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Spatial distributions of groundwater quality are commonly
heterogeneous, varying with depths and locations, which is
important in assessing the health and ecological risks. Owing
to time and cost constraints, it is not practical or economical
to measure arsenic everywhere. A predictive model is necessary
to estimate the distribution of a specific pollutant in groundwater.
This study developed a logistic regression (LR) model to
predict the residential well water quality in the Lanyang plain.
Six hydrochemical parameters, pH, NO3

--N, NO2
--N, NH4

+-
N, Fe, and Mn, and a regional variable (binary type) were used
to evaluate the probability of arsenic concentrations exceeding
10 µg/L in groundwater. The developed parsimonious LR
model indicates that four parameters in the Lanyang plain
aquifer, (pH, NH4

+, Fe(aq), and a component to account for
regional heterogeneity) can accurately predict probability of
arsenicconcentrationg10µg/L ingroundwater.Theseparameters
provide an explanation for release of arsenic by reductive
dissolution of As-rich FeOOH in NH4

+ containing groundwater.
A comparison of LR and indicator kriging (IK) show similar
results in modeling the distributions of arsenic. LR can be applied
to assess the probability of groundwater arsenic at sampled
sites without arsenic concentration data apriori. However, arsenic
sampling is still needed and required in arsenic-assessment
stages in other areas, and the need for long-term monitoring and
maintenance is not precluded.

Introduction

Arsenic has been identified as a major risk factor for blackfoot
disease (BFD) on the southwestern coast of Taiwan (1). The
main source of arsenic exposure for the general population
is the ingestion of drinking water with high levels of arse-
nic. Ingestion of arsenic compounds in well water is also

associated with age-adjusted mortality from diabetes (2),
hypertension and cerebrovascular disease (3), and cancers
of the lung, liver, bladder, and kidney in Taiwan (4, 5). Arsenic
is widely distributed in the Earth’s crust and can concentrate
in pyrite, hydrous Fe oxides, and sulfide compounds and
can also be adsorbed by Fe and Mn after the weathering of
sulfide minerals in sedimentary environments (6). Arsenic
can be released into groundwater through redox processes
such as the oxidation of arsenic-bearing pyrite minerals and
through the reductive dissolution of arsenic-rich Fe-oxides
(7); these processes depend on pH and redox conditions in
the aquifer (8) and may be an important geochemical
interface controlling the speciation and the mobility of many
elements along the flow direction (9). The distribution and
transport of arsenic in groundwater are associated with the
complex nature of arsenic chemistry and the geochemical
variability of groundwater according to the hydrogeological
setting, which can be examined to determine the occurrence
of arsenic (10).

The estimated spatial distribution of contaminated
groundwater quality is important in assessing the health and
ecological risks. However, spatial distributions of ground-
water quality are commonly heterogeneous, varying with
depths and locations. This is problematic because only limited
field data can be obtained owing to time and cost constraints,
and sparsely measured data contain considerable uncer-
tainty. A model is needed because it is not practical or
economical to measure arsenic everywhere. Generally, the
nonparametric geostatistical method, indicator kriging (IK),
is widely used to model the spatial variability and distribution
of field data with the uncertainty. The values estimated by
IK represent the probability that the concentration of the
specific element does not exceed a prespecified threshold
(11). IK has been applied to estimate the probability dis-
tribution of heavy metal pollution in fields, to delineate
hazardous areas (12, 13), and to evaluate the extent of arsenic-
polluted aquifers (14). However, arsenic testing in a laboratory
is a complicated and costly process. A model using relevant
hydrochemical parameters to evaluate the probability of
arsenic exceeding a particular concentration in groundwater
is necessary in assessing health risk. Multivariate statistical
techniques are commonly used to examine relationships
among several variables. Logistic regression (LR) is one of
the most frequently used multivariate statistical methods
for exploring environmental and epidemiological issues and
predicting risks to human health and ecology. Logistic
regression differs from classical linear regression in which
the modeled response is the probability of being in a category,
rather than the observed quantity of a response variable (15).
The LR model has been applied to predict the probability of
arsenic exceeding 5 µg/L in groundwaters (16), to identify
the important variables that markedly increase the probability
of NO3-N contamination (17), and to explain a compound
associated with pesticide pollution levels in groundwater (18).

Because arsenic in groundwater is closely correlated with
other parameters, the objective of this study is to develop an
alternative approach using a multivariate method (LR) to
predict probability of specific arsenic concentrations ex-
ceeding Taiwan’s EPA limit in Lianyang’s residential wells
based on groundwater NO3-N, NO2-N, NH4

+-N, pH, Fe(aq),
and Mn(aq), as well as a variable accounting for regional
variability between northern and southern portions of the
aquifer plain. The utility of the LR model is that it can be
applied to assess the potential exposure risk of arsenic to
individuals without measuring arsenic concentration directly
in order to locate risk areas and to source safe drinking wells.
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Materials and Methods
Study Area. The Lanyang plain, which is approximately 400
km2 (about 18.6% of total county area) and is located in Yilan
County in northeastern Taiwan, consists of ten townships
and is the home of 97% of the population (about 451,000)
in Yilan County (Figure 1). The study area is the alluvial fan
of the Lanyang River. The groundwater flows from west to
east. The western parts of the plain near by the mountains
form the main recharging area of the groundwater, and
natural recharge is the source of groundwater (19). Although
the major river in the Lanyang plain is the Lanyang River,
several small rivers also flow through the area. In the northern
portion, the Yllan River is the main tributary and receives
water mainly from Snow Mountain. In the southern portion,
the Lodon and Donsun Rivers are the main tributaries and
receive water mainly from Central Mountain. The varied
sources of groundwater recharge have caused different
hydrogeochemical environments in the northern and south-
ern portions of the Lanyang plain. The surface layer is covered
by sediments from the Quaternary period, including silt, sand,
and clay, and is partitioned into proximal, mid, and distal
areas (20). The sediments contain abundant Fe and Mn oxides
(21).

Arsenic levels in the well waters differ markedly between
regions. The main source of exposure of residents to inorganic
arsenic is through drinking water obtained from the wells
(22). Arsenic in groundwater mainly results from geogenic
release from sedimentary formations of the marine deposits
formed during the Quaternary period (23). Although a high
percentage of households have access to tap water, ground-
water is still used as a popular source of drinking water by
many residents in the study area. Arsenic concentrations
that exceed the current Taiwan Environmental Protection
Administration (Taiwan EPA) limit of 10 µg/L are out of
compliance with WHO provisions. The arsenic concentration

in some well water is up to 600 µg/L or higher, and most
residential wells are less than 40 m deep (24). Arsenite and
arsenate contents represented 87% and 5.8% of the total
arsenic content, respectively (25). Long-term exposure to
inorganic arsenic from drinking water had a significant
dose-response relationship with various internal cancer in
the Lanyang plain, but no blackfoot disease (BFD) case has
been found here, indicating the geochemical characteristics
of arsenic-affected groundwater in the Lanyang plain may
be different from the BFD areas in the southwestern Taiwan
region (22, 24).

Aquaculture and agriculture are the primary economic
sectors of local residents since 1970. Fishponds, which are
a mix of groundwater and seawater, are mostly situated in
the northern region and near the Lanyang River in the
southern region, near the coast (26). Croplands, such as rice
paddies, are dispersed throughout this study area, where
irrigation water has been supplied by the Yilan irrigation
association for over 80 years. Factories are located on the
southern region of the Lanyang plain; a large amount of
groundwater has been extracted to supply the need of
agriculture, aquaculture, and industry.

Well Water Samples. This study used data collected by
the Environmental Protection Bureau (YiLan EPB, Taiwan)
of YiLan County during 1997-1999 (27). A total number of
928 well water samples were collected in the study area. Figure
1 presents the spatial distributions of arsenic concentrations
in the collected samples. All groundwater samples were
collected from household wells. The well water was run
through a pumping tube for at least 10 min before sampling
to ensure that the water sampled was representative of the
aquifer water chemistry. Seven water quality parameters were
analyzed, including concentrations of arsenic, ammonia
(NH4

+), nitrite (NO2
-), nitrate (NO3

-), iron (Fe), manganese
(Mn), and pH. Sample pH was measured in the field using

FIGURE 1. Study area and spatial distributions of measured arsenic concentrations.
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a pH probe. Other items were analyzed in the laboratory.
The procedures for analyzing arsenic concentrations followed
the APHA Method 3500-AsB. Water samples were filtered
with 0.45 µm glass microfiber filter papers and acidified with
HNO3 (Merck ultrapure grade) to pH< 2. A graphite furnace
atomic absorption spectrometer (GFAAS, Perkin-Elmer Model
2100), a hydride generation system (HG, MHS-10), and an
automatic sampler (AS-70) were adopted in arsenic analysis,
with the detection limit of 0.9 µg/L. A GFAAS was used to
determine Fe and Mn concentrations; the Nesslerization
method, colorimetric method, and ultraviolet spectropho-
tometric screening method were used for determining
concentrations of NH4

+-N, NO2
--N, and NO3

--N, respectively.
Strict quality control procedures, such as reagent blank
analysis, field blank analysis, duplicated test, and check test,
were executed during the field sampling (27). Table S1 (see
the Supporting Information) presents a statistical overview
of the data set. The average arsenic concentration was 11.82
( 45.07 µg/L, with the maximum of 772 µg/L. Arsenic
concentrations in approximately 82% of the 928 samples were
below the Taiwan EPA limit of 10 µg/L, and 49.5% was below
the instrumental detection limit of 0.9 µg/L. This study
adopted a half of the instrumental detection limit to represent
the value below the instrumental detection limit (28).

Logistic Regression. Logistic regression is widely applied
to analyze nondetects because a threshold value is specified

to define the response categories (29). The model takes the
following form:

where P is probability of observing an event, y is an indicator
variable, x1, x2,..., and xk are explanatory variables, and b1,
b2,..., and bk are regression coefficients in eq 1. This study
used the LR model to predict the probability that arsenic
concentrations in wells exceeded the current Taiwan EPA
limit for arsenic in drinking water (10 µg/L); y ) 1 denotes
a measurement exceeding 10 µg/L, and y ) 0 denotes a
measurement less than 10 µg/L. Other thresholds, including
5 and 1 µg/L, were also tested; however, these models were
less correct and had lower goodness-of-fit than 10 µg/L (Table
1). Explanatory variables were pH and NO3

--N, NO2
--N,

NH4
+-N, Fe, and Mn concentrations, and a binary-variable

region defined the northern and southern regions of Lanyang
River as 0 and 1, respectively. The binary variable is included
in our logistical model to account for local environmental
differences, which, in our study area, come from differences
in recharge from Snow and Central Mountains. The SAS
system software (30) with stepwise selection was applied in
this study, and selective evaluation of variables was followed.
The Hosmer-Lemeshow (HL, p value) goodness-of-fit test

TABLE 1. Logistic Regression Classification for Calibration, Validation, and a Combined Data Set in Different Threshold Values

classification criteria, for 50% probability cut pointdata set
(number of observations) threshold value total correct responses model sensitivity model specificity model goodness-of-fit test (HL)

calibration (600) 1 µg/L 81.5 73.9 88.3 <0.001
calibration (600) 5 µg/L 85.8 62.4 93.6 <0.001
calibration (600) 10 µg/L 87.7 54.1 95.3 0.54
validation (328) 10 µg/L 88.1 64.6 92.1

FIGURE 2. Frequency distribution of explanatory variables and occurrence of events (event: As > 10 µg/L; nonevent: As < 10 µg/L).

P[y ) 1|x] ) eb0+b1x1+b2x2+...+bkxk

1 + eb0+b1x1+b2x2+...+bkxk (1)
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was used to examine the fit of values to the model, and the
Wald statistic was utilized to test individual model param-
eters, with a significance level of p < 0.05. Model discrimina-
tion is represented by the c statistic (29). The overall rates
of correct classification, sensitivity (rate of predicting true
positive measurements), and specificity (rate of predicting
true negative measurements) were computed. A predicted
probability of 0.5 was used to delineate contaminated and
uncontaminated samples and calculate the overall rates of
correct classification, sensitivity, and specificity. Thus, a value
of zero was assigned when the prediction P′ (Yj ) 1) was less
than 0.5, and a value of 1 was assigned when the prediction
P′ (Yj ) 1) equaled or exceeded 0.5. Calibration data of 600
samples (65%) were used to develop the initial model, and
the remaining data (328 samples) were used for model
validation. Samples used for calibration and validation were
selected by random processes.

Results and Discussion
Logistic Regression. Figure 2 presents the relationships
between explanatory variables and event occurrence. Event
frequency was high when pH, NH4

+, and Fe concentrations
were high. Menard (31) indicated that high levels of col-

linearity may occur and pose problems for the model when
correlation coefficients are higher than 0.8. Absolute values
of the rank-based correlation coefficients (Spearman’s rho)
among independent variables were <0.55 (see Table S2 in
the Supporting Information), suggesting that weak correla-
tions are presented.

The final LR model consisted of the following four
explanatory variables: pH, NH4

+-N concentrations, Fe con-
centrations, and region (0 vs 1) (Table 2). An odds ratio of
more than 1 indicates that the odds of detecting arsenic
concentrations g10 µg/L increase when the explanatory
variable increases (31). The presence of arsenic g10 µg/L in
a well was associated with an 11-fold greater odds for the pH
value, a 2-fold greater odds for the NH4

+-N concentrations,
a 7-fold greater odds for the Fe concentrations, and an 11-
fold greater odds for region (0 vs 1). The p-value of HL was
0.43, and the observed and average predicted probabilities
were well-correlated, indicating that the model fit was
acceptable. The rate of total correct classification for the
model was 87.7%, with 95.3% of arsenic concentrations less
than 10 µg/L (specificity) and 54.1% of arsenic concentrations
exceeding 10 µg/L (sensitivity) correctly classified. The c
statistic was 0.94 for the LR model, indicating excellent

TABLE 2. Explanatory Variables in the Final Logistic-Regression Model

variable estimated coefficient (b) Wald p-value odds ratio (exp(b)) 95% LCL 95% UCL

intercept -21.60 <0.0001
pH 2.42 <0.0001 11.25 5.53 22.89
NH4

+-N (mg/L) 0.95 <0.0001 2.59 1.75 3.84
Fe (mg/L) 1.96 <0.0001 7.08 2.92 17.18
region (0 vs 1) 1.21 0.0012 11.34 2.62 49.12

FIGURE 3. Predicted probability of arsenic concentration exceeding 10 µg/L in groundwater in the Lanyang plain.
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discrimination for the model (29). The proposed LR model
was validated using an independent data set of 328 wells.
The rate of total correct classification for the model is 88.1%,
with 92.1% of arsenic concentrations less than 10 µg/L
(specificity) and 64.6% of arsenic concentrations exceeding
10 µg/L (sensitivity). The observed and average predicted
probabilities are reasonably well correlated. Thus, the
proposed LR model correctly predicted events and nonevents
according to the validation procedure. Our Supporting
Information describes the validation of LR model.

How Selected Variables Can Account for Arsenic in
Lanyang Plain’s Groundwater. The correlation coefficients
of arsenic concentration with pH, NH4

+-N, and Fe were 0.59,
0.41, and 0.58, respectively, indicating that they were mod-
erately corrected (Table S2 in the Supporting Information).
Microbial degradation of sedimentary organic matter is
regarded as the biogeochemical factor reductive dissolution
of arsenic-rich FeOOH in anaerobic groundwater, causing
the sorbed arsenic species to behave differently in conditions
of differing pH (32). An increase in pH likely influenced their
mobilization as well as changes in Hartree energy, Eh.The
ratio of arsenite and arsenate to total arsenic concentration
is controlled by pH, redox conditions in groundwater, and
adsorption/desorption processes of metal hydroxides (33).
The event frequency for pH g7 (28%) was higher than that
of pH < 7 (0.8%) (Figure 2a) and may reduce affinity of As
onto solid phases. The circumneutral values (median 7.1,
range 5.1-9.6) in groundwater play a role in enhancing
desorption of arsenic species adsorbed onto minerals (10).

Microbial oxidation of natural organic matter also gener-
ates high NH4

+ concentrations in groundwater (8). Ground-
water in mid and distal fan regions of Lanyang plain may be
mixed with old and fresh groundwater; old groundwater may
be attributed to mineralization of organic matter in sediment,
and new groundwater may result from leaching from the
ground above (19). Additionally, the landfill site is a traditional
dumping site which was operated from 1980 to 1999, where
no impermeable linear was placed underneath. The anaerobic
pollutants easily infiltrate from the landfill site to groundwater

and create a more local reducing environment (34). The
presence of the NH4

+ (media 1.6 mg/L, range <0.07-19.97
mg/L) reflects the moderately reducing condition indicating
a dissimilatory reduction of NO3-N may occur (35), in which
arsenic and Fe ions can be released by the reductive
dissolution of arsenic-bearing Fe-oxyhydroxides (36).

Fe oxides are the most likely sorbent of arsenic in aquifers
and have been closely linked to the behavior of arsenic in
soil and sediment (37). Chen et al. (25) investigated geochem-
ical characteristics of porewater and alluded that arsenic was
released to groundwater through reductive dissolution of
Fe-oxides in the midfan area and was closely associated with
mineralization of organic carbon in the distal fan area. The
range of Fe concentrations is <0.09-3.48 mg/L (median <0.09
mg/L), and the event frequency at Fe concentrations g0.1
mg/L (39%) was higher than that at Fe concentrations
<0.1 mg/L (2%) (Figure 2e). Arsenic can be released into
groundwater via the reductive dissolution of Fe oxyhydroxides
(10) or mobilized from an Fe oxide surface through desorption
of arsenic species under neutral pH conditions (7).

The final LR model does not incorporate NO2
--N, NO3

--
N, and Mn. The croplands (such as rice paddies) are dispersed
throughout this study area, and high nitrate concentration
in groundwater can result from surface soil leaching. Both
NO3

--N and NO2
--N concentrations were not statistically

significant and did not improve the model fit, reflecting that
developed land and population density are not directly
associated with current levels of arsenic in groundwater. Most
events (arsenic concentrations exceeding 10 µg/L) occur with
low NO3

--N concentrations (Figure 2d). Additionally, a
negative correlation existed between arsenic and NO3

--N
concentrations (Table S2 in the Supporting Information),
indicating that arsenic may be sorbed onto aquifer material
in the presence of nitrate (38). Most NO2

--N concentrations
in groundwater (79.4%) are less than the detection limit of
0.03 mg/L, and the remaining NO2

--N concentrations are
very low (Figure 2c). Nitrite is an unstable intermediate
species and is considered to be evidence of ongoing deni-
trification.

FIGURE 4. Predicted probability of arsenic concentration exceeding 10 µg/L in groundwater in the Lanyang plain by IK.
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Compared to Fe oxides, the fraction of arsenic adsorbed
by Mn oxides is considerably low (39). Additionally, Mn(IV)
is reduced at a higher redox potential level than Fe. Some
of the arsenic can be readsorbed on Fe oxyhydroxide while
arsenic is mobilized from Mn oxides (39). Most Mn con-
centrations in groundwater (73.2%) are less than the detection
limit (0.03 mg/L), and the remaining Mn concentrations are
very low (Figure 2f). Moreover, the Mn concentrations did
not correlate with current levels of arsenic in groundwater
(Table S2 in the Supporting Information).

In this study, the use of a few key geochemical process
parameters in the LR model can yield acceptable prediction
results in assessing the probability of arsenic in groundwater,
because the study area is a middle size plain (-400km2) with
a flat surface topography where the surface parameters are
less important. For a large-size region where local hetero-
geneities are not considered, the use of surface parameters
can provide reasonable prediction results (40). However, to
obtain more refined prediction results in a large-size region,
surface, geological, and anthropogenic sources of arsenic,
geochemical processes, and hydrogeological and land-use
parameters need to be included in the LR model (16).

Comparison of IK and LR. Figure 3 presents the model-
based predicted probabilities for arsenic concentrations
exceeding 10 µg/L in groundwater. The result is output from
the LR model with model coefficients in Table 2 and is
interpolated throughout the study area. The probability map
reveals the spatial variability of elevated arsenic concentra-
tions in the Lanyang plain. Three townships, Jiao-Si, Jhuang-
Wei, and Yi-Lan, have the highest probabilities. Don-Shan,
Tou-Chen, and Wu-Jei have moderate probabilities. The
anaerobic pollutants were infiltrated from the landfill site to
groundwater and transported to the downstream region, Jiao-
Si, Yi-Lan, and Jhung-Wei, along with the flow direction of
groundwater, creating a reducing environment, and arsenic
was mobilized through reductive dissolution of Fe oxyhy-
droxide (34). Additionally, reductive dissolution of Fe oxy-
hydroxide coupled with mineralization of organic matter in
sediment can result in arsenic mobilized in groundwater of
the southern region in the study area, Don-Shan, Tou-Chen,
and Wu-Jei (23, 34).

The rate of total correct classification for the calibration
data was 86%, with 95.7% of arsenic concentrations less than
10 µg/L (specificity) and 40% of arsenic concentrations
exceeding 10 µg/L (sensitivity) correctly classified by indicator
kriging (see the Supporting Information). Additionally, the
rate of total correct classification for the validation data is
87.2%, with 92% of arsenic concentrations less than 10 µg/L
(specificity) and 60% of arsenic concentrations exceeding 10
µg/L (sensitivity).

The classification correct rates of LR were similar with
those obtained by IK, but sensitivity of LR (54%) was better
than that of IK. The probability of exceeding 50% located at
Don-Shan, Lou-Don, Su-Ao, and Wu-Jei predicted by IK was
higher than that predicted by LR (Figure 4). The primary
cause is that the LR model was based on the correlations
among three hydrochemical parameters and one regional
variable, rather than the monovariable-spatial distribution
of arsenic. The LR model efficiently predicted the occurrence
probability of arsenic concentration exceeding 10 µg/L using
these four parameters. Moreover, relationships between
occurrence probabilities of As g 10 µg/L and variability of
these hydrochemical variable concentrations are also ex-
plored. In the future, it is possible that the provisional
guidelines may become more strict in some countries while
our continual improvement on the analytical precision in
measuring arsenic and the As provision in the LR model
might be changed accordingly.

Both LR and IK can be used to predict the probability of
As concentration exceeding 10 µg/L; however, LR is applied

to estimate the probability of As concentration exceeding 10
µg/L when no As is present while the LR model is being
developed, and it is necessary to further investigate the
relationship between As and other hydrochemical param-
eters. The IK can handle highly variant phenomena without
having to trim off important high-value data and provide
risk-qualified estimates to a specific pollutant. Additionally,
the pollutant concentration can be estimated through the
conditional cumulative distribution function (ccdf) of each
site. However, the uncertainty of IK estimations is based on
the spatial variation of observed data at sampled locations
only, and the ccdf provides one measure to a single location.
Thus, geostatistics is generally used to estimate spatial
distribution of pollutants for unsampled sites, rather than to
estimate point pollution. The LR is another applicable method
to estimate the occurrence probability of pollutants at each
sample without directly measuring pollutants everywhere.
The parsimonious nature of the developed LR model can be
used as a screening model and applied to other arsenic-
prone regions where the local governments have limited
funding and technology for mitigating As (40, 41).
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