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ABSTRACT: A high percentage (31%) of groundwater samples from bedrock
aquifers in the greater Augusta area, Maine was found to contain greater than
10 μg L−1 of arsenic. Elevated arsenic concentrations are associated with
bedrock geology, and more frequently observed in samples with high pH, low
dissolved oxygen, and low nitrate. These associations were quantitatively
compared by statistical analysis. Stepwise logistic regression models using
bedrock geology and/or water chemistry parameters are developed and tested
with external data sets to explore the feasibility of predicting groundwater
arsenic occurrence rates (the percentages of arsenic concentrations higher than
10 μg L−1) in bedrock aquifers. Despite the under-prediction of high arsenic
occurrence rates, models including groundwater geochemistry parameters
predict arsenic occurrence rates better than those with bedrock geology only.
Such simple models with very few parameters can be applied to obtain a
preliminary arsenic risk assessment in bedrock aquifers at local to intermediate scales at other localities with similar geology.

■

INTRODUCTION
Elevated arsenic in groundwater has been recognized as a
worldwide public health problem. In the United States, millions
of people are subjected to increased cancer risks from arsenic in
drinking water from private wells.1 In New England, the danger
is exacerbated because most rural residents rely solely on
private wells in bedrock aquifers. Arsenic concentrations in
these well waters can exceed 10 μg L−1, the EPA maximum
contaminant level (MCL). The problem is acute for New
Hampshire and Maine, where approximately 25% and 43% of
the population use private wells in bedrock aquifers,2 and where
12% and 18% of these wells were estimated to have >10 μg L−1
of arsenic in well water, respectively.3,4
While the majority of documented arsenic affected aquifers
around the world are sedimentary, more attention has recently
been turned to elevated arsenic in bedrock aquifers, such as
New England,5−20 Pennsylvania,21 North Carolina,22 Michigan23,24 of U.S., British Columbia of Canada,25 Zimapan Valley
of Mexico,26 Chattisgarh of central India,27 Northern Bavaria of
Germany,28 Ghana,29−31 and Burkina Faso.32 Although each
region has distinct bedrock formations, there are similarities in
their tectonic setting and geologic history (Supporting
Information (SI) Table S2). The bedrock units started either
as marine basin deposits of fine sediments or volcanic
sequences with high arsenic concentrations, followed by
regional metamorphism resulting from episodes of tectonic
collisions and uplift. These episodes were often accompanied
by contact metamorphism from granite-diorite intrusions
resulting in the formation of quartz-sulfide veins in host
© 2012 American Chemical Society

rocks. They were sometimes overlain by younger glacial drift
with various spatial coverage and thickness. Studies have related
the spatial distribution of high arsenic occurrence rates (the
percentages of arsenic concentrations higher than 10 μg L−1)
w i t h m et a- s ed i m en t ar y o r m et a- vo l c an i c f o r m a tions,12−16,19,21,23,30,32 pegmatite zones contacting the granitic
intrusions,6,11,22,27 as well as overlying glacial deposits.24 The
major ion composition of groundwater varies among the
aquifers, but high arsenic groundwater tends to associate with
high pH and bicarbonate, as well as low dissolved oxygen and
Eh in bedrock aquifers.9,10,19,21,23,26,31,32 However, research is
still needed to ascertain the extent to which the associations
between these parameters and arsenic concentrations exist
among various types of bedrock.
In New England, significant progress has been made to
understand the spatial distribution of groundwater arsenic at
local6,10−13,15,16,19 to regional scales,7,9,14,17 as well as the source
and mobilization mechanisms of releasing arsenic.6,9−11,13,15,17,19 At the very local scale of ≤100 km, arsenic
distribution was largely affected by fracture characteristics,
hydrogeology and water chemistry,10 although no quantitative
relationships with any of these factors could be established in
part due to the complexity of water flow and chemical transport
in bedrock aquifers.33 Studies at the intermediate scales of 100−
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102 km6,11,12,15−17 defined the spatial pattern of arsenic
distribution, and its associations with bedrock geology and
major water chemistry parameters, but no quantitative
estimation or prediction model based on these associations
have been made. Using a logistic regression model on the
regional scale of >102 km, groundwater arsenic occurrence has
been shown to depend on factors such as bedrock geology,
arsenic levels in stream sediments, proximity to granitic
intrusions, and landscape variables related to groundwater
residence time, and these parameters have been used to predict
arsenic occurrence.7 This regional model however did not
include groundwater chemistry. Risk assessment models based
on association of arsenic occurrence and a set of by-and-large
similar parameters including climate, sedimentary depositional
environments, soil, and elevation have been developed for
sedimentary aquifers on global and regional scales.34,35 To
verify and to refine model prediction of arsenic occurrence rates
at subregional scales of 100-102 km requires further quantitative
description of the association between arsenic and groundwater
chemistry.
Our recent study in the greater Augusta area, Maine has
highlighted the health risk from groundwater arsenic
exposure.13 Arsenic occurrence rates are different among the
major bedrock formations and are the highest in the metasedimentary sequences. Questions remain regarding whether
these differences are also regulated by groundwater chemistry
and other environmental factors, and if so, to what extent. A
stepwise logistic regression model is used to examine the
correlations between groundwater arsenic and hydrogeochemical parameters including groundwater pH, dissolved oxygen,
major anions and cations. Multivariate logistic regression
models are developed based on the most statistically significant
parameters and tested with a separate data set also from the
greater Augusta area and two external data sets from other areas
in Maine. Our approach of establishing a prediction model
based on bedrock type and a few water chemistry parameters
can be used to improve risk assessment of groundwater arsenic
in bedrock aquifers around the world that share similar tectonic
history. It is also applicable to other New England states for
targeting risk reduction in communities.

flow-through cell, usually after 20 min of pumping. Dissolved
oxygen was measured in the field using CHEMets Kit. Anions
including fluoride, bromide, chloride, nitrate, nitrite, phosphate,
and sulfate were measured by ion-exchange chromatography
(IC) following U.S. EPA method 300.0. A subset of
groundwater samples from 2006 (n = 105) evenly distributed
in the study area, and all samples from 2007 were analyzed for
alkalinity using Gran titration. The estimation of charge balance
between the sums of major cations and anions was conducted
to ensure the quality of measurements (Supporting Information).
Spearman’s Correlation. Nonparametric Spearman’s rank
correlation coefficient (ρ) between groundwater arsenic and
other hydrogeochemical parameters was calculated because the
data did not follow normal distributions. The test significance
(p value) was determined using two-tailed student’s t test with
n − 2 degrees of freedom.
Logistic Regression Model. A stepwise logistic regression
method was conducted to examine the association between
each parameter and groundwater arsenic occurrence using the
2006 data set. The groundwater arsenic concentrations were
converted into binary data using a threshold of 10 μg L−1 and
then used as the response variable. All the available hydrogeochemical parameters were used as explanatory variables,
including well depth, yield, elevation, water temperature, pH,
dissolved oxygen level, major cation and anion concentrations,
alkalinity, [Fe], [Mn], and bedrock unit (categorical variable).
Each was individually tested to determine whether it could be
used as an indicator of groundwater arsenic exceeding 10 μg
L−1 by a univariate logistic regression, and those with statistical
significance (p value <0.05) were included in the multivariate
logistic regression model. The Hosmer and Lemeshow
goodness-of-fit test was used to verify the model. Only
significant parameters from the multivariate model were
retained in the three prediction models (using bedrock geology
only, water geochemistry parameters only, and all significant
parameters, respectively) to estimate arsenic occurrence rates.
The odds ratio of each variable is calculated as exp(βi), where βi
stands for the “estimate” value of each variable in the regression
model results (Supporting Information). The prediction
models were verified by the Hosmer and Lemeshow goodness-of-fit test. Deviance residuals were used to detect ill-fitting
predictions. Model discrimination was estimated by the c
statistic. For binary outcomes, c varies between 0.5 and 1.0 for
sensible models; the higher the better. The best prediction
model was then applied in other areas. All the regression
models and tests were performed in the R program.
A predicted probability of 0.5 is used as the cutoff value, so
the prediction for an individual sample is considered as less
than 10 μg L−1 if the predicted probability is <0.5, and
exceeding the MCL if the predicted probability is ≥0.5. The
overall correct classification rate, model specificity (the
percentage of correct classification of samples with [As] < 10
μg L−1), and sensitivity (the percentage of correct classification
of samples with [As] > 10 μg L−1) were calculated. The 2007
data set from four clusters in the study area, as well as two
external data sets from Buxton and Hollis, southern Maine12
and from 5 drainage basins throughout the state from the
Maine Geological Survey’s Ambient Bedrock Water Quality
program, were used to test the prediction model.

■

MATERIALS AND METHODS
Study Area. In 13 towns of Kennebec County, central
Maine, 13,100 (or 54%) of the total 24,500 households are
estimated to be self-supplied by private wells.4 Five major
geologic formations that compose the study area (SI Figure S1)
displayed high to low groundwater arsenic occurrence rates
from west to east in the order of Ss (Sangerville Formation,
42%), Sw (Waterville Formation, 39%), SOv (Vassalboro
Formation, 24%), D (Granite Intrusions, 15%) and OZc
(Cushing Formation, 9%).13 Sedimentary facies suggested that
the sediment of three meta-sedimentary formations (Ss, Sw,
SOv) was deposited in anoxic marine basins during the Silurian
and may contain abundant sulfide minerals.36
Groundwater. Unfiltered groundwater samples were
collected throughout the study area in 2006 (n = 789), and
then from four clusters in 2007 (n = 331) (SI Figure S2), with
36 wells sampled in 2007 being revisits to assess temporal
variability. Sampling protocol and analytical methods for
arsenic have been reported,13 noting that the instrumental
method also collected data for 32 other elements simultaneously.37 Groundwater pH was recorded after the temperature, electrical conductivity, and pH readings stabilized in a
2081
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Figure 1. Arsenic concentrations and occurrence rates vs pH, dissolved oxygen, nitrate as of N, sulfate, fluoride, and chloride in groundwater of
Greater Augusta aquifers sampled in 2006. Parameters are shown in the order of their association with groundwater arsenic: pH > DO > nitrate >
sulfate.

■

New England8 and for surface water.38 Weak positive
correlations are found for fluoride (ρ = 0.39) and molybdenum
(ρ = 0.38), consistent with the Mo−As association observed in
Burkina Faso.32 There is a weak negative correlation between
arsenic and chloride (ρ = −0.23) (Figure 1 and SI Table S1),
also observed in Burkina Faso32 and Pennsylvania.21 An even
weaker but positive correlation is observed with the molar sum
of cations (with sodium subtracted in equivalent molar amount
to chloride which is likely attributable to road salt), a parameter
more likely to reflect the extent of water-rock interaction.
Instead of using scatter plots of arsenic vs hydrogeochemical
parameters by previous studies to show correlations, the
Spearman’s ρ value presents a better and more quantitative
description of associations because arsenic and some of these
hydrogeochemical parameters do not follow normal distributions.

RESULTS AND DISCUSSIONS
Correlations. The correlations between groundwater
arsenic and hydrogeochemical parameters are established for
the entire study area by statistically significant Spearman’s ρ
value (p < 0.05), with higher values suggesting stronger
correlations (SI Table S1). There is a moderate positive
correlation with pH (ρ = 0.54) and a weak negative correlation
with dissolved oxygen (ρ = −0.35) (Figure 1 and SI Table S1).
Previous studies in New England,9,10 Pennsylvania21 and
Ghana31 have also shown that elevated arsenic concentrations
were more frequent in samples with higher pH. That high
groundwater arsenic concentrations are associated with low
dissolved oxygen is a new result for New England, but this has
been noted in bedrock aquifers of Burkina Faso,32 Mexico,26
Pennsylvania,21 and Michigan.23 A weak negative correlation is
observed for nitrate (ρ = −0.31) (Figure 1 and SI Table S1),
consistent with the correlations found for other aquifers from
2082
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Table 1. Median Values of Hydrogeochemical Parameters of Groundwater Sampled in 2006 and 2007 from Greater Augusta,
Maine
parameter

2006
unit

bedrock unit
n
well depth
temperature
As
pH
dO2
Na
Mg
Si
K
Ca
alkalinity
Cl
SO4
F
NO3−N
Fe
Mn
Mo
U

m
deg. C
μg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mmol/L
mg/L
mg/L
mg/L
mg/L
μg/L
μg/L
μg/L
μg/L

greater Augusta

2007

meta-sedimentary rocks

granite

volcanics

Chelsea

Sidney

Litchfield

Manchester

Ss, Sw, SOv, D, OZc

Ss

Sw

SOv

D

OZc

D

Sw

Sw, SOv, D

Sw, D

790
59
10.5
3.8
7.59
1.5
10.9
3.2
8.7
2.3
30.8
1.28
9.7
14.6
0.10
0.21
113.2
10.4
1.19
1.06

161
61
10.5
6.8
7.99
1.0
9.1
2.7
8.3
1.8
26.7

259
57
10.5
6.1
7.92
1.5
11.1
2.8
8.3
2.5
30.9

248
53
10.5
2.0
7.30
2.0
11.8
3.9
9.4
2.7
37.7

86
61
10.5
2.5
6.94
4.0
10.0
2.9
8.5
2.1
28.0

30
40
10.4
0.2
7.35
1.3
12.5
3.4
9.9
3.0
23.7

6.2
11.9
0.22
0.15
0.14
13.8
2.09
0.58

8.9
14.9
0.13
0.14
0.11
9.5
1.17
0.73

14.5
17.4
0.04
0.26
0.10
10.4
0.86
1.31

12.1
10.6
0.12
0.24
0.07
5.8
1.78
4.88

6.3
14.2
0.13
0.12
0.17
51.5
1.31
0.98

107
56
10.7
0.9
6.80
2.0
13.2
4.3
7.4
3.0
36.9
1.45
44.0
17.5
0.04
1.02
47.2
2.9
0.49
7.71

62
61
10.6
4.1
8.17
0.6
8.4
2.0
6.8
1.5
18.2
1.17
8.1
19.4
0.39
< 0.01
125.9
23.5
2.49
0.55

49
65
10.6
14.6
7.78
1.0
8.3
1.4
6.4
2.1
25.8
1.27
11.8
15.4
0.09
< 0.01
92.0
12.5
0.55
2.01

113
56
10.4
22.2
8.27
1.0
8.3
1.6
5.7
1.9
17.6
1.28
3.6
8.6
0.36
0.03
90.6
4.6
2.02
6.97

Chelsea cluster (granitic rocks) is also higher than those in
meta-sedimentary rocks (0.6, 1.0, 1.0 mg L−1, respectively)
(Table 1). There is a slightly higher percentage of low dissolved
oxygen groundwater (<1 mg L−1) in the western part than in
the eastern part (SI Figure S1).
Comparison of hydrogeochemical parameters within different bedrock geologic units (Table 1) suggests that the metasedimentary rocks have a higher arsenic source and tend to
form favorable water chemistry for releasing arsenic, that is,
higher pH and more reducing conditions. Meta-volcanic rocks
could develop favorable groundwater environment for arsenic
mobilization, but are limited by low arsenic source in the
bedrock. Granitic rocks may or may not contain high arsenic
source, but do not tend to form favorable chemical conditions
to release arsenic into groundwater, probably due to the lack of
carbonate minerals. This finding is consistent with previous
findings (SI Table S2) that high arsenic occurrence rates were
mostly found in meta-sedimentary formations,6,12−15,21,23,24,32
but were rare in meta-volcanic formations30 or in granite
intrusions, granodiorite, and pegmatite.6,11,17 This correlation
between bedrock geology and groundwater geochemistry does
not reduce the predictive power of the logistic regression
model, but may affect the calculations regarding individual
predictors.
Temporal Pattern. No significant difference was found
when arsenic concentrations were compared for the 36 wells
sampled in 2006 and 2007 (SI Figure S3). In addition to
arsenic, pH, dissolved oxygen, and major ions concentrations
are also comparable. This suggests that groundwater chemistry
in the study area is relatively stable, possibly due to low water
withdrawal rates since water is used only for domestic
consumption in this rural area.
Logistic Regression Model. Univariate regressions found
that twelve hydrogeochemical parameters showed significant
associations with groundwater arsenic occurrence in the 2006
data set from 789 wells. Six parameters (well depth, pH,

Within each unit of meta-sedimentary, granitic and volcanic
rocks, the above correlations exist with similar strength and
significance (SI Table S1). Moderate positive correlations with
pH (ρ = 0.44−0.65), weak to moderate negative correlations
with dissolved oxygen ( ρ = −0.44∼−0.29) and nitrate (ρ =
−0.36∼−0.20), weak to moderate positive correlations with
fluoride (ρ = 0.36−0.51) and molybdenum (ρ = 0.29−0.48),
weak negative correlations with chloride (ρ = −0.21∼−0.26),
and very weak to moderate correlations with the sum of cations
(minus chloride) (ρ = 0.14−0.44) are observed.
Similar correlations between arsenic and aforementioned
parameters are also found in four clusters of wells sampled in
high-density in 2007 representative of granite (Chelsea), metasedimentary rocks (Sidney), and their combinations (Litchfield
and Manchester) (SI Table S1).
Spatial Distribution of Parameters Correlated to
Arsenic. The spatial distribution of groundwater arsenic
displays a decreasing trend from west (meta-sedimentary
rocks) to east (granites and volcanic rocks). The key
parameters (groundwater pH, dissolved oxygen, nitrate, and
sulfate) that are correlated with arsenic are also different in the
western and eastern parts of the study area (SI Figure S1).
The median pH values are statistically significantly higher in
meta-sedimentary or meta-volcanic rocks, such as Ss (pH 8.0),
Sw (pH 7.9), SOv (pH 7.3), and OZc (pH 7.3), than in granitic
rocks, D (pH 6.9) (Table 1). The median pH value (6.8) in
groundwater from the Chelsea cluster within the granite
intrusions (D) according to the most updated bedrock geology
map39 and also showing the lowest arsenic occurrence, is
statistically significantly lower than those in other three clusters
(8.2, 7.8, 8.3, respectively) that are mostly in meta-sedimentary
rocks (Table 1).
The median dissolved oxygen concentrations in metasedimentary or volcanic rocks (1.0−2.0 mg L−1) are much
less than that in granites (4.0 mg L−1) (Table 1). The median
dissolved oxygen level (2.0 mg L−1) of groundwater in the
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dissolved oxygen, chloride, fluoride, and nitrate) besides
bedrock geology type also displayed significant Spearman’s ρ
value of > 0.2 (SI Table S1 column 2), whereas five others
(sulfate, alkalinity, Mg, Ca, and Si) did not. The multivariate
logistic regression model using 11 parameters mentioned above
(alkalinity excluded) had a p-value of 0.62 by the Hosmer and
Lemeshow goodness-of-fit test, much higher than the critical
value of 0.05, indicating the robustness of the model (greater pvalues indicate better fit because the null hypothesis in the
Hosmer and Lemeshow test is that the model fits the data).
Alkalinity was excluded because the data points were too few
for the model to converge. Five parameters, bedrock geology,
groundwater pH, dissolved oxygen, nitrate, and sulfate were
found to be statistically significant in this multivariate model. In
the final prediction model with these 5 parameters, the p-value
of Hosmer and Lemeshow goodness-of-fit test decreased to
0.38 (Supporting Information). The model output is that Ss,
Sw, SOv, and D rock units show 5.22-fold, 4.84-fold, 3.67-fold,
and 1.77-fold higher odds (exp(β)) of containing elevated
groundwater arsenic than rock unit OZc, respectively (Table
2), same as the order of observed arsenic occurrence rates for
each rock unit.13 Among the water chemistry parameters, pH
has a higher odds ratio of 2.93, while dissolved oxygen and
nitrate have lower odds ratio of 0.89 and 0.79, respectively.
Sulfate shows an odds ratio (0.97) not too different from 1,
suggesting a weaker influence. Therefore, the most important
water chemistry factor is pH, followed by redox conditions as
indicated by dissolved oxygen, nitrate and sulfate. The high
value of the intercept in the model outcome indicates there are
unknown parameters or processes that have impact on
groundwater arsenic.
The final prediction model of groundwater arsenic
occurrence rates in the greater Augusta area is as follows.

Table 2. Explanatory Variables in the Final Logistic
Regression Model of Groundwater Arsenic in Bedrock
Aquifers of Greater Augusta, Maine
variable
intercept
Bedrock Geology
Sangerville formation (Ss)
Waterville formation (Sw)
Vassalboro formation
(SOv)
Granite intrusion (D)
Cushing formation (OZc,
comparison varibale)
Water Geochemistry
pH
Dissolved Oxygen
Nitrate
Sulfate

β

exp(β)a

p-valueb

−9.520

0.00

<0.0001

categorical
categorical
categorical

1.652
1.577
1.299

5.22
4.84
3.67

0.0118
0.0148
0.0459

categorical
categorical

0.570

1.77

0.4243

continuous
continuous
continuous
continuous

1.075
−0.117
−0.239
−0.029

2.93
0.89
0.79
0.97

<0.0001
0.0201
0.0652
0.0022

type

a
β, the relative importance of a variable (the larger in absolute values
the more important a variable). bp-value, if a variable is important by
chance or not (a value closer to zero is more desirable).

parameters to use in arsenic prediction models. However, there
is no adequate data of arsenic concentration or mineral
composition of bedrock in the study area.
Model Test. The percentage of overall correct prediction on
all the 789 samples using the model with all 5 parameters is
76%, with a correct prediction rate of 85% on the samples with
[As] < 10 μg L−1 (specificity) and that of 55% on the samples
with [As] > 10 μg L−1 (sensitivity) (Table 3). The simplified
model with only water geochemical parameters has a specificity
of 85% and a sensitivity of 50%. The simplified model with only
bedrock geology has a perfect specificity of 100%, but 0% of
sensitivity, which means the model completely mis-predicts
those samples with [As] > 10 μg L−1. The regional model for
New England without water geochemical parameters7 also
showed a low sensitivity (37%) on samples with [As] > 5 μg
L−1, which was used as the threshold value. Together, they
suggest that including water geochemical parameters can
improve the prediction of arsenic occurrence.
In Buxton-Hollis, Maine, the major bedrock units are Silurian
meta-sedimentary rocks with Devonian or younger granite
intrusions. Median pH value of groundwater samples (n = 94)
is 6.95, median dissolved oxygen is 1.82 mg L−1, similar to
those in Devonian granites in the greater Augusta area.
Application of logistic regression models with groundwater
geochemical parameters results only 14% correct prediction on
the samples with [As]> 10 μg L−1, which might be due to the
highly clustered sampling targeting high arsenic samples. But
nevertheless the correct prediction rate is improved from 0% of
the prediction model with bedrock geology only. The major
bedrock units in five areas included in the Maine Geological
Survey’s Ambient Bedrock Water Quality program are metasedimentary rocks and granite/pegmatite, comparable to those
in the greater Augusta area. The correct prediction rates on the
samples with greater than 10 μg L−1 of arsenic are 20−30%
using models including water geochemical parameters, whereas
the model with bedrock geology only results no correct
prediction. These low percentages of correct prediction could
be influenced by the much lower sampling density of
geochemical predictors (Table 3), and also indicate the
difficulty of applying prediction models based on one local

Probabality([As] > 10μgL−1)
1 − Probabality([As] > 10μgL−1)
= exp( − 9.52 + 1.075pH − 0.117DO − 0.239NO3
− 0.029SO4 + 1.652Ss + 1.577Sw + 1.299SOv
+ 0.570D)

where Ss is Sangerville formation, Sw is Waterville formation,
SOv is Vassalboro formation, D is granite intrusion, pH is
groundwater pH values, DO is dissolved oxygen concentration
in mg L−1, NO3 is nitrate concentration as of N in mg L−1, SO4
is sulfate concentration in mg L−1.
The c statistic of the final prediction model with five
parameters is 0.81, similar to that (0.80) of the model including
only water chemistry parameters, but much improved from 0.64
of the model with only bedrock geology (Supporting
Information). These suggest that groundwater chemistry, for
example, pH and redox conditions, are better predictors for
groundwater arsenic occurrence at intermediate spatial scales
than bedrock type, because bedrock geology is not mapped to a
spatial resolution that fully represents subsurface heterogeneity.
These results should not be used to suggest that bedrock type is
irrelevant; rather it is more likely that water chemistry data
obtained at sufficiently high spatial density (1 per 1.5 km2)
represented the aquifer heterogeneity better than bedrock type.
Actually, the lithochemistry of aquifer material varies even
within the same bedrock type, thus arsenic content and
geochemical composition of source rocks could be better
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Table 3. Summary of Model Prediction of Groundwater Arsenic in Bedrock Aquifers in Maine
observation

correct prediction rate from models using
bedrock geology

n

n < 10 μg
L−1

n > 10 μg
L−1

exceedance

specificitya

water geochemistry

all parameters

sensitivityb specificitya sensitivityb specificitya

sensitivityb

2

2006 Sampling in Greater Augusta Area (Sampling
all
789
543
246
Ss
159
91
68
Sw
263
159
104
SOv
248
190
58
D
87
74
13
OZc
32
29
3

Density = 1 per 1.4 km )
31%
100%
43%
100%
40%
100%
23%
100%
15%
100%
9%
100%

0%
0%
0%
0%
0%
0%

85%
75%
80%
92%
86%
90%

50%
59%
57%
29%
54%
33%

85%
68%
76%
93%
99%
100%

55%
72%
68%
24%
8%
0%

2007 Sampling
all
Chelsea
Sidney
Litchfield
Manchester

Density = 1 per 0.1 km2)
43%
100%
7%
100%
29%
100%
57%
100%
78%
100%

0%
0%
0%
0%
0%

88%
94%
73%
90%
92%

69%
71%
72%
46%
75%

87%
98%
57%
86%
100%

62%
57%
78%
64%
58%

100%

0%

90%

14%

92%

14%

Ambient Bedrock Water Quality Program (Sampling Density = 1 per 14 km2)
228
218
10
4%
100%

0%

70%

20%

86%

30%

in Greater Augusta Area (Sampling
331
190
141
107
100
7
62
44
18
49
21
28
113
25
88

Buxton and Hollis (Sampling Density = 1 per 2 km2)
94
59
35
37%

Specificity is defined as the correct prediction rate of the model on samples with [As] < 10 μg L−1. bSensitivity is defined as the correct prediction
rate of the model on samples with [As] > 10 μg L−1.
a

(42 and 24 samples per km2, respectively) may lead to larger
uncertainties in the observed arsenic occurrence rates.
Implications on Predicting Arsenic Occurrence in
Bedrock Aquifers. Despite the limitations, the value of such a
predictive logistic regression model is that it can be applied to
obtain a preliminary arsenic risk assessment based on
surprisingly few water chemistry parameters and/or bedrock
types. Improvement in reliability of prediction is shown to be
possible by increasing sampling density of wells, and may be
possible with higher resolution bedrock geology maps and
bedrock lithochemistry data. The models are more reliable in
identifying areas with low arsenic risk (<10 μg L−1) by correctly
predicting 70% to 90% of the cases if only water geochemistry
parameters are used. The accuracy is improved to 85−92%
when all five parameters are used. The models tend to underpredict the occurrence rates in areas with high arsenic risk (>10
μg L−1). Thus a caveat in interpreting model prediction is that
if any occurrence rate of arsenic is predicted by the model, the
observed arsenic occurrence rate is likely to be higher. The
reason for this under-prediction is not well understood, but it
might be because the median arsenic concentration is usually
much lower than the MCL, which was used as the threshold
value in the models. As a comparison, the model sensitivity on
high arsenic samples could be improved if the threshold of 5 μg
L−1 is used (model results are not shown), which is more
comparable with the median arsenic concentration of 3.8 μg
L−1 in the greater Augusta area. Furthermore, the regression
method inherently tends to weaken the impact of extreme
values, especially when the arsenic data do not follow normal
distributions. The analytical uncertainty of those samples with
arsenic around threshold values can also add error to the model
performance. Lastly, the spatial heterogeneity of arsenic
distribution among individual wells within meters or tens of
meters is not addressed here (this suggests that the use of

area to others, because the significance of influence of bedrock
geology and groundwater geochemistry on arsenic might vary
in different areas. However, models including these basic
groundwater geochemistry parameters, which are often
available or easy to obtain, can apparently improve the correct
prediction rate.
For the four clusters representing Sw, SOv, and D rock units
where 331 groundwater samples were obtained in 2007 (SI
Figure S1), the correct prediction rates on samples with [As] >
10 μg L−1 are 62% and 69% using models with all parameters
and geochemical parameters only, respectively. Higher density
groundwater geochemistry data may have contributed to these
better prediction rates. The overall occurrence rates predicted
by the model with all five parameters were 12% in Chelsea, 46%
in Sidney, 39% in Litchfield, and 45% in Manchester. The
overall occurrence rates predicted by the model with
geochemical parameters only were 19% in Chelsea, 41% in
Sidney, 36% in Litchfield, and 48% in Manchester. The
observed arsenic occurrence rates were 7% in Chelsea, 29% in
Sidney, 57% in Litchfield, and 78% in Manchester. Both models
predicted that the arsenic occurrence rate in Chelsea (granitic
rocks) is lower than those in other clusters (metamorphic and
granitic rocks), but underestimated the occurrence rates in high
arsenic clusters. This is not unusual in models developed to
predict arsenic occurrence rates,35 but it nevertheless underscores difficulties in predicting arsenic occurrence rates
quantitatively even when the model was developed based on
the data collected from the same area. The underestimation of
arsenic occurrence rates in Litchfield and Manchester may be
due to (1) the contact zone between granite intrusions and
Silurian meta-sedimentary formations in these two cluster areas
may cause higher arsenic occurrence rates,17 (2) the lower
sampling density in these two areas (5−6 samples per km2)
compared with higher sampling density in Chelsea and Sidney
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Survey: Washington, DC, 2003.
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occurrence in New Hampshire Drinking water. Environ. Sci. Technol.
1999, 33 (9), 1328−1333.
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in a fractured bedrock aquifer. Appl. Geochem. 2011, 26 (4), 444−457.
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Environ. Sci. Technol. 2011, 45 (11), 4824−4831.

models as a predictive tool in no way negates the need for well
owners to test for arsenic).
There are reasons to believe that the approach established
here in the greater Augusta area, Maine can be applied to
predict arsenic occurrence rates in fractured bedrock aquifers at
local to intermediate scales at other localities. This is because
the bedrock geology, major water geochemical parameters, and
arsenic mobilization processes show similarities to a large extent
(SI Table S2). However, it is recommended that locally
appropriate logistic regression model be developed and
calibrated to improve the accuracy of prediction. On a practical
level for the New England region, towns with similar bedrock
geology can use our model to preliminarily identify potential
risk areas for arsenic using the data of pH, dissolved oxygen,
nitrate, and sulfate.
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