Ground Water to Aquifer Type, Bedrock
Lithogeochemistry, and Land Use in the New England Coastal Basins. USGS
Water-Resources Investigations Report 99-4162. Reston, VA: USGS.
https://doi.org/10.3133/wri994162.

50. Bratman GN, Olvera-Alvarez HA, Gross JJ. 2021. The affective benefits of na-
ture exposure. Soc Personal Psychol Compass 15(8):e12630, https://doi.org/10.
1111/spc3.12630.

51. Thomas MA, Ekberg M. 2016. The Effectiveness of Water-Treatment Systems
for Arsenic Used in 11 Homes in Southwestern and Central Ohio, 2013. USGS
Scientific Investigations Report 2015–5156. Reston, VA: USGS. https://doi.org/
10.3133/sir20155156.

52. Kurttio P, Komulainen H, Leino A, Salonen L, Auvinen A, Saha H. 2005. Bone
as a possible target of chemical toxicity of natural uranium in drinking water.

Environ Health Perspect 113(1):68–72, PMID: 15626650, https://doi.org/10.
1289/ehp.7475.

53. Kurttio P, Auvinen A, Salonen L, Saha H, Pekkanen J, Mäkeläinen I, et al. 2002.
Renal effects of uranium in drinking water. Environ Health Perspect 110(4):337–
342, PMID: 11940450, https://doi.org/10.1289/ehp.02110337.

54. Kurttio P, Harmoinen A, Saha H, Salonen L, Karpas Z, Komulainen H, et al.
2006. Kidney toxicity of ingested uranium from drinking water. Am J Kidney Dis
47(6):972–982, PMID: 16731292, https://doi.org/10.1053/j.ajkd.2006.03.002.

55. Zamora ML, Tracy BL, Zielinski JM, Meyerhof DP, Moss MA. 1998. Chronic
ingestion of uranium in drinking water: a study of kidney bioeffects in
humans. Toxicol Sci 43(1):68–77, PMID: 9629621, https://doi.org/10.1006/toxs.
1998.2426.

56. Winde F, Erasmus E, Geipel G. 2017. Uranium contaminated drinking water
linked to leukaemia—revisiting a case study from South Africa taking alterna-
tive exposure pathways into account. Sci Total Environ 574:400–421, PMID:
27639476, https://doi.org/10.1016/j.scitotenv.2016.09.035.

57. Scher DP, Goeden HM, Klos KS. 2021. Potential for manganese-induced neurologic
harm to formula-fed infants: a risk assessment of total oral exposure. Environ
Health Perspect 129(4):047011, PMID: 33848192, https://doi.org/10.1289/EHP7901.

58. Schullehner J, Thygesen M, Kristiansen SM, Hansen B, Pedersen CB,
Dalsgaard S. 2020. Exposure to manganese in drinking water during child-
hood and association with attention-deficit hyperactivity disorder: a nation-
wide cohort study. Environ Health Perspect 128(9):097004, PMID: 32955354,
https://doi.org/10.1289/EHP6391.

59. Searle AK, Baghurst PA, van Hooff M, Sawyer MG, Sim MR, Galletly C, et al.
2014. Tracing the long-term legacy of childhood lead exposure: a review of
three decades of the Port Pirie Cohort study. Neurotoxicology 43:46–56, PMID:
24785378, https://doi.org/10.1016/j.neuro.2014.04.004.

60. Gavino-Lopez N, Eaves LA, Enggasser AE, Fry RC. 2022. Developing Toxic Metal
Environmental Justice Indices (TM-EJIs) for arsenic, cadmium, lead, and manga-
nese contamination in private drinking wells in North Carolina. Water (Basel)
14(13):2088, PMID: 36452066, https://doi.org/10.3390/w14132088.

61. Davis LF, Ramírez-Andreotta MD. 2021. Participatory research for environmental
justice: a critical interpretive synthesis. Environ Health Perspect 129(2):026001,
PMID: 33591210, https://doi.org/10.1289/EHP6274.

62. Babich R, Craig E, Muscat A, Disney J, Farrell A, Silka L, et al. 2021. Defining
drinking water metal contaminant mixture risk by coupling zebrafish behav-
ioral analysis with citizen science. Sci Rep 11(1):17303, PMID: 34453073,
https://doi.org/10.1038/s41598-021-96244-4.

63. All About Arsenic. n.d. Data to Action Toolkit. https://www.allaboutarsenic.org/
home/action-2/data-to-action-toolkit/ [accessed 7 December 2022].

Environmental Health Perspectives 087006-16 132(8) August 2024

https://www.ncbi.nlm.nih.gov/pubmed/27142115
https://doi.org/10.1016/j.scitotenv.2016.03.199
https://www.ncbi.nlm.nih.gov/pubmed/32559486
https://doi.org/10.1016/j.scitotenv.2020.139689
https://doi.org/10.1177/10982140052%3C?A3B2 re3,j?%3E83748
https://doi.org/10.1177/10982140052%3C?A3B2 re3,j?%3E83748
https://www.ncbi.nlm.nih.gov/pubmed/26674699
https://doi.org/10.1016/j.scitotenv.2015.11.136
https://dnr.wisconsin.gov/sites/default/files/topic/DrinkingWater/Publications/DG062.pdf
https://dnr.wisconsin.gov/sites/default/files/topic/DrinkingWater/Publications/DG062.pdf
https://www.des.nh.gov/sites/g/files/ehbemt341/files/documents/2020-01/dwgb-3-2.pdf
https://www.des.nh.gov/sites/g/files/ehbemt341/files/documents/2020-01/dwgb-3-2.pdf
https://www.maine.gov/dhhs/mecdc/environmental-health/eohp/wells/documents/arsenicresultstipsheet.pdf
https://www.maine.gov/dhhs/mecdc/environmental-health/eohp/wells/documents/arsenicresultstipsheet.pdf
https://doi.org/10.3133/wri994162
https://doi.org/10.1111/spc3.12630
https://doi.org/10.1111/spc3.12630
https://doi.org/10.3133/sir20155156
https://doi.org/10.3133/sir20155156
https://www.ncbi.nlm.nih.gov/pubmed/15626650
https://doi.org/10.1289/ehp.7475
https://doi.org/10.1289/ehp.7475
https://www.ncbi.nlm.nih.gov/pubmed/11940450
https://doi.org/10.1289/ehp.02110337
https://www.ncbi.nlm.nih.gov/pubmed/16731292
https://doi.org/10.1053/j.ajkd.2006.03.002
https://www.ncbi.nlm.nih.gov/pubmed/9629621
https://doi.org/10.1006/toxs.1998.2426
https://doi.org/10.1006/toxs.1998.2426
https://www.ncbi.nlm.nih.gov/pubmed/27639476
https://doi.org/10.1016/j.scitotenv.2016.09.035
https://www.ncbi.nlm.nih.gov/pubmed/33848192
https://doi.org/10.1289/EHP7901
https://www.ncbi.nlm.nih.gov/pubmed/32955354
https://doi.org/10.1289/EHP6391
https://www.ncbi.nlm.nih.gov/pubmed/24785378
https://doi.org/10.1016/j.neuro.2014.04.004
https://www.ncbi.nlm.nih.gov/pubmed/36452066
https://doi.org/10.3390/w14132088
https://www.ncbi.nlm.nih.gov/pubmed/33591210
https://doi.org/10.1289/EHP6274
https://www.ncbi.nlm.nih.gov/pubmed/34453073
https://doi.org/10.1038/s41598-021-96244-4
https://www.allaboutarsenic.org/home/action-2/data-to-action-toolkit/
https://www.allaboutarsenic.org/home/action-2/data-to-action-toolkit/

	A Mixed Methods Approach to Understanding the Public Health Impact of a School-Based Citizen Science Program to Reduce Arsenic in Private Well Water
	Introduction
	Methods
	Teacher and Scientist Partner Recruitment
	Well Water Sample and Data Collection
	Well Water Analysis for Trace Metals
	Notification of Results
	Dissemination of Results to Communities by Schools
	Well Water Data Preparation
	Well Water Data Analysis
	Well Owner Pilot Surveys and Interviews
	Well Owner Pilot Survey Design
	Survey Descriptive Analysis
	Interview and Survey Text Analysis

	Results
	Analysis of Student Well Water Data
	Results of Teacher Recruitment, Sample Collection, and Outreach by Schools
	Results of the Pilot Survey: Participants’ Remediation Behaviors
	Interview Analysis Results

	Discussion
	Lessons from Well Water Analysis
	Lessons from Survey and Interview Data
	Contributions to Other Research
	Policy Impacts

	Conclusion
	Acknowledgments
	References


