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Abstract

The issue of seasonal arsenic measurement variability poses consequences regarding the interpretation and frequency of well water

measurements for both public health research and surveillance. In this study, we evaluated seasonal variability in arsenic concentration in

356 wells in western Nevada. River flow data obtained from US Geological Survey National Water Information System were used to

classify seasons as wet or dry, and mean differences in arsenic well concentrations measured during these seasons were compared. Arsenic

concentrations in these wells averaged 72:9mg=L (range, non-detect to 3000mg=L). The mean difference in arsenic concentrations

between the wet and dry seasons was �3:3mg=L (p ¼ 0:78; average percent difference ¼ 2.3%). Eighty wells (22%) had higher arsenic

concentrations in the wet season, 75 wells (21%) had higher arsenic concentrations in the dry season and no difference was seen in 201

wells (56%). The mean differences in wells with arsenic levels of 0–10, 11–50, 51–200, 4200mg=L were �1:4mg=L ðp ¼ 0:43Þ, 9:2mg=L
ðp ¼ 0:36Þ, 15:1mg=L ðp ¼ 0:30Þ, and �49:9mg=L ðp ¼ 0:59Þ. In summary, although changes in arsenic concentrations were seen in some

wells, clear trends in arsenic concentration over time were not associated with the wet and dry seasons. These findings provide evidence

that, in our study area as a whole, little seasonal variability occurs in arsenic concentrations, and repeated assessments of arsenic

concentrations based on season might add little value to the accuracy of health effects research or public health surveillance.

r 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Inorganic arsenic is a naturally occurring element
present in the soil and groundwater in many regions of
the world. Millions of people are exposed to arsenic in their
drinking water especially from wells (Nordstrom, 2002;
Focazio et al., 2000; Chowdhury et al., 2000). The
associations between arsenic and human health effects,
including lung cancer, bladder cancer, and other diseases,
e front matter r 2007 Elsevier Inc. All rights reserved.
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are well described (NRC, 1999, 2001). The new US
standard for arsenic in drinking water which became
effective on January 23, 2006 is 10mg=L; however, this
applies only to public water systems (USEPA, 2001).
Importantly, 15% of the US population obtains their water
from private wells which are not subject to this regulation
(USGS, 2004; Ayotte et al., 2003; Welch et al., 1999;
Steinmaus, C.M., et al., 2005). High arsenic concentrations
have been documented in private wells in several states
throughout the US (Frost et al., 1993; Kelly et al., 2005;
Kim et al., 2002; Lewis et al., 1999; Nadakavukaren et al.,
1984; Peters et al., 1999; Steinmaus et al., 2003; Steinmaus,
C., et al., 2005).
Epidemiologic studies which have demonstrated associa-

tions between arsenic and cancer often rely on a single or
few measurements to predict past exposure (Bates et al.,
2004). Since the latency of many arsenic-induced cancers
can be as long as 20 years or more, and because arsenic
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concentrations in any given well could change over time, it
is not clear if one can rely on a single measurement to
accurately estimate long-term arsenic exposure. This raises
questions amongst investigators and public health person-
nel regarding how often and when to measure arsenic levels
in wells.

Previous investigations in Nevada have demonstrated
that arsenic concentrations remain stable over years
(Steinmaus, C., et al., 2005; Seiler, 2004). However, several
studies have shown that arsenic concentrations in some
wells might vary dramatically by season, although these
results have not been consistent across all studies
(Savarimuthu et al., 2006; Nadakavukaren et al., 1984;
Cheng et al., 2005; Rodriquez et al., 2004; Berg et al., 2001;
Van Geen et al., 2002). Several mechanisms have been
proposed by which rainfall or other seasonal changes may
impact ground water arsenic concentrations including
dilution by recharge of water with low arsenic concentra-
tions, or seasonal changes in redox conditions, pumping
rates, water movements, or water table depths (Tareq et al.,
2003; Cheng et al., 2005; Nadakavukaren et al., 1984;
Rodriquez et al., 2004). Areas in western Nevada have
historically included one of the largest populations in the
US exposed to high arsenic concentrations in drinking
water (Focazio et al., 2000). In this inland arid environ-
ment, high arsenic concentrations in ground water are
thought to be due to evaporative concentration of ground-
water (enhanced by dry climate), high pH, and redox
reactions which cause desorption of arsenic from metal
oxides (Smedley and Kinniburgh, 2002). Whether the
seasonal variability that has been seen in other studies
also occurs in western Nevada is unknown. This area is
markedly different from the other areas where seasonal
variability has been assessed in that it has much lower
direct precipitation levels (USGS, 2006; NCDC, 2006).
Groundwater recharge in much of this area is thought to be
due primarily to water from irrigation (Herrera et al., 2000)
or from rivers flowing down from an adjacent mountain
range via snowmelt runoff (Maurer and Berger, 2007),
although some groundwater sources may contain water
that is several decades or more old (Seiler et al., 2005). The
goal of this paper is to evaluate whether the seasonal
changes in arsenic concentrations that have been docu-
mented elsewhere also occur in dryer areas such as western
Nevada.

This study, which examined 356 wells in western
Nevada, is the largest investigation to date to study
seasonal variability of arsenic levels.

2. Methods

The study area includes six counties in western Nevada: Douglas,

Churchill, Storey, Mineral, Lyon, and Carson City. Approximately, 60%

of the population in the study area obtains their drinking water from

public wells and the remainder from private domestic wells (Steinmaus et

al., 2003). This area receives relatively little rainfall and most of the

regeneration of groundwater supplies may be from river flow or related

irrigation (Maurer and Berger, 2007; Herrera et al., 2000). In this study,
river flow data from the US Geological Survey Water Resources Data

National Water Information System (2006) was used to define the wet and

dry seasons. The Carson River, Walker River, and Truckee River are the

predominant rivers in the study area. The Truckee River, however, only

supplies approximately 5% of the study area. The historical river flow data

for these rivers from 1982 to 2000, the period for which arsenic well water

measurements were available for this study, at selected points within the

six counties were obtained from publicly available data on the Water

Resources Data National Water Information System (2006) website.

These points were selected by the authors based on their proximity to

population centers and the availability of complete data sets for the study

period. The mean monthly river flow data dating back through the study

period were calculated. Using this information, months were classified as

wet, dry, or intermediate.

The arsenic measurements used in this study were obtained from

archived records from the Nevada State Health Division. These records

contained measurements taken between the years 1982 and 2000. Well

measurements were prompted by owner request or if a well changed

ownership. Laboratory analysis on all samples was done using hydride

generation atomic absorption spectroscopy, however, many of the other

specific methods and protocols for sample collection were not recorded.

Wet and dry season arsenic concentrations were defined as not different if

the values were within 5mg=L or 5% of each other, whichever was greater.

These values were chosen because they are about the precision and

accuracy for arsenic measurements in water for hydride generation atomic

absorption spectroscopy reported by the US Environmental Protection

Agency (EPA) (Crecelius et al., 1986). Detection limits were listed on most

but not all records and were variable from record to record. Almost all

recorded detection limits ranged from 1 to 10mg=L. Detection limits

greater than 10mg=L were listed on a few records and these were

eliminated from our analysis. All records with at least one measurement in

each of the two seasons (wet and dry) were included in this study. All other

wells were excluded. Parts of the study area, specifically the western

portions of Douglas County and Carson City are mountainous and are

not arid like the remainder of the study area. Wells in these areas (n ¼ 20

wells) were excluded. Some wells had more than one measurement taken in

a given season. In these instances, the measurement taken first (i.e. that

with the earliest measurement date) was used. For statistical purposes,

measurements which were listed as being below the detection limit were

classified as being one half the detection limit.

The seasonal variability in arsenic concentration was assessed using the

paired t-test. The Wilcoxon sign rank test was also applied to evaluate the

possible impact of extreme outliers. Analyses were performed for the

entire data set as well as for specific categories of arsenic concentration in

order to avoid the potential problem of having wells with very high arsenic

levels overly influencing the results. The categories were: 0–10, 11–50,

512200mg=L, and greater than 200mg=L. These levels were based

primarily on the current and previous US EPA standards. In deep wells,

where the water supply is older, groundwater recharge may be less

impacted by riverflow (Seiler et al., 2005); henceforth, seasonal change for

arsenic concentrations in wells in Nevada may be more pronounced for

shallow wells. Consequently, for the wells with available information on

well depth, Pearson and Spearman correlation coefficients were used to

evaluate whether a relationship exists between well depth and seasonal

change in arsenic concentrations.

A subset analysis for the entire study period was also conducted

comparing only the three months with the highest river flow to the three

months with the lowest river flow, also using the paired t-test and

Wilcoxon sign rank test. A second subset analysis was conducted which

included only the 11 years with the greatest divergence between wet and

dry season river flow. In this analysis, there was an average river flow

difference of four to five fold between wet and dry seasons. Both of these

subset analyses were performed to enhance the differences in river flow

between wet and dry seasons.

Research has suggested that in parts of our study area, applied

irrigation may contribute substantially to groundwater recharge (Herrera

et al., 2000). Using data on irrigation patterns in western Nevada from

Herrera et al., the authors performed an additional analysis to evaluate
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differences in arsenic concentrations based on irrigation patterns. This

analysis was also done using the paired t-test and Wilcoxon sign rank test.

In many wells, wet and dry season arsenic measurements were taken in

different years (median ¼ 3 years). In order to assess whether the time

between measurements may have affected our analysis of seasonal

variability, Spearman correlation coefficients were calculated for the

relationship between the number of years between measurements and the

difference in arsenic concentration across seasons. All data analyses were

carried out using the SAS statistical program package version 8.0.
3. Results

River flow information from USGS National Water
Information System database for the Carson, Walker, and
Truckee Rivers is summarized in Fig. 1. River flow
recordings varied from 6 to 3200 cubic feet/s. Based on
relative river flow, months were classified as wet, dry, or
intermediate: February through June was classified as wet,
August through December was classified as dry, and
January and July were classified as intermediate. February
through June had an average river flow rate of 870 ft3=s
while from August through December it was 264 ft3=s. This
difference represents a three to four fold change in river
flow between wet and dry seasons. This difference was most
pronounced (five to six fold seasonal difference) for the
Carson River, the main water supply for the region. In
Fig. 1. Average monthly river flow (ft3=s, western Nevada study area,

1982–2000).

Table 1

Mean differences between arsenic levels during wet and dry seasons

Arsenic concentrations ðmg=LÞ Number of wells Mean seasonal

0–10 193 �1.4

11–50 74 9.2

51–200 44 15.1

4200 45 �49.9

All wells 356 �3.3

aThe seasonal difference in arsenic levels for each well was calculated by sub

season. The mean seasonal difference is the average of the seasonal differences

season is defined as August through December.
order to avoid exposure misclassification, arsenic measure-
ments taken in January and July were excluded from the
analysis due to intermediate and variable river flow and to
account for a possible lag period between river flow and
changes in arsenic concentration.
We identified 356 wells, which had arsenic measurements

taken in both the wet and dry seasons. The arsenic levels in
these wells ranged from non-detectable to 3000mg=L
ðaverage ¼ 72:9mg=LÞ. The overall average difference
between the wet and dry season arsenic measurements
(wet minus dry) was �3:3mg=L. These results are
summarized in Table 1. Fig. 2 shows the comparison of
all wet and dry season arsenic measurements in wells in a
scatter plot. As demonstrated, although large changes are
present in some wells, clear trends in these changes between
wet and dry seasons are not seen. Table 2 shows the
numbers and percentages of wells in which arsenic
measurements were higher in the wet season, higher in
the dry season, or showed no difference between seasons.
Eighty wells (22%) had higher arsenic concentrations in the
wet season, while 75 wells (21%) had higher arsenic
concentrations in the dry season. No difference was seen
across seasons in 201 wells (56%). No correlation was
found between the number of years between measurements
and the difference between wet and dry season arsenic
concentrations (R ¼ 0:004, p ¼ 0:93).
In the analysis of wells by arsenic concentrations, the mean

differences in wells with arsenic levels of 0–10, 11–50, 51–200,
4200mg=L were �1:4mg=L ðp ¼ 0:43Þ, 9:2mg=L ðp ¼ 0:36Þ,
15:1mg=L ðp ¼ 0:30Þ, and �49:9mg=L ðp ¼ 0:59Þ (Table 1).
For the first subset analysis, only the three months with peak
runoff (April to June) were classified as wet months and the 3
months with lowest river flow (August–October) were
classified as dry months. For the 159 wells which met this
criteria, the average difference in arsenic concentration
for the overall, 0–10, 11–50, 51–200, and 4200mg=L wells
were: �14:1mg=L (p ¼ 0:53, median ¼ 0:0mg=L), �3:3mg=L
(p ¼ 0:46, median ¼ 0:0mg=L), �2:5mg=L (p ¼ 0:48, median
¼ 0:0mg=L), 27:4mg=L (p ¼ 0:30, median ¼ 0:0 mg=L), and
�94:1mg=L (p ¼ 0:47, median ¼ 20:0mg= L), respectively.
For the subset analysis of the 11 years in which seasonal
differences in river flow were the greatest, the average
differences in arsenic concentration for the overall,
0–10, 11–50, 51–200, and 4200mg=L wells were:
differencea p-Value (paired t-test) p-Value (sign rank test)

0.43 0.77

0.36 0.78

0.30 0.62

0.59 0.21

0.78 0.48

tracting the arsenic level in the dry season from the arsenic level in the wet

seen in each well. Wet season is defined as February through June and dry
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Fig. 2. Scatter plot of arsenic concentration in wells in dry and wet seasons. The line in the figure represents a 1:1 relationship.

Table 2

The number and percentage of wells in which the arsenic concentrations were lower, higher, or were no differenta in the wet season compared to the dry

season

Arsenic level All 0–10mg=L 11–50mg=L 50–200mg=L 4200mg=L

N % N % N % N % N %

Lower 75 21 11 6 26 35 22 50 16 36

Higher 80 22 16 8 21 28 19 43 24 53

No difference 201 56 166 86 27 36 3 7 5 11

Total 356 100 213 100 74 100 44 100 45 100

aWet and dry season arsenic concentrations were defined as not different if the values were within 5mg=L or 5% of each other, which ever was greater.

These values were chosen because they are about the precision and accuracy for arsenic measurements in water for hydride generation atomic absorption

spectroscopy reported by the US EPA (Crecelius et al., 1986).

J.G. Thundiyil et al. / Environmental Research 104 (2007) 367–373370
�1:7mg=L(p ¼ 0:92, median ¼ 0:0mg=L), �4:1mg=L (p ¼
0:41, median ¼ 0:0mg=L), �1:7mg=L (p ¼ 0:84, median ¼
0:0mg=L), 31:4mg=L (p ¼ 0:31, median ¼ 0:0mg=L), and
�28:1mg=L (p ¼ 0:81, median ¼ 40:0mg=L), respectively.

Using applied irrigation as the predictor for wet and dry
seasons, the wet season occurs during the growing season
(April through August) and the driest periods occur from
November to March (Herrera et al., 2000). There were 347
wells for which arsenic measurements during these two
periods were available. Based on this classification, there
was no significant change in mean arsenic concentration.
The mean difference in arsenic concentration for all wells
between periods of high and low irrigation was 3:0 mg=L
ðp ¼ 0:82Þ.

Information on well depth was available for 269 of the
356 wells used in this analysis. For these wells, we found no
relationship between well depth and seasonal change in
arsenic concentration (Pearson R ¼ 0:05, p ¼ 0:40).

4. Discussion

The issue of seasonal arsenic measurement variability
poses consequences regarding the interpretation and
frequency of well water measurements. Previous studies
have demonstrated seasonal variability of arsenic levels
when measured in surface streams (Cheng et al., 2005;
Sanchez-Rodas et al., 2005; Gault et al., 2003; Olias et al.,
2004; McLaren and Kim, 1995). Stream variability has
been hypothesized to be related to deliberate pollution,
water pH, and release of other metals which can adsorb
arsenic (Olias et al., 2004; Maher and Butler, 1988; Gault et
al., 2003). In the studies from Spain (Olias et al., 2004) and
Washington state (Johnson, 2002), arsenic levels were
found to be highest during periods of high streamflow. On
the contrary, in France, high arsenic levels have been
reported during periods of low flow (Elbaz-Poulichet et al.,
2006). Several studies have evaluated seasonal changes in
arsenic levels in groundwater (although these studies have
taken place in areas with much more precipitation than in
our study area) and several studies assessed only a small
number of wells (Savarimuthu et al., 2006; Nadakavukaren
et al., 1984; Cheng et al., 2005; Rodriquez et al., 2004; Berg
et al., 2001; Van Geen et al., 2002). The results of these
studies have been inconsistent, with some wells showing
higher arsenic concentrations during the wet season, some
showing higher concentrations during the dry season, and
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some showing little seasonal change. For example,
Nadakavukaren et al. (1984) identified several wells in
Oregon in which arsenic concentrations decreased drama-
tically in the wet season including one well in which arsenic
levels fell from over 1000mg=L during a period of low
rainfall to under 400mg=L during a period of high rainfall.
In contrast, in a study of 74 wells in West Bengal, average
arsenic concentrations were higher during the monsoon
season ð906mg=LÞ than in the dryer summer season
ð694mg=LÞ. The reasons why these large seasonal changes
have been seen in some wells is not entirely clear although
mechanisms such as dilution by rainfall or changes in redox
conditions due to seasonal changes in pumping rates, water
movements, or water table depths have been proposed
(Tareq et al., 2003; Cheng et al., 2005; Nadakavukaren et
al., 1984; Rodriquez et al., 2004). The reasons why past
studies have reported varying results are also not known
but could be related to geological differences across study
areas.

Variability in seasonal arsenic measurements poses
consequences regarding the interpretation and frequency
of well water measurements. If there is large annual or
seasonal variability, epidemiologic studies which use a
single well measurement as an approximation for long-term
arsenic concentration and exposure may be very inaccu-
rate. In our study, the differences in arsenic concentrations
between wet and dry seasons were not statistically
significant in any subcategory. These results provide
evidence that there is little seasonal variability of arsenic
levels in most wells associated with river flow changes or
irrigation patterns in our study area and suggest that in our
study area a single measurement of arsenic in well water
may be a fairly accurate predictor of long-term exposure.

The authors chose river flow instead of rainfall as the
predictor of ground water arsenic contamination for
several reasons. Previous investigations have suggested
that rainfall is not a good predictor of arsenic levels in
ground water or surface streams (Tareq et al., 2003;
Iwashita and Shimamura, 2003; Ohno et al., 2005).
Further, most of the regeneration of groundwater in this
region is supplied by river water or irrigation (Maurer and
Berger, 2007; Herrera et al., 2000). Additionally, Johnson
(2002) and Pettine et al. (1994) demonstrated a concor-
dance between stream flow and arsenic levels in surface
streams. In this region of western Nevada, peaks for river
flow and rainfall did not occur at similar times. This is
likely due to the very low rainfall of the region
(approximately 8 in annually) and the large contribution
of nearby mountain snow melt to the river supply (NCDC,
2006). Due to the arid climate, the regeneration of
groundwater in this region is likely dependent on mountain
snow melt rather than rainfall (USGS, 2006). A prior
study, from this same data source, has shown a strong
correlation between well arsenic concentrations over
several years, however, seasonal variability was not
assessed (Steinmaus, C., 2005). Other investigations have
found similar results supporting the temporal stability of
arsenic levels over time (Focazio et al., 2000; Karagas et al.,
2001; Ryan et al., 2000; Seiler, 2004). While some studies
have suggested that applied irrigation may be a significant
contributor to groundwater recharge, some data suggests
that in some areas the majority of applied irrigation is
consumed by evapotranspiration (Herrera et al., 2000).
Our study evaluated this possibility and did not find any
significant seasonal impact on arsenic concentrations based
on irrigation patterns. This current investigation adds to
the body of evidence which suggests that in relatively dry
areas such as our study area, arsenic levels in wells are
stable over time and do not have significant seasonal
variability.
Our results may not be generalizable to other areas. The

river flow or rainfall variability in Nevada does not likely
compare to the variability in other areas such as
Bangladesh in which seasonal monsoons may have a
greater impact (Cheng et al., 2005). In this study, months
were assigned to wet and dry based on historical river flow
and irrigation data. However, there was substantial
variability from year to year, and for some of the wells in
our study, we used measurements taken from wet and dry
seasons from different years. Our database contained too
few wells in which arsenic measurements were taken in the
same year to perform an analysis including only this subset.
Accordingly, we conducted a sub-analysis including only
the three driest and three wettest months to emphasize the
seasonal differences in river flow that may exist, but found
no significant pattern. Similarly, to evaluate the possible
impact of year to year differences in river flow on our
results, we conducted an additional sub-analysis that
included only those wells with measurements taken during
years with the highest seasonal river flow variability.
Despite emphasizing the river flow to minimize misclassi-
fication, there were no significant differences in arsenic
concentration. Since our study area covered a large and
somewhat diverse geographical area, it is possible that
different sources of groundwater recharge predominate for
different regions. Nevertheless, in this study, we evaluated
two known major sources of groundwater recharge, river
flow and applied irrigation, and found no significant
seasonal variability.
Additionally, well measurements were used spanning a

period from 1982 to 2000. This does not take into account
changes in technology and accuracy with which arsenic is
measured. The authors believe that the degree of accuracy
likely did not have an impact in the overall results. It is
possible that at the lower levels and limits of detection
there may have been some effect in the 0210mg=L
category. However, this category had the largest sample
size and demonstrated no evidence of statistical signifi-
cance.
Although we identified no clear change in arsenic

concentrations associated with season, large changes in
arsenic concentrations were seen over time in some wells.
The reason for these changes are unknown but could be
due to changes or errors in collection or analytical
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procedures, changes in water filter use or pumping rates, or
other factors. In this study, we included mostly private
domestic wells that were identified only by household
address. It is possible that in some instances, two or more
wells existed at the same address. Thus, for some addresses,
we may have been comparing different wells tapping
different aquifers. We attempted to eliminate this possibi-
lity by eliminating those addresses with conflicting in-
formation on well depth, although information on well
depth was not available on all wells in our database.
Importantly, as seen in Fig. 2, large changes in arsenic
concentration (i.e. 430% change) only occurred in a
minority of the wells suggesting that the impact of multiple
wells at a single address had little impact on this analysis.
The large changes seen in some wells may be due to reasons
other than seasonal impacts. If season had a large and wide
impact, the authors would expect most changes to be in the
same direction. Rather, the large changes that occurred in a
few wells demonstrated no pattern. Further, the minor
changes that may have occurred as a result of inconsistent
sampling are unlikely to mask the wide seasonal variability
in arsenic concentration that have been reported in other
studies.

Based on the findings of our study, there does not appear
to be significant seasonal variability in arsenic levels in well
water based on river flow or applied irrigation. This lack of
predictable and generalizable seasonal variability in arsenic
concentrations in well water could have public health
implications. Resources can be geared toward mitigation
of problem areas instead of repeated measurements based
on general definitions of season. While repeated testing for
certain wells undergoing remediation may be warranted,
testing based on seasons as defined in our study may not
need to be performed to get an accurate assessment of
arsenic exposure for the majority of wells. Additionally, this
information may be useful to current and future research
regarding arsenic measurements and health effects.
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