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Abstract: About 2.5 billion people rely on groundwater as their main drinking water source, and
arsenic pollution within the groundwater system can cause serious short- and long-term health issues.
Within the natural environment, arsenic generally exists as oxyanions which have two oxidation
states, As(III) and As(V). Under ambient pH conditions, As(V) is primarily present as an anion (i.e.,
H2AsO4

−) while As(III) tends to be uncharged (i.e., H3AsO3), making it much more difficult to
remove As(III) through existing treatment techniques such as adsorption and reverse osmosis (RO).
In Eastern Wisconsin, the dolomite and dolomite/sandstone aquifers represent a major drinking
water source and high arsenic concentrations have been observed. Previous studies showed that
arsenic can be released into private drinking water wells due to the oxidation of sulfide-bearing
minerals with arsenic impurities that are usually dispersed within the dolomite and sandstone
bedrock. However, there is a lack of information on the concentrations of each arsenic species as
well as arsenic dynamics during water pumping/usage. The primary goals of this research were
(1) to quantify the baseline concentrations of each arsenic species within selected Eastern Wisconsin
private drinking water wells, and (2) to determine how the arsenic concentrations and species could
be affected by continuous water usage. Our results showed that As(III) was the dominant species of
arsenic, and during continuous water usage, there could be an upward trend in arsenic concentration
(there was minimal change in arsenic speciation). Upon the completion of water pumping, arsenic
concentrations decreased over time and returned to pre-pumping levels. Our findings highlighted the
importance of quantifying the speciation and dynamics of arsenic during water use to the assessment
of public health risks and the design of appropriate water treatment techniques.

Keywords: arsenic; groundwater; private drinking water

1. Introduction

About 2.5 billion people rely on groundwater as the main drinking water source [1]
and there are growing concerns about the public health risks associated with groundwa-
ter contamination [2]. Arsenic is a common constituent in many groundwater systems
throughout the world and when used as a drinking water source, arsenic contamination
in groundwater can cause various short- and long-term health effects in humans such as
cardiovascular disease, blood disorders, gastrointestinal complications, neurologic disor-
ders, pulmonary disease, renal failure, skin lesions, and cancer [3,4]. Within the natural
environment, arsenic generally exists as oxyanions which have two oxidation states, As(III)
(arsenite) and As(V) (arsenate) [2]. Under circumneutral groundwater conditions (e.g.,
pH~7), As(V) is primarily present as an anion (i.e., H2AsO4

−) while more than 99% of
As(III) will be uncharged (i.e., H3AsO3 or As(OH)3), making it much more difficult for
As(III) to be removed from water [5]. Walker et al. [6] demonstrated that while >95% of
As(V) could be removed through reverse osmosis (RO), the removal efficiency was generally
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<45% when more than 50% of the arsenic exists as As(III). Additionally, As(III) is considered
to be more toxic than As(V) [7–11]. Many factors can contribute to the higher toxicity of
As(III). Generally, the ingested arsenic will be taken up in the intestine and transported
to the liver, where arsenic can be transformed through different metabolic pathways [12].
It was reported that As(V) needs to be reduced to As(III) to be taken up by the cells [8].
As(III) also exhibited higher affinity to sulfhydryl groups, making it more reactive with
human tissues [13]. Additionally, it was observed that As(III) could be methylated into
monomethylarsonous acid (MMAIII), which was highly toxic to human hepatocytes, and
the order of toxicity was MMAIII > As(III) > As(V) [14].

In the United States, the current maximum contaminant limit (MCL) for arsenic in
public drinking water is 10 µg/L. Households that rely on private domestic wells, however,
are responsible for testing their own drinking water and are often unaware of the associated
health risks. A study by the United States Geological Survey (USGS) estimated that
44 million people in the United States use private domestic wells for their drinking water
and 2.1 million of those people are affected by arsenic concentrations above the MCL [15].
Surveys on private well arsenic concentrations within the state of Wisconsin revealed
that arsenic concentrations in many private wells were above 10 µg/L, and several wells
exhibited concentrations exceeding 1000 µg/L [16–19].

In Eastern Wisconsin, there are four major aquifer systems (from top to bottom): the
surface sand and gravel aquifer, the dolomite aquifer, the dolomite and sandstone aquifer,
and the crystalline bedrock aquifer [20]. Both the dolomite aquifer and the underlying
dolomite and sandstone aquifer contain sulfide-bearing minerals such as pyrite and mar-
casite, which in turn can contain up to 1% (weight) of arsenic impurities [16,21–24]. The
introduction of oxygen into the borehole could lead to the oxidative dissolution of the
sulfide-bearing minerals, which subsequently could result in high arsenic concentration
in the well water [21,25,26]. Additionally, Fe(II) released during the dissolution of sulfide
minerals could be slowly oxidized into iron (oxy)hydroxide, which can serve as adsorbents
for arsenic. The oxidation of As(III) to As(V), however, was slow as compared to the
oxidative dissolution of the sulfide-containing minerals, and As(III) was the dominant form
of arsenic [16]. In this case, the reduction of iron (oxy)hydroxide under reducing condi-
tions was reported to release arsenic within the groundwater system [16,21,25,26]. Within
this region, there were also substantial variations in the distribution of arsenic within the
aquifer materials. As a result, it was reported that under non-pumping conditions, there
were marked variations in aqueous arsenic concentrations, which were found to be closely
related to arsenic concentrations in the aquifer materials [25].

Although several previous studies have quantified arsenic concentrations within the
dolomite aquifer in Eastern Wisconsin, there is a lack of investigations into arsenic speci-
ation (e.g., As(III) or As(V)) as well as the temporal dynamics of arsenic concentrations
within private drinking water wells, particularly during continuous water usage, which is
essential to the assessment of public health risks and the design and implementation of
appropriate arsenic removal techniques. To fill this knowledge gap, we selected eleven
private drinking water wells in Eastern Wisconsin and determined the concentrations of
arsenic, As(III) and As(V). Additionally, we investigated the dynamics of arsenic concen-
trations and speciation in six of the eleven private drinking water wells when there was
continuous water usage.

2. Study Area and Method
2.1. Study Area

This study was initiated by carefully examining the local geology and identifying
areas where (1) there was a lack of information on arsenic in groundwater and private
drinking water wells, and (2) arsenic concentrations could be potentially high. From the
selected areas (Figure S1 in Supplementary Materials), we contacted ~40 randomly selected
property owners to seek their permission for well access and water sampling. Based on the
responses that we received from the property owners, eleven private drinking water wells
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were selected for this research, and water samples were collected to quantify total arsenic
concentrations, as well as concentrations of As(III) and As(V), respectively (Table 1 and
Figure S1). Due to changes in the permission that we received from the property owners
of the eleven private drinking water wells, the dynamics of arsenic concentrations and
speciation during continuous water usage were investigated for six (W1 to W6) of the
eleven private drinking water wells.

Table 1. List of private drinking wells that were selected for this research. The county map can be
found in Figure S1.

Well ID County Aquifer Well Screen Depth (m)

W1 Ozaukee Dolomite 14.4–36

W2 Washington Dolomite 70.2–75.9

W3 Dodge Dolomite + Sandstone 18.6–38.7

W4 Jefferson Dolomite 83.7–96.6

W5 Outagamie Dolomite 19.5–30

W6 Winnebago Dolomite + Sandstone 16.5–31.2

W7 Waukesha Dolomite 35.1–79.5

W8 Waukesha Dolomite 21.6–43.5

W9 Waukesha Dolomite 23.1–55.5

W10 Winnebago Dolomite + Sandstone 12.6–42.6

W11 Winnebago Dolomite + Sandstone 12.9–24

The well-boring log reports are included in Figure 1 (W1–W6) and Figure S2 (W7–W11).
As can be seen from the well boring logs, the depth of the wells ranged from 30 m to 96.6 m
beneath the ground surface (bgs), and the static water level varied between 7.5 m and
31.5 m bgs. All wells were screened within the dolomite and sandstone aquifer.
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Previous studies on the distribution and behavior of arsenic within the dolomite
and sandstone showed that there was a minimal amount of arsenic within the quartz
(of the sandstone) and dolomite fractions [16]. However, experimental results of acid
digestion, X-ray analysis, Raman spectroscopy, and electron probe micro analysis (EPMA)
clearly indicated the presence of arsenic in sulfide minerals such as pyrite and marcasite
which could occur as dispersed grains, veins, and nodules within both the dolomite and
sandstone [16]. Additionally, the sulfide-bearing minerals could occur as a discrete horizon
which is often known as the sulfide cement horizon (SCH) [16,25]. Geographically, SCH
could be found across Eastern Wisconsin from the Illinois border in the south to the
Michigan border in the north [22]. Stratigraphically, SCH could exist as a thin and distinct
layer between the dolomite and sandstone [25]. As a result, high arsenic concentrations in
private well water were often found in regions where SCH and water table intersect [27].
A few studies showed that exposure of the sulfide-bearing, arsenic-enriched minerals
to an oxygenated environment could lead to the rapid release of arsenic into aqueous
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phase [26,27]. Among the 11 private wells selected for this study, four wells (W3, W6, W10,
and W11) are cased across the dolomite and sandstone aquifers, which potentially could
include the SCH.

2.2. Well Water Sampling

The private wells were first sampled in March 2019 to test for background arsenic
concentrations and speciation following protocols that were established by the Wisconsin
Department of Natural Resources (WDNR) [28,29]. Similar sampling procedures have also
been used for arsenic investigations in other parts of the United States [30]. Briefly, water
samples were collected early in the morning prior to any substantial water use within the
household. During the sampling event, water was extracted from a spigot before the inlet
to the water storage tank, usually located in the property’s basement, directly linked to the
well to ensure that the water sample was unaltered by any household filtration systems
(Figure S3) [30]. Before the sample was collected, the water from the holding tank was
drained, and water samples were collected using 250 mL polyethylene (PE) bottles from
the spigots (located before the storage tank) once the pump began to run [28,29]. Water
quality parameters, including pH, temperature, and specific conductivity, were determined
during this event using a calibrated YSI Professional Plus multiparameter probe. The
alkalinity of one water sample at each site was immediately quantified through acid titration
using a Hach digital titrator test kit following Hach method 8203. The concentrations
of major cations (Ca2+, Mg2+, K+, and Na+) in the well water were determined using
inductively coupled plasma mass spectrometry (ICP-MS) (Thermo Scientific Element 2/XR,
Waltham, MA, USA). The concentrations of major anions (Cl−, NO3

−, PO4
3−, and SO4

2−)
were measured using high performance liquid chromatography (HPLC) equipped with
a conductivity detector (Dionex ICS-1000, Sunnyvale, CA, USA). The collected water
samples were immediately returned to the laboratory for the analysis of total arsenic,
As(III) and As(V).

To investigate the potential fluctuations in arsenic concentrations and speciation
during typical water pumping/usage, a second round of well water sampling was carried
out around June 2019. As previously explained, only 6 wells (W1–W6) were sampled in
this round. The time zero water samples were collected using 250 mL PE bottles in a similar
fashion as round 1. Water samples were then collected every 20 min for a total of 1 h during
continuous pumping. It was observed that the pumping rate for each well was pre-set by
the maintenance contractor and varied slightly from one well to another usually based
on building footage and the size of water storage tanks. The actual flow rates were thus
determined by timing how long it took to fill up a 20 L bucket. The measured flow rates
varied between 16 and 20 L per minute.

A third round of sampling was conducted in August 2019 at two locations (i.e., wells
W5 and W6) based on the analysis of arsenic concentration/speciation dynamics. In
addition to water sample collection during water pumping, water samples were also
collected after pumping had ceased to examine the evolution of arsenic concentrations and
speciation following water pumping. The final round of water sampling also involved
locations W5 and W6. They were re-sampled in October 2019 to check whether the results
obtained during the third round of sampling were reproducible.

2.3. The Determination of Total Arsenic Concentrations and Arsenic Speciation

The water samples were placed in a cooler with ice and upon return to the laboratory,
arsenic concentrations were determined using inductively coupled plasma mass spectrom-
etry (ICP-MS) following the EPA standard method 200.8 [31]. The limit of detection (LOD)
for arsenic concentrations was determined to be 0.1 µg/L. The quality assurance/quality
control (QA/QC) procedures included periodic analysis of laboratory reagent blanks, stan-
dard arsenic solutions, and calibration solutions [31,32]. For the determination of As(V)
and As(III) concentrations, an anion-exchange method modified from previous studies
was used [32,33]. Briefly, anion-exchange resin (100–200 mesh, AG 1-X8 from Bio-Rad,
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Hercules, CA, USA) was first treated with 1 M of NaOH and 1 M of acetic acid, respectively.
One gram of treated resin was then wet-packed in chromatography columns (Bio-Rad,
Hercules, CA, USA). An aliquot of a groundwater sample was adjusted to a pH of 6 and
passed through the anion-exchange resin columns. At pH 6, As(V) is primarily present
as an anion (i.e., H2AsO4

−), while As(III) is not charged (i.e., H3AsO3). As a result, the
neutral As(III) species could pass through the column while the anionic As(V) species
would be retained within the resin column. Samples before (influent) and after (effluent)
column separation were acidified to 1–2% HNO3 for determination of total arsenic and
As(III) concentrations, respectively. As(V) concentrations were determined as the differ-
ence between total arsenic and As(III) concentrations. This method was validated using a
standard addition test of As(III), As(V), and mixtures of As(III) and As(V) samples with
predetermined concentrations [32,33].

3. Results and Discussion
3.1. Water Chemistry and Arsenic Concentrations and Speciation

The pH of the well water was generally near or above 7.0 but below 8.0 (Table S1). The
water temperature varied between 10.85 and 13.40 ◦C, which is consistent with groundwater
aquifers in the state of Wisconsin [34]. Because the wells were all screened within the
dolomite/sandstone formation, the cations in the well water were dominated by Ca2+

and Mg2+ presumably originating from the dissolution of carbonate minerals such as
dolomite, while the concentrations of K+ and Na+ were one order of magnitude lower
(Table S1). For the major anions, the concentrations of bicarbonate ranged from 206 to
651 mg/L, while the concentrations of nitrate and phosphate were generally below the
detection limit. The concentrations of chloride and sulfate were generally 1–2 orders of
magnitude lower than that of bicarbonate and exhibited significant variations. For instance,
the sulfate concentration in well W5 was 2.16 mg/L, while its concentration in W7 was
117.72 mg/L. Overall, the measured well water chemistry was within the range that was
typically observed in Wisconsin [34].

The specific conductivity of the groundwater samples ranged from ~333 µS/cm to
~1415 µS/cm (Table S1). The specific conductivity of a water sample reflects its ability
to conduct an electric current, and because the concentrations of charged ionic species in
the water make it more conductive, specific conductivity can provide a semi-quantitative
measure of ion concentration in the water [35]. An empirical coefficient, K, can be used to
estimate total ion concentrations from measured specific conductivity values and the value
of K mostly ranges between 0.55 and 0.75 [35]. In this research, when the concentrations of
major ions were combined, it was found that the average ratio between the total measure
ion concentrations (mg/L) and specific conductivity (µS/cm) was 0.59, well within the
empirical range of K values, suggesting that there was good consistency between the
measured major ion concentrations and the spcific conductivity values.

Because the arsenic-containing sulfide minerals represent major sources of arsenic in
the private wells, the measured Eh values of the well water were generally negative, sug-
gesting reducing redox conditions (Table S1). The range of the Eh values was −223.80 mV
(well W3) to −303.15 mV (well W5). The observed Eh values were consistent with measure-
ments obtained from research wells located in Northeastern Wisconsin [25].

The concentrations and speciation of arsenic are presented in Table 2. For most of the
selected wells, the total arsenic concentrations exceeded the MCL, and the highest observed
arsenic concentration was 764.83 µg/L (well W10). The property owner of this private well
quickly switched to alternative water sources after learning that the arsenic concentration in
the well water was >76 times higher than the MCL. The quantification of arsenic speciation
indicated that, except for well W9, the reduced form of arsenic, As(III), accounted for more
than 50% of total arsenic. In a previous study, Sorg et al. examined the spatial variations
in arsenic concentration and speciation across the United States and reported that As(III)
was the primary form of arsenic in 28 out of 65 wells. Particularly, As(III) was the primary
species in the Upper Midwest region (including 1 sample collected in Wisconsin). It was
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also reported that As(III) accounted for >87.5% of total arsenic in a research well drilled
in Northeastern Wisconsin [25]. For wells W1 to W6, we performed two rounds of water
sampling, and consistent results were observed in terms of both arsenic concentration and
speciation (Table 2).

Table 2. Total arsenic concentrations and fractions of As(III) and As(V) for the eleven private wells
(n = 3).

Well
Number

Arsenic Results from First
Sampling Event

Arsenic Results from Second
Sampling Event

Total Arsenic
(µg/L)

As(III)
(%)

As(V)
(%)

Total Arsenic
(µg/L)

As(III)
(%)

As(V)
(%)

W1 9.00 ± 0.23 76.2 23.8 11.29 ± 0.11 84.4 15.6

W2 6.80 ± 0.29 76.9 23.1 7.66 ± 0.00 83.8 16.2

W3 14.25 ± 0.51 73.5 26.5 12.84 ± 0.63 82.5 17.5

W4 21.13 ± 0.47 88.8 11.2 19.01 ± 0.07 90.8 9.2

W5 39.77 ± 1.64 82.4 17.6 39.46 ± 1.39 81.9 18.1

W6 17.80 ± 0.64 81.9 18.1 17.84 ± 0.10 91.4 8.6

W7 9.85 ± 1.01 71.1 28.9 NA NA NA

W8 8.05 ± 0.14 79.0 21.1 NA NA NA

W9 12.74 ± 0.24 45.6 54.4 NA NA NA

W10 764.83 ± 15.88 85.7 14.3 NA NA NA

W11 51.17 ± 1.46 80.3 19.7 NA NA NA
NA—not applicable.

Four out of eleven wells (i.e., wells W3, W6, W10, and W11) are cased across the
dolomite and sandstone aquifers which could include the SCH (Figures 1 and S2). Our
observations showed that wells W10 and W11 contained the highest levels of arsenic (i.e.,
764.83 and 51.17 µg/L, respectively), which confirmed that SCH could lead to high arsenic
concentrations in private well water [27].

Shafer et al. performed a meta-analysis of groundwater geochemical data and tested
their association with both total arsenic concentrations and the fractions of As(III) using
multivariate statistical methods, and the findings indicated that most geochemical factors
(e.g., pH, Ca2+, or SO4

2− concentrations) were not strongly correlated with total arsenic
concentrations or As(III) fractions, except for redox conditions, which could explain a
large fraction of the variance in the measured fractions of As(III) [36]. In this research,
our results also showed insignificant correlations between water chemistry parameters
such as pH or sulfate concentrations with total arsenic concentrations or arsenic fraction
values. Linear regression analyses between pH and sulfate concentrations with total arsenic
concentrations showed that the R2 values were 0.06 and 0.03, respectively. Additionally,
no strong correlation was observed between the measured As(III) fractions and Eh values
(R2 = 0.001). The lack of correlations between groundwater geochemical factors and arsenic
concentrations and speciation reflected the strong spatial variations in arsenic distribution
and behavior within Eastern Wisconsin and could pose challenges in attempts to model
and predict arsenic contamination in private wells.

3.2. Dynamics of Arsenic Concentrations and Speciation during Well Pumping

To examine the potential temporal dynamics of arsenic concentrations and speciation
during well pumping and water usage, water samples were collected from wells W1 to W6
when the wells were continuously pumped. The results are shown in Figure 2.
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continuous well pumping.

For wells W1 and W6, the total arsenic concentrations remained largely unchanged
during the 1 h of pumping (~240–300 gallons of water pumping), and there were no signifi-
cant variations in arsenic speciation. For instance, for well W6, the arsenic concentration
before the initiation of pumping was 17.84 ± 0.10 µg/L. Following 20 min of pumping,
the arsenic concentration increased slightly to 19.68 ± 0.48 µg/L and then dropped to
18.10 ± 0.33 µg/L toward the completion of the pumping test.

For wells W2, W4, and W5, there were clear increases in arsenic concentrations during
pumping (Figure 2). Particularly, although the initial arsenic concentrations in well W2 was
7.66 ± 0.00 (µg/L) before water pumping, it approached ~10 µg/L (i.e., the MCL) following
40 min of pumping. It seems that the increase in total arsenic concentrations was primarily
caused by the increase in As(III) concentrations. Accordingly, the fraction of As(III) to total
arsenic also increased over time. For instance, the fraction of As(III) increased from 81.85%
to 86.75%.
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For well W3, within 20 min of water use, the total arsenic concentration rose from
12.84 ± 0.63 µg/L to 31.05 ± 0.42 µg/L, which further increased to 37.04 ± 0.49 µg/L.
There was also a close match between total arsenic and As(III) concentrations, suggesting
that the increase in total arsenic concentration was also primarily caused by a rise in
As(III) concentration.

In the state of Wisconsin, private well owners can voluntarily test their well water for
arsenic concentrations and the contractors would generally flush the well for a few minutes
before collecting the water samples which would be analyzed at certified laboratories.
Moreover, the speciation of arsenic in the well water was generally not tested. Due to the
relatively higher toxicity of As(III) than As(V), and the particular challenges in the removal
of As(III) using common water treatment techniques, our results showed that such practices
can potentially underestimate the concentrations of total arsenic and particularly As(III)
that the homeowners may be exposed to during continuous water usage.

3.3. Dynamics of Arsenic Concentrations and Speciation following Intensive Well Pumping

Since wells W3 and W4 exhibited the most significant increase in arsenic concentrations
during well pumping, two extra rounds of water sampling were performed to further
examine the dynamics of arsenic concentrations and speciation during and following the
continuous water pumping. The results are shown in Figure 3. For the two rounds of water
sampling, the two wells were firstly pumped continuously for 60 min and water samples
were collected at 30 min and 60 min, respectively. The pump was then turned off, and the
wells were allowed to recover. At preselected time intervals, the pumps were briefly turned
back on to collect well water samples for arsenic quantification.
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Consistent with results obtained during the second round of well sampling, arsenic
concentrations in wells W3 and W4 rose rapidly during water pumping, and As(III) was
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the dominant form of arsenic (Figure 3). Upon the completion of water pumping, arsenic
concentrations in well W3 slowly dropped over time, and after ~3 h, the arsenic concentra-
tions returned to pre-pumping levels. It also appeared that total arsenic, As(III), and As(V)
concentrations all followed the same rise-drop patterns over time. For well W4, water
pumping also led to increases in total As(III) and As(V) concentrations (Figure 3). Following
the water pumping phase, however, the arsenic concentrations remained elevated for at
least 3 h.

3.4. Mechanisms Underlying the Arsenic Dynamics during and following Water Pumping

Sulfide-containing minerals such as pyrite and marcasite, which exist as dispersed
grains, veins, and nodules within the dolomite and sandstone or as discrete cemented
horizons represent the major sources of arsenic within the private wells in Eastern Wiscon-
sin [16]. It was previously shown that the introduction of oxidants such as chlorine (for
disinfection purposes) or oxygen could mobilize arsenic from these minerals on the time
scales of minutes to hours [16,25,37]. For instance, when SCH samples, which contained 22
to 674 mg/kg of arsenic, were oxidized by oxygen (~8 mg/L) through batch experiments,
the total arsenic concentrations increased from 0 to ~15 µg/L [37]. The release of arsenic
was also observed when pyrite nodules separated from sandstone samples were kept in
aqueous solutions exposed to the air [16]. It is worth noting that because the oxidation of
As(III) to As(V) was slow as compared to the oxidative dissolution rate of sulfide-containing
minerals, As(III) tends to be the dominant form of arsenic [16].

The oxidation of sulfide-containing minerals such as pyrite can be described by the
following reaction [36]:

2FeS2 + 7O2 +2H2O → 2Fe2+ + 4H+ + 4SO4
2− (1)

As such, the Fe(II) could be oxidized to Fe(III), which would form precipitates such
as iron (oxy)hydroxides (Equation (2)), and the iron (oxy)hydroxides could subsequently
sequester the mobilized arsenic through adsorption [16,37]. Reaction (1) could also produce
H+. However, field observations did not indicate any substantial changes in water pH
during the water pumping experiments. For instance, for well W3, water pH remained
constant at 7.23 during the pumping event of June 2019. The stable pH values observed
were caused by the buffering capacity of bicarbonate (578 mg/L), which originated from
the dissolution of dolomite.

4Fe2+ + O2 +6H2O → 4FeOOH + 8H+ (2)

The net effects of the two competing processes (arsenic release and then adsorption)
depend on the kinetics of Fe(II) oxidation, Fe(III) precipitation, and the adsorption of
arsenic by the iron (oxy)hydroxide, which could vary based on the speciation of arsenic and
water chemistry conditions [9,34,35]. For instance, it was reported that when the sulfide
minerals were oxidized by oxygen (from the air) or strong oxidants (Cl2) through batch
experiments, the release of sulfate (which reflected the oxidation of sulfide minerals) was
comparable, but the concentrations of total arsenic was significantly lower in the case of
Cl2, suggesting adsorptive removal of arsenic from the aqueous phase, presumably by
the iron (oxy)hydroxides which could be produced at a faster rate under the presence of
Cl2 [21,23,36]. In contrast, Thornburg and Sahai observed that when SCH samples were
oxidized by oxygen in a series of batch experiments, arsenic concentrations peaked at ~1 h
following oxygen exposure, and then decreased with time, indicating that the released
arsenic from the oxidation of sulfide minerals could be partly removed from the aqueous
phase through adsorption by the ferric (oxy)hydroxide [16].

Based on findings from previous studies, the main source of arsenic found in the
private wells (Table 1) should be sulfide minerals such as pyrite and marcasite that are
dispersed within the dolomite and sandstone. When oxygen was introduced into the well
either from the air or by aquifer de-watering during significant water pumping, arsenic
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could be released into the well water rapidly (on the time scale of minutes) when the sulfide
minerals were oxidized [21,25,26,37], leading to the increasing arsenic concentrations
(Figure 2). The rate at which arsenic would be introduced to the well water would depend
on hydrogeological and geochemical conditions such as local porosity, permeability, flow
velocity, as well as the quantity and distribution of the arsenic-containing nodules, which
can vary significantly at local scales and are hard to predict [22]. For instance, if the porosity
and permeability were high, the area of the local cone of depression might be very small and
the arsenic-containing nodules might not be exposed to oxygen, and there would be a lower
rate of arsenic release into the well water. The observed variations in the patterns of arsenic
concentration dynamics could be reflecting the combination of the related factors [24].
Because the redox conditions were generally reducing (Table S1) and the oxidation of As(III)
in the presence of air or pure oxygen was generally slow [38], the dominant form of arsenic
was As(III).

Once the continuous pumping from well W3 was completed, several factors could
have contributed to the dropping trend in arsenic concentrations. As previously mentioned,
water from the surrounding areas would follow the gradient of the hydraulic head and flow
toward the well. For well W3, it was likely that the water returning to the well contained
lower concentrations of arsenic (and As(III) and As(V)), and this would dilute the well
water and subsequently lead to lower arsenic concentrations. Moreover, the adsorption of
arsenic by the ferric (oxy)hydroxide, which could form slowly when oxygen was introduced
into the borehole, could also lower aqueous arsenic concentrations [25,26]. It was likely
that for well W4, the returning flow was slow due to factors such as low permeability or
hydraulic head gradient, and/or the returning flow also contained a significant amount of
arsenic, and as a result, the arsenic levels in the well water did not change rapidly over time.

Reaction (1) would suggest that along with the oxidation of arsenic-containing miner-
als such as pyrite, sulfate could also be introduced into the well water. The synchronizing
patterns in arsenic and sulfate concentrations were reported in laboratory batch experi-
ments, where sulfate concentrations were ~0 upon initial exposure to oxidants such as
oxygen [37]. Data obtained from the field, however, indicated that there were generally
insignificant correlations between well arsenic (total arsenic or As(III)) and sulfate concen-
trations [25,36]. In this research, the relationship between arsenic and sulfate concentrations
during well pumping is shown in Figure 4. Consistent with previous field studies [36], a
clear trend between the two concentrations was not observed. In the private drinking water
wells selected for this research, the sulfate concentrations were generally 3 orders of magni-
tude higher than arsenic concentrations. It was likely that the amount of sulfate produced
from the oxidation of the pyrite nodules was negligible relative to high concentrations of
sulfate in the water before water was pumped. Further studies are warranted to investigate
the mechanisms underlying the potential strong variations in arsenic concentrations during
well pumping under field conditions.
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This study examined the dynamics and speciation of naturally occurring arsenic in
private drinking water wells located in Eastern Wisconsin. Our findings showed that there
was a substantial increase in arsenic concentrations during continuous water usage. It is a
common practice that a single well sample is collected without significant well pumping
for the determination of total arsenic concentrations. Our results showed that the reliance
on a single arsenic concentration measurement can significantly underestimate the health
risks exposed to water consumers as arsenic concentrations during water usage can be
markedly higher.

Our results also confirmed that As(III) was the dominant arsenic species. Under the
ambient geochemical conditions (e.g., pH > 7), As(III) tends to exist as arsenite which has
negligible charges. The lack of electrical charge would pose challenges to the removal of
arsenic through various water treatment techniques such as filtration and reverse osmosis.
Special attention should be paid to the oxidation of As(III) to As(V) in the design of point-
of-use arsenic removal techniques.

We also observed significant variations in the behavior of arsenic (including As(III)
and As(V)) in private drinking water wells. Future studies are warranted to expand the
geographic coverage and scope (e.g., to include more geochemical parameters) of related
studies and to develop predictive models that can identify high-risk areas.
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