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a b s t r a c t

Redox couples approach and multivariate statistical techniques, including factor analysis, cluster analysis
and discriminant analysis, were applied to evaluate and to interpret the complex groundwater qual-
ity in the blackfoot disease endemic area, Taiwan. Most groundwater samples were characterized as
Na–Ca–HCO3 with HCO3

− as the dominant anion. Total arsenic (As) concentration, predominantly as
As3+, ranged from <1.0 to 562.7 �g/L. The patterns of measured reducing potential were consistent with
those values calculated from As couple, revealing the in situ environment enhanced the accumulation of
As concentration in the groundwater. Factor analysis proposed a four-factor model, comprising salination,
rsenic
roundwater
edox couples approach
ultivariate statistical techniques

reductive dissolution of Fe/Mn oxyhydroxides, As reduction and chemical potential factor, and explained
89.94% of total variance in groundwater. Furthermore, two factors, reductive dissolution of Fe/Mn oxy-
hydroxides and As reduction, suggested that the decoupled reductive processes accounted for high As
concentration in this area. Cluster analysis was adopted to spatially categorize the sampled wells into
three main clusters and characterized by the factor scores of the four-factor model. Two-parameter (pH
and Eh) model derived from discriminant analysis can be used for preliminary assessment to determine
whether the As concentration exceeds 10 �g/L with simple field measurements in this area.
. Introduction

Coastal aquifers have been reported to be vulnerable to arsenic
As) contamination, especially in south Asia [1,2]. Literature studies
ave extensively documented that the intake of As-polluted water
oses the health hazards to humans, such as skin lesions and can-
ers occurring in both internal and external bodies [3]. Severe As
ontamination in groundwater, particularly in Bangladesh, resulted
n developing millions of cases of arsenicosis and thousands of
s-attributable excess deaths annually [4]. The mechanisms of As
artitioning to the aqueous phase are complex and often intimately

nvolve with the geochemical cycling of Fe oxyhydroxides and sul-
de minerals as well as ligand displacement [1,2,5]. In addition,
he mixing of groundwater and saline water further complicates
Please cite this article in press as: K.-L. Lu, et al., Assessing the characteris
blackfoot disease endemic area, J. Hazard. Mater. (2010), doi:10.1016/j.jha

he hydrogeochemical processes in coastal aquifer [6].
In Taiwan, As-contaminated aquifers typically existed in the

oastal plains where was deposited in the young quaternary deltaic
nvironment and groundwater was under reducing condition. The
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E-mail addresses: cwliu@ntu.edu.tw, lcw@gwater.agec.ntu.edu.tw (C.-W. Liu).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.10.069
© 2010 Elsevier B.V. All rights reserved.

most well-known region, blackfoot disease (BFD) area, located in
the Chianan Plain and a total of 2758 BFD patients were reported
before 1997. A neighboring region, the Choushui River alluvial fan,
mainly in the southern part, high As groundwater was observed
in the shallow aquifer near the sea shore [7,8]. Generally, these
two regions were delineated as the BFD endemic area. The enrich-
ment of aqueous As in this area was generally attributed to the
reducing process, involved with the dissolution of As-bearing
Fe oxyhydroxides [8]. Furthermore, groundwater salination was
severe and dominated the local groundwater characteristics. At
present, it is increasingly recognized that a transition from aerobic
to anaerobic conditions, involving with the concurrent reduction
of Fe3+ and As5+, influenced the mobilization of As in groundwater
[1,2,5]. However, qualitative descriptions concerning distribution
and release of As in the subsurface environment of the BFD endemic
area required further study.

Multivariate statistical methods are widely adopted to assess
tics of groundwater quality of arsenic contaminated aquifers in the
zmat.2010.10.069

the properties of water quality. The application is valuable for
evidencing temporal and spatial variations caused by nature and
anthropogenic factors. The dimensionality reduction of the large
water quality data set facilitates the interpretation of the com-
plex hydrochemical processes for the identification of pollution

dx.doi.org/10.1016/j.jhazmat.2010.10.069
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ources and influential factors [7–11]. The purpose of this study
as to characterize the As-contaminated groundwater quality of

he BFD endemic area by redox couples approach and multivariate
tatistical analyses. In situ Eh values were compared with the the-
retically calculated values of various redox couples (i.e. N, Fe, As
nd S) to systematically define the redox state of high As groundwa-
er. Multivariate statistical methods, including factor analysis (FA),
luster analysis (CA) and discriminant analysis (DA), were applied
o explore main hydrogeochemical structure and to determine the
ey indicative parameters that were responsible for spatial varia-
ions of As in groundwater. In addition, the scores of various wells,
btained from DA function, were further adopted to spatially cate-
orize the groundwater into safe (As � 10 �g/L) and contaminated
As > 10 �g/L) zones and then verified with the distribution of mea-
ured As concentrations. This was the first study focused on the
ydrogeochemical properties of As in the BFD endemic area which
overed both the BFD area of the Chianan Plain and the littoral area
f the southern Choushui River alluvial fan.

. Materials and methods

.1. Study area

The BFD endemic area, including the littoral area of the south-
rn Choushui River alluvial fan and BFD area in the Chianan Plain,
ocated in the southwestern part of Taiwan and accounted for the
overage of 437.59 km2 (Fig. 1). The littoral area of the Choushui
iver alluvial fan was in the distal-fan, comprising three aquifers
nd aquitards, respectively, based on hydrogeological classification
o a depth of around 300 m [12]. Furthermore, according to C14 dat-
ng [13], the uppermost sequence was deposited 3–9 ka ago during
he Holocene transgression followed by 35–50 ka ago in the middle
equence and 80–120 ka ago in the lowest sequence. For Chianan
lain, although the hydrogeological profiles exhibit no clear layer
tructure, it can be roughly divided into five aquifers via the geolog-
cal ages and specific depth intervals. Aquifer 1 was mostly formed
n the Holocene, and the deposits in aquifers 2–5 were classified
s Miocene to Pleistocene. More relevant information could be
eferred herein [8].

.2. Sampling and field measurements

A total of 33 monitoring wells from 11 hydrological stations
ere included whereas 23 groundwater samples (7 hydrologi-

al stations) collected from the southern Choushui River alluvial
an and the rest from the Chianan Plain at different depths
33.1–306.5 m) in December 2008 (Fig. 1 and Table 1). Notably,
hydrological station comprises several nested wells with differ-

nt depths to monitor the respective aquifer. The field sampling
ethods used the NIEA code W103.52B set by the Taiwan Envi-

onment Protection Administration. At least 3 wellbore volumes
f groundwater were pumped before sampling. Dissolved oxygen
DO), temperature, pH, electrical conductivity (EC) and electrical
otential (Eh) were measured in a flow-through cell every 5 min
uring well purging. Cell sensors were calibrated in the field before
easuring any of these parameters [14]. Water samples were

ollected until DO, pH and EC stabilized. After purging, a probe
MiniSonde, USA), which is 5 cm in diameter and 70 cm in length,
ncluding a data logger, a circulator and 5 sensors for DO, tempera-
ure, EC, pH and Eh measurements, was lowered down to the screen
Please cite this article in press as: K.-L. Lu, et al., Assessing the characteri
blackfoot disease endemic area, J. Hazard. Mater. (2010), doi:10.1016/j.jha

osition of the well and remained there for at least 10 min before
arameters of water quality were read [15]. Water samples for
etal and other ionic concentration measurements were filtrated
ith 0.45 �m nylon filters and acidified with various acids for spe-

ific analysis [14]. Additionally, to preserve the native As species,
 PRESS
Materials xxx (2010) xxx–xxx

groundwater samples were pre-treated following Gallagher et al.
[16] during sampling. Samples were then kept in ice boxes and
delivered to the laboratory within 24 h. Analytical results of As
species were further compared with that reported by Chen et al.
[17] with the addition of H2SO4 for preservation.

2.3. Laboratory analyses

Dissolved ions concentrations were determined by conven-
tional methods. The concentrations of major anions (Cl−, NO3

− and
SO4

2−) and cations (Na+, K+, Ca2+, Mg2+ and NH4
+) in groundwa-

ter samples were analyzed by Dionex DX-120 ion chromatography.
Trace elements (Fe and Mn) were measured with inductively cou-
pled plasma and atomic emission spectrometry (ICP-OES) (Varian,
VISTA-MPX).

Ferrous (Fe2+) concentrations were measured colorimetrically
using the ferrozine method [18]. The difference between total
Fe and Fe2+ concentrations equals to Fe3+ concentrations. Four
major As species, As(III), As(V), MMA and DMA, were sepa-
rated using an anion column (Phenomenex, Nucleosil, 10 �m,
250 mm × 4.6 mm), connected with an high performance liquid
chromatography (HPLC) (Perkin Elmer, Series 200), which was
interfaced to an electro-thermal atomic absorption spectrometer
(AAS) (Perkin-Elmer, AA 200) and a hydride generation (HG) sys-
tem (Perkin-Elmer, FIAS 100) [19]. The recovery rate of As(III) and
As(V) yielded 100.7 ± 3.8% and 97.2 ± 4.0%, respectively. Hydrogen
sulfide was measured by spectrophotometer (Thermo, GENESYS
10 VIS) following methylene blue method, detected the adsorp-
tion at 664 nm. Total alkalinity was determined by acid titration
using methyl-orange. Dissolved organic carbon (DOC) was mea-
sured using the high temperature combustion method [14].

2.4. Redox potential calculations

In nature waters, there are numerous elements that participate
in different redox reactions such as N, Fe, As, S and C. Theoret-
ically, the redox potential calculated from the activity ratio of
different redox couples using the appropriate NERNST-equations
should yield identical redox potentials, if the chemical components
are in the thermodynamic equilibrium [20]. It is therefore crit-
ically important for such calculations that the concentrations of
both redox partners are well above the detection limits. Due to the
absence of detected methane concentration, this study adopted N,
Fe, As and S species for redox couple calculations. For N species, the
nitrate/ammonia-couple is used to calculate pε:

pε = 14.9 − 5
4

pH + log
[NO3

−]
[NH4

+]
(1)

In natural waters with normal pH the pε may be calculated based
on Fe(II) by Eq. (2) [20]:

pε = 16.5 − 3pH + log[Fe2+] (2)

Cherry et al. [21] introduced the calculation of redox potential
from the concentrations of As(III) and As(V).

pε = 11 − 3
2

pH + 1
2

log
[H2AsO4

−]
[H3AsO3]

for pH < 7 (3)

pε = 14.5 − 2pH + 1
2

log
[HAsO4

2−]
[H3AsO3]

for pH > 7 (4)
stics of groundwater quality of arsenic contaminated aquifers in the
zmat.2010.10.069

Under reducing conditions sulfate is reduced to sulfide. The
redox potential may be calculated with the NERNST-equations:

pε = 5.12 − 5
4

pH + 1
8

log
[SO4

2−]
[H2S]

for pH < 7 (5)

dx.doi.org/10.1016/j.jhazmat.2010.10.069
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Table 1
Hydrochemical compositions of groundwater samples in the southern Choushui River alluvial fan and Chianan Plain.

No. Depth (m) T (◦C) pH EC
(�S/cm)

Eh
(mV)

Na+

(mg/L)
K+

(mg/L)
Ca2+

(mg/L)
Mg2+

(mg/L)
Fe2+

(mg/L)
Fe3+

(mg/L)
Mn
(mg/L)

As3+

(�g/L)
As5+

(�g/L)
Cl−

(mg/L)
NO3

−

(mg/L)
NH4

+

(mg/L)
HCO3

−

(mg/L)
SO4

2−

(mg/L)
Sulfide
(mg/L)

DOC
(mg/L)

1-1 124.9 26.2 7.6 399 −99 28.4 2.1 67.4 10.2 0.3 <0.1 0.1 7.2 <1.0 1.5 <0.03 1.7 262 25.2 0.02 1.5
1-2 227.3 30.8 7.8 380 −126 56.8 1.6 31.8 3.8 <0.1 <0.1 <0.04 <1.0 <1.0 3.0 <0.03 0.4 300 3.5 0.02 1.3
2-1 51.3 25.6 7.1 6450 −155 6460.0 265.0 452 761.0 34.7 17.7 2.5 297.1 53.7 18400.0 <0.03 6.5 227 1810.0 0.02 4.3
2-2 105.4 25.9 7.4 1602 −107 260.0 24.8 43.5 42.2 0.4 <0.1 0.2 19.1 <1.0 375.0 <0.03 4.6 381 21.4 0.02 3.9
2-3 202.7 30.1 7.6 405 −120 58.8 1.8 28.3 3.8 1.7 0.6 0.1 6.8 <1.0 5.5 <0.03 0.4 305 2.8 0.02 0.4
2-4 285.0 31.9 7.9 413 −147 62.0 1.6 24.5 3.0 <0.1 <0.1 0.1 6.4 <1.0 11.9 <0.03 0.4 299 4.2 0.02 0.6
3-1 56.0 25.3 7.4 908 −131 104.0 21.6 36.3 31.0 0.7 0.1 0.2 539.7 <1.0 42.7 <0.03 0.2 264 59.5 0.03 3.2
3-2 121.6 27.1 7.4 154 −144 50.2 1.5 38.8 6.3 0.7 0.1 0.1 53.1 <1.0 6.0 <0.03 0.7 320 3.7 0.01 1.0
3-3 169.7 28.2 7.3 429 −127 48.9 1.3 36.0 3.5 <0.1 <0.1 0.2 21.3 <1.0 7.9 <0.03 0.6 288 1.6 0.01 0.8
3-4 225.1 29.0 7.4 455 −134 45.5 1.5 41.6 5.8 0.1 <0.1 0.1 15.3 <1.0 16.4 <0.03 0.4 281 6.7 0.02 0.7
4-1 33.1 26.4 6.9 1526 −81 96.1 7.6 268.0 163.0 12.5 6.2 0.5 72.8 27.5 64.0 <0.03 4.1 837 660.0 0.02 0.4
4-2 85.4 26.0 7.4 368 −80 31.4 1.7 59.6 11.2 1.5 0.4 0.2 1.8 <1.0 4.5 <0.03 1.0 312 11.1 0.01 1.3
4-3 134.7 27.3 7.3 332 −96 45.3 1.4 42.4 6.8 <0.1 <0.1 0.1 15.3 <1.0 3.0 <0.03 0.6 282 6.5 0.01 1.1
4-4 182.2 28.2 7.4 336 −112 43.2 1.2 36.3 5.3 <0.1 <0.1 0.2 2.2 <1.0 5.0 <0.03 0.6 259 7.4 0.01 1.1
4-5 266.7 30.0 7.6 344 −120 48.7 1.5 43.7 6.5 <0.1 <0.1 0.1 9.9 <1.0 7.4 <0.03 0.3 254 10.3 0.02 1.0
5-1 66.3 25.4 7.0 2070 −110 384.0 38.6 91.3 96.8 6.7 3.6 0.7 407.8 <1.0 814.0 0.2 8.8 430 95.6 0.02 3.0
5-2 152.5 27.6 7.3 560 −149 57.5 1.8 44.0 6.3 <0.1 <0.1 0.1 73.8 <1.0 45.7 <0.03 0.6 300 7.2 0.04 1.5
6-1 56.3 25.9 7.2 15,000 −178 6080.0 277.0 235.0 725.0 5.2 2.4 0.1 89.8 <1.0 11200.0 0.1 11.0 393 1520.0 0.02 2.9
6-2 146.0 27.9 7.4 1127 −179 158.0 4.2 79.9 18.6 1.9 0.7 0.2 97.8 <1.0 243.0 <0.03 0.9 302 30.0 1.36 1.4
7-1 98.1 25.9 7.3 6290 −144 2160.0 85.9 43.1 167.0 1.9 0.9 0.1 44.1 <1.0 3670.0 <0.03 8.9 605 287.0 0.02 5.2
7-2 174.7 29.6 7.5 502 −149 80.1 2.4 20.8 4.8 <0.1 <0.1 0.1 23.3 <1.0 18.4 <0.03 0.7 324 25.9 0.02 2.2
7-3 221.3 29.6 7.6 1517 −148 283.0 10.0 24.7 21.0 <0.1 <0.1 0.1 32.5 <1.0 332.0 <0.03 1.2 340 32.6 0.02 2.6
7-4 263.0 30.8 7.5 478 −147 84.0 2.5 13.5 4.7 <0.1 <0.1 <0.04 7.9 <1.0 3.0 <0.03 0.9 342 2.2 0.01 2.3
8-1 90.7 27.1 7.3 1050 −123 222.0 5.7 23.7 13.5 1.8 0.8 <0.04 373.9 <1.0 133.0 <0.03 2.0 551 7.9 0.02 4.2
8-2 167.0 29.6 7.6 559 −166 115.0 4.6 13.7 9.1 0.2 <0.1 0.1 136.5 <1.0 2.5 <0.03 1.5 432 3.2 0.02 3.4
8-3 246.8 31.0 7.6 514 −152 101.0 3.3 15.3 7.0 <0.1 <0.1 <0.04 71.5 <1.0 2.5 <0.03 0.9 384 2.6 0.02 3.1
8-4 306.5 31.9 7.7 537 −168 112.0 3.0 13.7 5.7 <0.1 <0.1 <0.04 74.8 <1.0 <1.4 <0.03 1.4 395 3.7 0.02 3.2
9-1 41.0 25.5 7.1 1023 −144 239.0 16.8 15.5 26.2 0.5 0.1 <0.04 499.0 <1.0 99.3 0.1 5.9 670 30.9 0.02 9.4
9-2 176.0 28.6 7.2 600 −121 134.0 5.2 18.3 10.2 2.7 1.2 0.2 149.3 <1.0 <1.4 0.1 1.9 515 8.9 0.02 5.1
10-1 76.0 27.2 7.2 2000 −124 694.0 13.3 43.2 46.0 3.8 1.9 <0.04 562.7 <1.0 754.0 0.1 11.7 814 0.2 0.02 7.9
10-2 117.0 29.3 7.8 999 −150 230.0 8.1 10.9 12.8 <0.1 <0.1 <0.04 519.7 33.7 106.0 <0.03 4.3 617 5.9 0.03 6.8
11-1 80.0 26.2 7.2 2000 −122 704.0 14.8 58.5 59.4 4.5 2.2 0.2 527.7 <1.0 973.0 0.1 7.8 641 0.1 0.02 13.8
11-2 204.0 29.2 7.3 967 −157 222.0 9.1 33.8 25.4 1.9 0.8 0.3 298.6 <1.0 188.0 <0.03 4.4 486 6.8 0.01 5.8

dx.doi.org/10.1016/j.jhazmat.2010.10.069
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ig. 1. Study area and location of groundwater sampling stations. Solid triangles r
houshui River alluvial fan and the Chianan Plain.

ε = 4.25 − 9
8

pH + 1
8

log
[SO4

2−]
[HS−]

for pH > 7 (6)

Furthermore, the conversion between Eh and pε was performed
y the following equation:

h = 2.3RT

F
pε (7)

here F = 1 faraday (=96,490 C/mol); R = gas constant (=
.314 J/mol K); and T = temperature in K.

.5. Multivariate analysis

.5.1. Factor analysis (FA)
Factor analysis (FA) yields the general relationship between

easured chemical variables by elucidating the multivariate pat-
erns that may help to classify the original data. The geochemical
nterpretation of factors may provide insight of the main processes
hat govern the distribution of hydrochemical variables. In this
tudy, only factors with eigenvalues that exceed one are retained
or analyses [22].

.5.2. Cluster analysis (CA)
Cluster analysis (CA) uses an analysis of variance approach to

easure a distance between variable clusters, attempting to mini-
ize the sum of squares of any two clusters that could be formed at

ach step. Hydrochemical data with similar properties are clustered
n a group. To avoid misclassifications arising from the different
rder of magnitude of the variables, the variance for each variable
s standardized. The Ward’s method is used to carry out CA [23].
n this study, eighteen hydrochemical parameters, including T, pH,
C, Eh, Na+, K+, Ca2+, Mg2+, Fe2+, Fe3+, Mn, As3+, As5+, Cl−, NH4

+,
CO3

−, SO4
2− and DOC concentrations, are considered to evaluate

he characteristics of the groundwater by FA and CA.

.5.3. Discriminant analysis (DA)
Please cite this article in press as: K.-L. Lu, et al., Assessing the characteri
blackfoot disease endemic area, J. Hazard. Mater. (2010), doi:10.1016/j.jha

Stepwise DA is employed to establish the discrimination model
ith hydrochemical parameters of groundwater between groups

tep-by-step [23]. This study partitions groundwater into two
roups in advance based on the Taiwan drinking water standard
f As concentration (10 �g/L). Scores of each sites, calculated by
ented the hydrogeological stations. Line A–B geographically divided the southern

substituting standardized values of hydrochemical parameters to
the discriminant functions, represent the tendency of classification,
i.e. the group with As � 10 �g/L has relative high scores in contrast
to the group with As > 10 �g/L in this study. This work used SPSS to
perform FA, CA and DA [24].

3. Results and discussion

3.1. Hydrochemistry of groundwater

3.1.1. General hydrochemistry
Hydrochemical data of 33 analyzed groundwater samples were

summarized in Table 1. Groundwater pH was predominantly as
mildly alkaline (pH > 7) and reducing in nature. Electrical conduc-
tivity varied widely from 154 to 15,000 �S/cm and the highest value
occurred at shallow aquifer in the southern Choushui River alluvial
fan, sample 6-1. According to the classification of Piper diagram,
type II water (n = 15) were prevailing in this area followed by types
IV (n = 9), I (n = 8) and III (n = 1) waters (Fig. 2). Type II water was
likely caused by the deposition of fine particles (silty sand and
clay) in the coastal area, leading to slow flow rate and the for-
mation of stagnant groundwater [25]. Seawater intrusion resulted
in the existence of saline water type (type IV), particularly in the
shallow aquifer, whereas the source in the deeper aquifer could be
attributed to the mixing of the ancient seawater. Furthermore, type
IV samples contained higher As concentration (>10 �g/L). Most of
the samples were Na–Ca–HCO3 type with HCO3

− as the dominant
anion, except for type IV samples with Cl−.

Ammonia ion (NH4
+) was the major N-species, spreading from

0.2 to 11.7 mg/L, which can be ascribed to either the short of
recharge or the depletion by bacterial mediated reactions [26]. For
iron, dominant species was Fe2+, ranging from <0.1 to 34.7 mg/L
with the average of 2.6 mg/L. Furthermore, Fe3+ concentrations
spanned in the narrow range but varied concurrently with Fe2+.
Under reducing conditions, concentration of Mn was also high,
stics of groundwater quality of arsenic contaminated aquifers in the
zmat.2010.10.069

reaching up to 2.5 mg/L. The spatial pattern of SO4
2− was consistent

with areal distribution of saline samples with the maximum value
of 1810.0 mg/L in sample 2-1 which also contained the highest con-
centration of Cl−. In addition, sulfide concentrations were generally
less than 0.05 mg/L with the highest concentration of 1.36 mg/L in

dx.doi.org/10.1016/j.jhazmat.2010.10.069
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Fig. 2. Piper plot of sampled groundwaters in the

ample 6-2 where the lowest Eh was also measured. Concentrations
f HCO3

− were high and spread in the range of 227–837 mg/L. Dis-
olved organic carbon concentrations spanned from 0.4–13.8 mg/L.
n addition to the dissolution of the carbonate, dissolved organic
arbon may be an active source for HCO3

− in groundwater [27].

.1.2. Distribution of As species and redox potential calculation
Analysis of groundwater samples yielded a range of As con-

entrations (<1.0–562.7 �g/L), dominated by As3+ (accounted for
3–100% of total As), with 76% of the selected samples exceeding
he Taiwan drinking water standard of As concentrations (10 �g/L)
Table 1, Fig. 3). No organic forms of As species (MMA and DMA) was
etected. Comparing with As3+/As5+ ratio (2.6) reported by Chen
t al. [17], a relative high ratio in this study was observed as the
esult of non-detected As5+ in the most water samples. The cause
as partially attributed to different pretreatment methods on sam-
les. The predominance of As3+ was in agreement with the reduced
eochemical environment of the water (Table 1). Only two samples,
-2 and 10-2, contained higher As5+ concentrations. The coexis-
ence of As3+ and As5+ under generally reducing conditions may
e due to the slow reduction kinetics of As5+ released during the
eductive dissolution of Fe oxyhydroxides [28]. Arsenite may also
e converted to arsenate by reacting with an oxidant. According to
nalytical data, only sample 1-2 contained non-detectable As con-
entration and located in the northern part of the study area where
ow As concentration was reported in this area [8]. Additionally,
roundwater samples collected from the Chianan Plain contained
igher As levels than those in the southern Choushui River alluvial

an [8].
Vertical profile of the Astot concentrations (sum of As3+ and

s5+) showed that high As concentration samples existed within
epth from 30 to 80 m and 80 to 200 m in the southern Choushui
iver alluvial fan and the Chianan Plain, respectively (Fig. 3a)
8]. Although high levels of Astot, Fetot (sum of Fe2+ and Fe3+)
nd Mn concentrations occurred in the shallow depth (<100 m)
Please cite this article in press as: K.-L. Lu, et al., Assessing the characteris
blackfoot disease endemic area, J. Hazard. Mater. (2010), doi:10.1016/j.jha

Fig. 3a–c), no significant correlations were observed between As
ith Fe and Mn. The approximate tendency of DOC and HCO3

−

as observed (Fig. 3d and e) and correlated significantly (r2 = 0.41,
< 0.05), suggesting that the degradation of organic matter resulted

n generation of DOC and high HCO3
− in the groundwater and caus-
ern Choushui River alluvial fan and Chianan Plain.

ing subsequent redox reaction [29]. Distinct correlations between
Astot with DOC (r2 = 0.58, p < 0.05), HCO3

− (r2 = 0.32, p < 0.05) and
NH4

+ (r2 = 0.30, p < 0.05) supported the mobilization of As in the
groundwater pertaining to anoxic environment as the result of
biodegrading of organic matter [30,31]. High SO4

2− concentrations
in the shallow depth (less than 100 m) could be subject to intrusion
of seawater in the littoral area (Fig. 3). Poor correlation between
As and SO4

2− indicated that As was not directly mobilized by the
dissolution sulfide minerals such as arsenopyrite [2].

The measured Eh value usually yielded an accuracy within
±50 mV [20]. Alternatively, we can measure the major redox cou-
ples as indicators to determine the redox status of the water by
using the NERNST equation [32]. In general, without influence by
oxygen, the redox values calculated from the Fe and As couples
were consistent and also found herein (Fig. 4). Regardless of the pos-
itive values calculated from N species, the in situ negative Eh values
fell within the values calculated from Fe/As and S couples, reveali
the in situ redox gradient moved from Fe/As-reducing toward S-
reducing environment as evidenced by the detection of sulfide
concentration (Fig. 4). Further, the distribution patterns of in situ
measurements were consistent with those values calculated via As
couple (data not shown), indicating that local hydrogeochemical
condition may be in favor of the enrichment of As in the ground-
water. Cherry et al. [21] indicated that the As(III)–As(V) couple is
an useful tool in the assessment of the redox status of the in situ
hydrogeochemical conditions as it is responding to the natural pε-
condition fast enough to give a representative indication of them. In
spite of the presence of sulfide concentration in all collected sam-
ples, the relatively high negative values calculated from S redox
couple could be pertaining to the slow equilibration of this system
as well as high sulfate concentration resulted from the seawater
intrusion as described above.

3.2. Factor and cluster analyses
tics of groundwater quality of arsenic contaminated aquifers in the
zmat.2010.10.069

A four-factor model was determined by FA of which their
percentage of variance and cumulative percentage of variance
explained 89.94% of the total variance in the data set. The terms,
“strong”, “moderate”, and “weak” as applied to factor loadings,
referred to absolute loading values of >0.75, 0.75–0.5 and 0.5–0.3,

dx.doi.org/10.1016/j.jhazmat.2010.10.069
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ig. 3. Profiles of the distribution of As and other solutes in groundwater with depth
lain and southern Choushui River alluvial fan. Astot and Fetot represented the total

espectively, presented the loading of the varimax rotation factor
atrix for the four-factor model. This study selected absolute fac-

or loadings of over 0.7 to evaluate the relationships between the
actors and hydrochemical data. Factor 1, which comprised strong
ositive loading on EC, Na+, K+, Mg2+, Cl− and SO4

2−, accounted for
2.02% of the total variance. The areal distribution of factor score
f factor 1 had high and positive values at the shallow depth in the
outhern Choushui River alluvial fan. These hydrochemical items
ere the dominant solutes in the seawater and significantly cor-

elated. Groundwater salination in this area was mainly attributed
o the sea water intrusion caused by over-pumping and partially
aused by residence of ancient seawater [33,34]. Thus, factor 1 was
enoted as the salination factor.

The second factor accounted for 29.87% of the total variance
nd showed high loadings on Ca2+, Fe2+, Fe3+, Mn and As5+. The
Please cite this article in press as: K.-L. Lu, et al., Assessing the characteri
blackfoot disease endemic area, J. Hazard. Mater. (2010), doi:10.1016/j.jha

lose correspondence between the aqueous As and Ca suggested
hat dissolution of calcite accompanied the release of As, driven
y CO2 generated from the microbial respiration process [35]. In
ontrast to As3+, As5+ was preferred to be the dominant host of As
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ig. 4. Comparison of field measured Eh values with calculated Eh values using
ifferent redox couples. Solid line represented the in situ measured Eh values.
diamond and hollow circle separately represented samples taken from the Chianan
ntrations of As (As3+ and As5+) and Fe (Fe2+ and Fe3+) species, respectively.

species onto the surface of Fe/Mn oxyhydroxides [2]. The presence
of dissolved Fe species, Mn and As5+ in the factor 2 were consistent
with the mechanism of reductive dissolution of Fe/Mn oxyhydrox-
ides via respiration of organic matter, with congruent release of
associated adsorbed and coprecipitated As [35,36]. This factor was
denoted as the reductive dissolution of Fe/Mn oxyhydroxides.

Factor 3 explained 16.76% of the total variance with strong load-
ings of As3+, HCO3

− and DOC. Many studies indicated that microbial
activities accelerated the diagenetic processes, involving mobiliza-
tion of As from sediment with high organic matters [37,38]. In
addition to the indirect pathway of reductive dissolution of Fe/Mn
oxyhydroxides, direct transformation between As species (i.e. As5+

to As3+) also enhanced the mobility of As in the groundwater [2,39].
With regard to the significant relation between aqueous Fe and
As(V) but the predominant As species as As(III) in the groundwater,
the As-rich groundwater in this area was postulated as a decou-
pled processes, combined with Fe/Mn and As reduction. Islam et al.
[40] indicated that the decoupled reduction of Fe(III) and As(V)
may, therefore, reflect adaptation of the respiratory pathway in
the microorganisms and the capacity for arsenic release was criti-
cally limited by the availability of electron donor in the sediments.
Such characterizations observed herein supported the formation of
reducing environment triggering the redox couples, i.e. N, Fe/Mn,
As, S and C reacted orderly. Accordingly, As was released in ground-
water due to the favorable reducing condition and this reduction
was coupled to the microbial degradation of organic matter.

Factor 4 explained 11.30% of the total variance. It exhibited high
positive loadings on T and pH, and negative loading on Eh. The for-
mation of reducing environment could increase pH followed by the
decreasing Eh. Hence, this factor denoted as the chemical poten-
tial factor [41] which governed the chemical reactions of As in the
hydrogeo-environment.

Cluster analysis was adopted to spatially explain the similarity of
the groundwater quality among wells and depicted a dendrogram,
composing of three major clusters. Results of grouped samples
identified by CA were then compared with the common properties
stics of groundwater quality of arsenic contaminated aquifers in the
zmat.2010.10.069

determined by FA. Cluster 1 comprised 20 samples (wells num-
ber 1-1, 1-2, 2-2 to 2-4, 3-2 to 3-4, 4-2 to 4-5, 5-2, 6-2, 7-2 to 7-4
and 8-2 to 8-4) with mean scores among the four factors were the
dominant cluster and typified the groundwater quality in the BFD
endemic area. Cluster 2 contained 11 samples (wells number 3-1,

dx.doi.org/10.1016/j.jhazmat.2010.10.069
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Comparison of the correctness of the predicted results with field measurements.

Field measurement

As conc. �10 �g/L As conc. >10 �g/L
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-1, 5-1, 7-1, 8-1, 9-1, 9-2, 10-1, 10-2, 11-1 and 11-2) with high
core values in factors 3 and 4, representing the groundwater with
igher As concentrations in the shallow depth. Only two samples
wells number 2-1 and 6-1) were categorized as cluster 3. Cluster
had high score values in factors 3 and 4 and also had extremely
igh score values in factor 1, indicating the groundwater under both
s-contaminated and severe salination conditions.

.3. Discriminant analysis

Stepwise DA was carried out to derive the discriminant func-
ion which was applied to spatially delineate the groundwater into
afe (�10 �g/L) and contaminated (>10 �g/L) zones. All measured
ydrochemical parameters, exclusive of As species, were consid-
red to construct the discriminant function model. The derived
iscriminant function was as follow:

A Function = 1.216pH + 0.983Eh − 0.03 (8)
Please cite this article in press as: K.-L. Lu, et al., Assessing the characteris
blackfoot disease endemic area, J. Hazard. Mater. (2010), doi:10.1016/j.jha

Hydrochemical parameters pH and Eh, the fourth factor deter-
ined by the FA in section 3.2, were identified as the key

arameters in the discriminant function. The correct classification
ate is 87.9% using the developed discriminant function (Table 2).

ig. 5. Spatial distribution of DA scores and total As concentration (in �g/L) at different la
he layer 1 (0–80 m), layer 2 (80–160 m), layer 3 (160–230 m) and layer 4 (>230 m), resp
lluvial fan and the Chianan Plain. Triangle symbol represented sampled wells.
Predicted As conc. �10 �g/L 7 1
Result As conc. >10 �g/L 3 22

Seven and twenty-two groundwater samples characterized by
�10 �g/L and >10 �g/L As concentration, respectively, were clas-
sified correctly. One and three samples with As concentration
�10 �g/L and >10 �g/L, respectively, were misclassified by the dis-
criminant function model.

The discriminant scores of each groundwater samples were
acquired from its standardized values of hydrochemical param-
eters and discriminant function. The score distributions at four
tics of groundwater quality of arsenic contaminated aquifers in the
zmat.2010.10.069

layers, including 0–80 m, 80–160 m, 160–230 m and >230 m, were
spatially mapped (Fig. 5a) and compared with the measured total
As concentration of the corresponding layers in the BFD endemic
area (Fig. 5b). The scores of safe sample sites possessed high pH
and Eh features were significantly larger than those from con-

yers in the BFD endemic area. (a) DA scores, (b) total As concentration. 1–4 denote
ectively. Dotted line defined the boundary between the southern Choushui River

dx.doi.org/10.1016/j.jhazmat.2010.10.069
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aminated sample sites. In addition, the DA scores spread from
2.80 to 2.39 with a transition zone of scores range from 0.47

o 0.83 separated the contaminated (scores between −2.80 and
.47) and safe (scores between 0.83 and 2.39) zones. Basically,
xcept layers 2 (80–160 m) and 4 (>230 m), the zonations delin-
ated by scores of discriminant function model were similar with
he distribution of measured As concentrations (Fig. 5). The grey
ransition zone provided a smooth transitive area between con-
aminated and safe zones which accounted for the uncertainty of
he discriminant function in delineating the contaminated and safe
ones (Fig. 5). Moreover, the derived discriminant function can be
sed as a screening model to assess whether the As concentration is
bove or below 10 �g/L without measurement of As concentration
n apriori.

. Conclusions

We assessed the spatial variations in groundwater quality of the
FD endemic area in Taiwan. Local groundwaters were under mod-
rate to strong reducing conditions with 76% samples exceeding
0 �g/L in As. We have showed that the redox potential distri-
ution of in situ measurements was consistent with those values
omputed from As couple and enhanced the formation of high As
roundwater. Factor analysis revealed that the major geochemical
rocess is pertaining to reductive dissolution of As-bearing Fe/Mn
xyhydroxides in this area. We further derived a two-parameter
pH and Eh) model which yielded highly correct assignations to
lassify samples with As � 10 �g/L and >10 �g/L. Generally, if the
roundwater is acidic and under reduced condition, the arsenic
oncentration will exceed 10 �g/L and vice versa. This technique
s readily applicable to pre-determine whether the As concentra-
ion exceeds 10 �g/L threshold value in the study site using simple
n situ measured parameters. Moreover, it correctly delineated
he As-contaminated zone among different depths and provided
seful information for effectively implementing the safe use of
roundwater and formulating an optimal groundwater monitoring
lan.
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