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Abstract

High As contents in groundwater were found in two neighboring catchments — the Chianan plain and the southern
Choushui river alluvial fan in Taiwan. The groundwater quality, the redox potential and the As distribution of the Chi-
anan plain were characterized using factor analysis, redox zoning and a geochemical program. The results were compared
with those of the southern Choushui river alluvial fan. Possible As release mechanisms are also elucidated. Factors 1 and 2
of the groundwater in the Chianan plain — the salinization factor and the As enrichment factor — are similar to those in the
southern Choushui river alluvial fan. However, the spatial distribution of reductive tendency in the Chianan plain is dif-
ferent to that in the Choushui river alluvial fan, and yields spatially distinct hydrogeochemical environments in these two
neighboring areas. The reduction potential in the Chianan plain is stronger than that in the Choushui river alluvial fan.
The difference between the reduction potentials in these two vicinal areas influences the concentrations of As in ground-
water. The reductive dissolution of As-rich Fe oxyhydroxide is suggested to be the major mechanism for release of As to

the groundwater in the Chianan plain and the Choushui river alluvial fan of Taiwan.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

In Taiwan, the peripheral vascular disease, black-
foot disease, was first reported in the Chianan plain
(Tseng et al., 1961). This disease was associated with
the direct ingestion of deep well water with high As
content (Tseng, 1977, 1985). In various studies, high
As in well water has been associated with diabetes
(Lai et al., 1994), hypertension (Chen et al., 1995)
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and cancers of the nasal cavity, lung, liver, bladder,
kidney and prostate (Wu et al., 1989; Chen and
Wang, 1990). At present, even though this well
water is not directly ingested by most inhabitants
in this region, it is still extensively provided to meet
domestic, irrigation, aquacultural and industrial
needs. In the aquacultural sector, in particular, high
As concentrations are bioaccumulating in tilapia
(Han et al., 1998; Liao and Ling, 2003). The inor-
ganic As concentrations of the farmed fish have
increased with the As concentration of pond water
in this area (Huang et al., 2003), causing a potential
cancer risk (Liu et al., 2005; Jang et al., 2006).
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From 1999 to 2004, the Taiwan Sugar Company
undertook a groundwater quality survey at moni-
toring wells in the Chianan plain and its neighbor-
ing area, the southern Choushui river alluvial fan.
The As concentrations of groundwater in these
two areas were 0.30 & 0.35mg/L and 0.1240.14
mg/L, respectively (Taiwan Sugar Company, 2003,
2004). In around 70% of monitoring wells in the
southern Choushui river alluvial fan, and over
95% of those in the Chianan plain, the As concen-
trations exceeded the World Health Organization
(WHO) guideline of 0.01 mg/L. Moreover, the As
concentration in groundwater was high in shallow
(20-70 m) monitoring wells in the southern Chou-
shui river alluvial fan, differing from that in deep
(70-300 m) wells in the Chianan plain (Fig. 1). Liu
et al. (2006) indicated that although the depth of
the high As content in the groundwater in the
southern Choushui river alluvial fan differed from
that in the Chianan plain, the geologic ages of both
areas are in the range 3-9 ka, or the Holocene trans-
gression. The main source of As in groundwater is
postulated to be geogenic deposits — especially
aquitard formations of marine sequences.
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Fig. 1. Vertical distribution of As concentration in (a) the
Chianan plain and (b) the southern Choushui river alluvial fan.

The two most plausible mechanisms for the
release of As from sediments to groundwater are
oxidation (Chatterjee et al., 1995) and reduction
(Bhattacharya et al., 1997, 2004; Nickson et al.,
1998). The former hypothesis suggests that As-rich
Fe-sulfide may be dissolved by oxidation, driven
in part by increased groundwater pumping. The lat-
ter hypothesis implies the reduction of As-rich Fe
oxyhydroxides, caused by increased O, demand
possibly associated with human activities, or buried
peat and organic deposits (McArthur et al., 2001).
The redox conditions and processes are key in the
variations of concentrations of As species in
groundwater (Zheng et al., 2004; Polizzotto et al.,
2005). Consequently, the redox potential may vary
with depth and thus be responsible for differences
between the As release mechanisms in the Chianan
plain and those in the southern Choushui river allu-
vial fan.

Liu et al. (2003) adopted factor analysis to iden-
tify factors that govern the chemistry of groundwa-
ter in the southern Choushui river alluvial fan, and
demonstrated that the hydrogeochemical process of
As enrichment is the main characteristic of this
groundwater. Chen and Liu (2003) used dissolved
0O,, NO; and sulfide contents, to divide the aquifers
in the Choushui river alluvial fan into three redox
zones along its flow path. Zone 1, the proximal
fan, is oxic or NOj -reducing with Eh > 0 mV. Zone
2, the middle fan, is anoxic with detectable dissolved
sulfide. Zone 3, the distal fan, is anoxic without
detectable dissolved sulfide. Hence, this study char-
acterizes the As-affected groundwater of the Chia-
nan plain using factor analysis and redox zoning.
The geochemical reactions of As in the Chianan
plain and the southern Choushui river alluvial fan
are calculated using PHREEQC (Parkhurst, 1995).
Possible mechanisms for the release of As in these
two vicinal groundwater catchments in Taiwan are
proposed.

2. Study area

The study area includes the Chianan plain and
the southern Choushui river alluvial fan (Fig. 2).
These two groundwater catchments are located in
the southwestern part of Taiwan and are both sur-
rounded by the Taiwan Strait to the west and the
Central Mountain to the east. The Chianan plain
is bounded by the Peikang river to the north and
the Ernjen river to the south, and has an area of
around 2400 km?. It extends 40 km from east to
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Fig. 2. Study areas. The solid triangles and solid squares represent the hydrological stations in the southern Choushui river alluvial fan
and the Chianan plain, respectively. A—A’ and B-B’ represent the approximate location of cross sections of the Chianan plain and the

southern Choushui river alluvial fan shown in Fig. 3.

west and 60 km from north to south. Two major
rivers, the Pachang river and the Tsengwen river,
flow from the NE to the west through the northern
part and the southern part of the plain, respectively.
The southern Choushui river alluvial fan has an
area of around 1000 km?, and extends 48 km from
east to west and 24 km from north to south. It is
partitioned mainly into the proximal-fan, the mid-
fan and the distal-fan areas (Central Geological Sur-
vey, 1999), and bounded by two major rivers that
flow through the area, the Choushui river to the
north and the Peikang river to the south.

The Chianan plain has 33 hydrological stations,
including 100 monitoring wells with depths from 4
to 289 m (Taiwan Sugar Company, 2002). Fast ero-
sion upstream and a sharp change of river gradient
has caused thick muddy sediments to be deposited
in the upper plain and led to poor hydraulic proper-
ties in the aquifers. Moreover, the hydrogeological
profiles of the Chianan plain exhibit no obvious
layer structure. However, the hydrogeological envi-

ronment is divided into five aquifers. These are
aquifer 1 with depths of 0-60 m, aquifer 2 with
depths of 60-140 m, aquifer 3 with depths of
140-200 m, aquifer 4 with depths of 200-250 m
and aquifer 5 with depths of 250-300 m, from top
to bottom, according to the geological ages. Aquifer
1 was mostly formed in the Holocene, and the
deposits in aquifers 2-5 were classified as Miocene
to Pleistocene sands and silt mixed with the muddy
sediments of the marine sequence (Fig. 3a).

The southern Choushui river alluvial fan has 41
hydrological stations, including 107 monitoring
wells, which comprise 23 wells in aquifer 1 with
depths of under 50 m, 54 wells in aquifer 2 with
depths of 60-180 m, 24 wells in aquifer 3 with depths
of 190-280 m, and wells with depths of over 280 m
(Taiwan Sugar Company, 1997). Based on subsur-
face hydrogeological analysis to a depth of around
300 m, the formation is divided into six interlayered
sequences, including three marine sequences and
three non-marine sequences, in the distal-fan and
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Fig. 3. Typical hydrogeological profile in the west—east direction of (a) the Chianan plain and (b) the Choushui river alluvial fan.

the mid-fan areas. The non-marine sequences of the
formation, with coarse sediment, ranging from med-
ium sand to highly permeable gravel, can typically be
regarded as aquifers, whereas the marine sequences
of the formation with fine sediments, can be
regarded as aquitards. The hydrogeological forma-
tion of the proximal-fan, which consists entirely of
gravel and sand, is considered to be an unconfined

aquifer and an important groundwater recharge area
(Fig. 3b). Moreover, the southern Choushui river
alluvial fan was formed in the late Quaternary per-
iod. Marine sequence 1 was deposited 3-9 ka ago
during the Holocene transgression; marine sequence
2 was deposited 35-50 ka ago, and marine sequence
3 was probably deposited 80-120 ka ago during the
more recent interglacial transgression (Huang,
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1996). In this work, the most complete groundwater
quality data for the Chianan plain and the southern
Choushui river alluvial fan were collected in 2001.
The aquifers of the Chianan plain were divided into
shallow (0-70 m), medium (70-170 m) and deep
(>170 m) layers associated with different geological
ages, which layering is consistent with the three
well-defined aquifers of the southern Choushui river
alluvial fan.

3. Methods
3.1. Sampling and analysis

The field sampling methods used follow the
NIEA code W103.50B set by the Taiwan Environ-
ment Protection Agency. At least three wellbore
volumes of groundwater were pumped before sam-
pling. Dissolved O,, temperature, pH, electrical
conductivity (EC) and electrical potential (Eh) were
measured in a flow-through cell every 5 min during
well purging. Cell sensors were calibrated with stan-
dard solutions (all from Merck), which have pH
4.00, 7.00 and 10.0; EC=1410 pS/cm; Eh=
280 mV, in the field before measuring any of these
parameters (APHA, 1998). Water samples were col-
lected only after pH and EC stabilized, and the fluc-
tuations of pH and relative EC were less than 0.1%
and 5%, respectively. After purging, a probe (Mini-
Sonde manufactured by HydroLab, USA), which is
Scm in diameter and 70 cm in length, including a
data logger, a circulator and five sensors for tem-
perature, EC, pH, Eh and DO measurements, was
lowered down to the screen position of the well cas-
ing and remained there for at least 10 min before
water quality parameters were read (Chen and
Liu, 2003).

Water samples for metal and other cation con-
centration measurements were filtered with
0.45 um glass fiber papers and acidified with
HNO; (Merck ultrapure grade) to pH 2. Samples
for sulfide analyses were collected in narrow-mouth
biochemical oxygen demand (BOD) bottles
(300 mL) with tapered ground-glass stoppers and
flared mouths. To avoid trapping or dissolving
atmospheric O,, a rubber tube was extended from
the pump line to the bottom of the bottle. After
two or three bottle volumes of water flowed out, a
stopper was placed tightly eliminating air bubbles.
Samples were then kept in ice boxes and delivered
to the laboratory within 24 h. Water for total dis-
solved solid (TDS) determination was evaporated

at 103-105 °C. Total organic C (TOC) was mea-
sured using the high temperature combustion
method (APHA, 1998). The anions NO;, SO;
and HS™ were determined by spectrophotometric
techniques using the Cd reduction, turbidimetric,
and methylene blue methods, respectively (APHA,
1998). Trace metal ions including Fe were measured
by atomic absorption spectroscopy (AAS). A total
of 15 samples including blank, spike, duplicate
and check samples (standard solutions from Merck)
were measured sequentially (APHA, 1998). For sul-
fides, the detection limit was 0.03 mg/L; variances of
duplicate measurements were less than 10%; recov-
eries of check and spike samples were between
85% and 115%. For Fe, the detection limit was
0.05 mg/L; variances of duplicate measurements
were less than 3%; recoveries of check and spike
samples were between 90% and 110%.

3.2. Factor analysis and redox zoning

Factor analysis is a multivariate statistical
method, and yields the general relationship between
measured chemical variables by elucidating the mul-
tivariate patterns that may help to classify the origi-
nal data. It can be used to determine the geographical
distribution of the resulting factors. The geochemical
interpretation of factors yields insight into the main
processes that may govern the distribution of hydro-
chemical variables. The first step of factor analysis
was to standardize the raw data and make them
dimensionless. The correlation coefficient matrix,
eigenvalues and eigenvectors were determined to
yield the covariance matrix. Then, the data were
transformed into factors. Only factors with eigen-
values that exceed one are retained in this work (Rey-
ment and Joreskog, 1993). The contribution of each
factor at each monitoring well (factor scores) is com-
puted. In this study, the 15 hydrochemical parame-
ters of the Chianan plain, including Eh, pH, EC,
TDS, alkalinity (Alk), TOC, NH;, SO, CI*",
Ca®", Mg>", Na™, K', As and Fe concentrations,
were considered to evaluate the characteristics of
the groundwater by factor analysis, performed using
SPSS software (SPSS Inc., 1998) metals with low
concentrations (Zn, Cu, Cd, Cr, Pb, Ag, Hg) and
NOy, were excluded.

Stumm and Morgan (1981) addressed sequences
of redox processes at pH 7 in a natural groundwater
system. Under reducing conditions, oxygenated
water that enters an aquifer that is rich in organic
matter first loses O, and then NO;. Subsequently,
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Fe and Mn are dissolved, and SO}~ is reduced to sul-
phide. Finally, CH4 may appear in the groundwater.
Chapelle et al. (1995) provided a well classification of
predominant redox processes in groundwater by
considering patterns of electron acceptor (NO; and
SOi*) consumption, intermediate product (H,) con-
centrations, and final product (Fe(II), sulfide and
CH,) production. However, due to the lack of H,
and CHy4 concentration data, a simple classification
of redox zones which was applied in the Choushui
river alluvial fan (Chen and Liu, 2003) was adopted
in the Chianan plain in this study. The definition of
three redox zones in the Chianan plain were same
as those in the Choushui river alluvial fan, including
zone 1 (Eh > 0, and DO or NO; > 0.5 mg/L), zone 2
(Eh <0, and with detectable dissolved sulfide), and
zone 3 (Eh <0, and without detectable dissolved
sulfide).

3.3. Geochemical calculations

The geochemical program, PHREEQC, based on
the database WATEQF was adopted to calculate
the distribution of the aqueous species (Parkhurst,
1995). The program is based on an ion-associated
aqueous program, and designed to perform a wide
variety of aqueous geochemical calculations.
PHREEQC can handle problems of environmental
pollution, and has been used to determine which
solid might be precipitating based on the saturation
index (SI). The SI is defined as the logarithm of the
ratio of the ion activity product (IAP) of the compo-
nent ions of the solid in solution to the solubility
product (Ksp) for the solid [SI=logIAP/Ksp].
Negative and positive SI values represent the poten-
tial for dissolution and precipitation, respectively.
In this work, the data from the monitoring wells
in all layers and redox zones were collected to calcu-
late chemical speciation and mineral saturation of
groundwater in the Chianan plain and the southern
Choushui river alluvial fan. Seventeen terms from
each monitoring well were used in the calculation.
They were pH, Eh, temperature, DO, Alk, SOﬁ*,
Cl-, Ca*", Mg®", Na™, K", As, Fe, Mn, NH;,
NO; and HS™ (Table 1).

4. Results and discussion
4.1. Factor analysis

Table 2 presents the correlation coefficients of 15
hydrochemical parameters of the Chianan plain.

The correlations between As and other parameters
are weak, especially the Fe (R = —0.055, p>0.05)
and SOﬁ’ (R=-0.218, p>0.05) which associate
with As release to groundwater. Table 3 presents
the eigenvalues of the first three factors, their per-
centage of variance and cumulative percentage of
variance. It reveals that the eigenvalues of the three
factors, which exceed one, explain 77.52% of the total
variance in the data set. Table 4 presents the loading
of the varimax rotation factor matrix for the three-
factor model. The terms, ‘“‘strong”, ‘“moderate”
and ‘“weak’ as applied to factor loadings, refer to
absolute loading values of >0.75, 0.75-0.5 and 0.5—
0.3, respectively. This study selected absolute factor
loadings of over 0.5 to elucidate the relationships
between the factors and the hydrochemical data. A
factor score associated with each monitoring well
was determined. They were plotted to illustrate the
spatial characteristics of the quality of groundwater
in the Chianan plain.

Factor 1, which has strong positive loadings on
EC, TDS, SO;", CI-, Ca*", Mg*", Na™ and K™,
and moderate positive loadings on NHj, explains
50.34% of the total variance. The strong positive
terms are the dominant solutes in seawater. Thus,
factor 1 is called the salinization factor. The pres-
ence of NH; demonstrated the reducing environ-
ment in this sedimentary basin, in which the
hydraulic properties of the aquifers are poor. Over
pumping has led to severe groundwater drawdown
(Lambrakis et al., 1996) and the intrusion of seawa-
ter (Petalas and Lambrakis, 2006). Groundwater
levels of the monitoring wells in these two areas
are generally below sea level, especially in the
coastal region. Fig. 4a shows the spatial distribution
of the scores of factor 1 with different depths. High
values represent high-salinization regions. The most
critical district of groundwater salinization is the
SW region of the shallow layer, which is the major
area for producing salt in Taiwan. The annual
amount of salt produced there is about 60% of the
total amount produced in Taiwan. Accordingly,
seawater intrusion may not be the only source of
salinization of the shallow layer, the infiltration
from salt fields being partially responsible for the
salinization.

Factor 2, which has strong positive loadings on
Alk and TOC, moderate positive loadings on As
and moderate negative loadings on Eh, explains
18.62% of the total variance. Its relationship with
Alk, TOC and As is regarded as involving the asso-
ciation of inorganic/organic C with As, while the



Table 1
Physico-chemical parameters and major ionic constituents in groundwater of shallow, medium and deep layers, and their corresponding redox zonations of the Chianan plain and the
southern Choushui river alluvial fan

Area Chianan plain Southern Choushui river alluvial fan

Layer Shallow Medium Deep Shallow Medium Deep

Redox zone 2 2 3 2 2 2 2 2 3 1 2 3 1 2 3 1 2 3
Station no. 28 21 12 20 19 27 28 30 16 41 27 6 38 26 6 41 23 6
pH 7.6 7.7 7.4 7.8 7.3 7.8 7.6 6.9 7.6 7.6 7.4 8.0 7.5 7.7 8.0 7.5 8.0 8.1
Eh (mV) —142 294 —173 -259 -299 -83 302 206 —115 282 —-151 =226 -3 —145 —-160 41 —-179  —160
Temp (°C) 25.2 26.0 26.1 26.9 26.3 27.0  29.1 28.3 28.6 24.5 24.8 25.4 23.8 25.0 26.4 23.4 25.0 28.0
DO (mg/L) 0.2 0.2 0.3 0.3 0.3 0.3 0.2 0.2 0.3 4.6 0.2 0.4 4.5 0.2 0.1 0.3 0.1 0.1
Alk (mg/L) 350 430 875 460 405 620 470 370 685 250 425 415 275 205 235 255 170 220
SO2™ (mg/L) 90 206 2421 13.7 15.3 5.8 5.9 5.8 17.3 116.0 1570 1050 133.0 ND ND 1370 1.9 7.7
Cl (mg/L) 25 16,472 19,780 17 8245 249 218 1011 1190 15 37 63 13 9 10 32 11 19
Ca (mg/L) 65.3 101.0 663.0 14.9 57.0 125 30.6 75.2 22.7 108.0 1550 49.1 121.0  30.1 37.1 140.0  30.1 39.1
Mg (mg/L) 394 293.7 318.4 8.3 1047 129 159 453 34.7 23.7 37.7 38.3 29.2 7.3 6.1 19.0 6.1 6.7
Na (mg/L) 44 9526 11815 153 4253 417 229 657 932 13 30 125 12 45 55 15 39 55
K (mg/L) 23.8 409.6 473.1 26.0 1039 39.8 289 19.1 37.6 1.6 2.4 24.2 2.0 0.8 1.2 0.8 0.4 1.2
As (mg/L) 0.1 0.2 0.3 0.0 0.1 0.6 0.1 0.9 1.0 ND 0.0 0.6 ND 0.1 0.1 ND 0.0 0.0
Fe (mg/L) 1.9 0.7 24.4 0.2 1.1 0.9 0.9 3.2 4.5 0.2 5.0 0.6 ND 4.1 0.4 0.2 0.4 0.1
Mn (mg/L) 0.2 0.1 1.5 0.3 0.5 0.0 0.4 0.1 0.2 ND 0.2 0.3 ND 0.3 0.1 0.2 0.2 0.3

NH; (mg/L) 2.8 34.5 24.8 1.3 37.6 126 5.7 13.0 15.9 0.1 33 5.2 0.1 2.0 0.7 0.1 0.5 0.7
NOj (mg/L) ND* ND ND ND 0.11 0.09 ND ND 0.22 7.05 0.10 0.08 8.02 0.08 0.09 10.40 ND 0.08
HS™ (mg/L) 0.04 0.04 ND 0.04 0.06 0.07  0.04 0.07 ND 0.06 0.04 ND 0.06 0.04 ND 0.04 0.06 ND

# Non detectable.
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Table 2

Matrix of correlation coefficients for hydrochemical parameters of the Chianan plain

Mg*" Na® K* As Fe TOC NH;

C a2+

Eh pH TDS Alk Norm cl-

EC
1.00

0.70*
—0.37°
—0.18

—0.01
—0.47%

0.40%
—0.01
—0.45"

—0.19
—0.21

0.90%
—0.30°
—0.16

0.97*
—0.41°
—0.17

0.87
—0.24°
—0.23°

0.73%
—0.11

0.98*
-0.41*
-0.19

0.85
—0.25°
—0.18

—0.13

—0.39°

1.00*
—0.43*
-0.17

—0.17

—0.26°

—0.43*

EC
Eh

1.00

0.34*
—0.01

0.19

—0.19

—0.38*

0.34*
—0.13

1.00

0.69*
—-0.10

0.40%
—0.02

0.85* 0.98* 0.73* 0.87% 0.97% 0.90*
—-0.10 -0.15 —0.22° —0.09 -0.17

—0.19

1.00

TDS
Alk

0.69*
—0.11
—0.01
—0.17
—0.08

0.35
—0.22
—0.19
—0.25°
—0.22°
—0.18
—0.20

1.00

0.32°
0.68*
0.36*
0.46%
0.67*
0.53*
0.04

0.35%

0.32%

0.87% 0.79* 0.81*

0.88*

0.74*
0.74*
1.00

0.79*

1.00

1.00

0.41*

0.91%

1.00*

0.73* 0.70* 0.65
0.30%

0.72%
1.00
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0.96*

0.89%
1.00

0.00
—0.04

0.41*

0.93*
1.00

0.34*
—0.06

0.55%
0.00
1.00

1.00

1.00

O
—
(=]

TOC
NHJ

1.00

# Correlation is significant at the 0.01 level.

® Correlation is significant at the 0.05 level.
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Table 3

Eigenvalues, percentage of variance, and cumulative percentage
of variance of the first three factors, for which the eigenvalues
exceed one, in the factor analysis

Factor Eigenvalue Percentage of Cumulative percentage
variance of variance
1 7.55 50.34 50.34
2 2.79 18.62 68.96
3 1.28 8.56 77.52
Table 4
Loadings for varimax-rotated factor matrix in three-factor model
Variable Factor 1 Factor 2 Factor 3
EC 0.85 0.02 0.14
Eh —0.42 —0.67 0.15
pH —0.09 0.37 -0.79
TDS 0.98 0.02 0.09
Alk —0.14 0.82 —0.07
S0;~ 0.89 —0.12 —0.05
ClI™ 0.97 0.04 0.13
Ca*" 0.79 -0.18 0.23
Mg>*" 0.93 —0.12 0.01
Na™ 0.97 0.05 0.10
K" 0.95 —0.06 0.02
As —0.19 0.68 0.07
Fe 0.18 0.40 0.72
TOC 0.00 0.91 0.09
NH; 0.61 0.18 0.38

Absolute factor loadings of over 0.5 are shown in bold typeface.

negative loading of Eh is associated with the reduc-
ing condition of this groundwater. Therefore, factor
2 is called the As enrichment factor. The presence of
dissolved carbonate may influence the adsorption of
trace metals by competing for sites on mineral sur-
faces, forming carbonate complexes that can either
enhance or suppress adsorption, and forming pre-
cipitates (Villalobos et al., 2001). The mobilization
of adsorbed As with dissolved carbonate has been
proposed to be one of the major causes of high lev-
els of As in groundwater (Appelo et al., 2002; Ana-
war et al., 2003, 2004; Garcia-Sanchez et al., 2005).
Harvey et al. (2002) indicated that the dissolved
organic C (DOC) and dissolved inorganic C (DIC)
in groundwater in Bangladesh was positively corre-
lated with As content, and concluded that the
mobility of As is closely related to the recent inflow
of C through either displacement by carbonate or
the organic C-driven reduction of Fe oxide.

Fig. 4b shows the spatial distribution of the
scores of factor 2 at different depths. High values
represent the region with high As content. The
potential for As enrichment increases with depth.
The most likely area for As enrichment is the SW
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Fig. 4. Spatial distributions of the scores of (a) factor 1 (salinization factor) and (b) factor 2 (As enrichment factor) at different depths
beneath the Chianan plain.
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of the Chianan plain. The As enrichment factor rep-
resents the potential for As enrichment, which is
based on well correlation between As, Alk and
TOC. Factor 3, which has strong positive and neg-
ative loadings on Fe and pH, respectively, explains
8.56% of the total variance. This result is consistent
with the decrease in pH as dissolved Fe(II) increases
(Herbel and Fendorf, 2006). Furthermore, factors 1
and 2 of the Chianan plain are similar to those of
the southern Choushui river alluvial fan (Liu
et al., 2003).

4.2. Redox zoning

Fig. 5 shows the distribution of redox zones at
different depths of the Chianan plain and the
Choushui river alluvial fan, reproduced from Chen
and Liu (2003) and Jang and Liu (2005). Zone 1 is
not found in three depths of the Chianan plain.
The lack of zone 1 in the Chianan plain indicates
that the reduction potential in this area exceeds
that in the Choushui river alluvial fan. The reduc-
tion potential tends to increase from the coastal
area to the mountainous area in all three layers,
although the increases are not very clear in the
shallow layer. The special redox zonations are the
reverse of those in the Choushui river alluvial fan
(Chen and Liu, 2003). The reductive tendency of
the Choushui river alluvial fan increases from the
proximal-fan, the mountainous area, toward the
distal-fan, the coastal area. However, regional
groundwater flow moves from the mountainous
area toward the coastal area in these two vicinal
regions.

Surface water readily infiltrates to the proximal-
fan unconfined aquifer of the Choushui river allu-
vial fan, whereas the thick organic-rich clay found
in the confined aquifer of the Chianan plain pre-
vents much surface water recharge (Fig. 3). The
indistinct layering structures results in the hydraulic
conductivity and velocity of groundwater flow of
the Chianan plain being lower than those of the
Choushui river alluvial fan. Baedecker and Back
(1979a,b) noted that the decomposition of organic-
rich material produces an organic-rich leachate that
contains such chemicals as volatile fatty acids and
fulvic acid-like compounds. This infiltrating water
slowly moves to an anoxic aquifer of the Chianan
plain. Meanwhile, in the Choushui river alluvial
fan, the surface water quickly replenishes an oxic
aquifer. Therefore, the various hydrogeochemical
characteristics of mixing between the surface water

and groundwater are primarily responsible for the
distinct spatial distributions of redox zones of these
two neighboring areas.

The concentration of dissolved As is governed
primarily by sorption and precipitation (Bauer and
Blodau, 2006). The oxidation state of As and the
presence of inorganic and organic solutes affect
the extent of the adsorption of As onto Fe oxyhy-
droxides (Wilkie and Hering, 1996; Hering et al.,
1997). Under sufficiently reducing conditions, the
precipitation of As sulfides, such as arsenopyrite,
can control aqueous As levels (Vink, 1996; Nicholas
et al., 2003). The redox reactions, involving As, Fe
and S, appear to control the fate and transport of
As in As-enriched environments (Kuhn and Sigg,
1993; Spliethoff et al., 1995). Therefore, the various
spatial distributions of redox zones between these
two neighboring areas may result in different mech-
anisms of As release to groundwater.

4.3. Geochemical calculations

Tables 5 and 6 present the ratios of the contents
of particular chemical species to total contents and
the resulting saturation indices of various minerals,
respectively. The major C-containing species in
these two reducing groundwaters are HCO; and
H,CO;. The proportion of HCO; increases with
depth and the redox zones. The alkalinities of these
two catchments generally exceed those of other
regions in Taiwan, because the groundwater con-
tains a large amount of HCO; . The mild potential
for precipitation of calcite and dolomite in these
two areas are similar to those in Bangladesh (Swartz
et al.,, 2004), and are associated with limestone
deposits. However, saturated O, in groundwater
may react with reduced substances in the aquifer
sediment, such as organic matter or the Fe-bearing
mineral, pyrite. The product may induce precipita-
tion of carbonate minerals (Chapelle et al., 1987),
such as magnesite. According to Tables 5 and 6,
arsenite, especially in the form of H3AsOs, is the
dominant As species in these two groundwaters.
Due to the As concentration of the groundwater
being undetectable, no As species were calculated
in redox zone 1 of the three layers in the southern
Choushui river alluvial fan. HAsO; ™ is the predom-
inant As species in station 27 of the medium layer
and station 16 of the deep layer in the Chianan
plain, because the Eh (—83 and —115 mV) of these
two monitoring wells is relatively high. The As
oxide minerals, such as arsenolite and claudetite,
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may dissolve, whereas the As sulfide minerals, such leaching of As into groundwater under anaerobic
as orpiment and realgar, may precipitate and dis- conditions.

solve, respectively. Kim et al. (2000) stated that Only the well of zone 1 of the shallow layer in the
the carbonation of As sulfide minerals, such as orpi- southern Choushui river alluvial fan with the highest

ment and realgar, is an important process in the Eh value, has 73.9% Fe(OH)*" as the primary Fe
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Ratio of amount of different chemical species contents to the total elemental content of groundwater in shallow, medium and deep layers,

and their corresponding redox zonations, modeled using PHREEQC

Area Chianan plain Southern Choushui river alluvial fan
Layer Shallow Medium Deep Shallow Medium Deep
Redox zone 2 2 3 2 2 2 2 2 3 1 2 3 1 2 3 1 2 3
Station no. 28 21 12 20 19 27 28 30 16 41 27 6 38 26 6 41 23 6
C
HCO3 919 81.5 750 954 852 953 931 80.1 92,6 91.1 884 945 90.0 939 955 90.1 957 954
H,CO; 50 24 42 32 76 26 49 167 45 51 70 18 61 37 19 58 22 16
As
H3As0; 97.3 940 959 964 983 40 976 994 61 -* 98.5 939 - 96.1 83.7 - 944  56.0
H,AsO5 21 60 35 36 17 02 24 06 16 - 1.5 6.0 28 50 49 4.1
HAsO2~ 04 00 05 00 00 8.7 00 00 381 - 00 0.1 - 1.0 106 - 0.7 377
H,AsOy 01 00 00 00 00 70 00 00 42 - 00 0.0 - 0.1 07 - 0.1 22
Fe
Fe** 89.1 993 97.8 91.3 99.0 91.8 93.0 966 938 0.7 872 867 - 957 93.6 87.8 946 92.1
Fe(OH*™ 00 00 00 00 00 00 00 00 00 739 00 00 - 00 00 00 00 0.0
S
o/ 794 51.1 40.8 91.0 69.6 864 857 766 841 77.0 728 824 756 - - 753 812 872
CaSOy4 107 24 116 31 20 1.8 52 75 21 174 196 75 181 - - 206 7.5 9.7
# No data.

species. Ferrous iron is typically the primary Fe spe-
cies in groundwater under reducing conditions. The
Fe oxides, including hematite and magnetite, may be
present in the solid phase in these two groundwaters.
However, the Fe oxyhydroxide, goethite, may be
partially present in aqueous and solid phases in the
Chianan plain and the southern Choushui river allu-
vial fan, respectively. Arsenic-rich Fe oxyhydroxide
is dissolved under reducing conditions in the subsur-
face. Under oxidizing conditions, and in the presence
of Fe, most of the inorganic species of As are
retained in the solid phase through interaction with
Fe oxyhydroxide coatings on soil particles. The
establishment of reducing conditions in such envi-
ronments can lead to the dissolution of Fe oxyhy-
droxide coatings. The fermentation of peat in the
subsurface releases organic acids (such as acetate)
and thus drives the reductive dissolution of Fe oxy-
hydroxide, releasing arsenite, arsenate and Fe(II)
to groundwater (McArthur et al., 2001; Nickson
et al., 2000). Moreover, SOi* is the primary S species
in these two groundwaters. The SI values of the sul-
fate minerals are, however, all negative and close to
0, suggesting that the rise in the SOf[ content in the
groundwater may be caused not only by the intru-
sion of seawater, but also partially by the dissolution
of sulfate minerals. The SI values of the pyrite of
these two areas are all positive. The oxidation of
As-bearing pyrite minerals may mobilize As. Insolu-
ble As-bearing pyrite or arsenopyrite (FeAsS) are

rapidly oxidized when they are exposed to the atmo-
sphere, releasing soluble arsenite, SOi‘ and Fe(I)
(Mandal et al., 1996). The dissolution of these
As-containing minerals depends highly on the avail-
ability of O, and the rate of oxidation of sulfide
(Loeppert, 1997).

4.4. Possible release mechanisms of As

According to the factor analysis, As enrichment is
the main characteristic of groundwater in these two
catchments. High As concentrations of groundwater
occur in the lowermost (>170 m) and uppermost
(aquifer 1) aquifers of the Chianan plain and the
Choushui river alluvial fan, respectively (Fig. 6).
Additionally, As concentrations of groundwater in
all layers of the Chianan plain are higher than those
in the Choushui river alluvial fan. Figs. 5 and 6 show
that zones 2 and 3 are the primary areas where high
As occurred, and indicate that the reducing condi-
tion of the groundwater affected the elevated As
concentration. In the Chianan plain, the DO and
NO; concentrations of all groundwaters are mostly
less than 0.5 mg/L, and the Fe(Il) concentrations
generally increase along the flow path of the ground-
water, especially in the lowermost aquifer (>170 m)
(Table 1).

In the southern Choushui river alluvial fan, high
As concentrations occur in the distal-fan and the
mid-fan areas (zones 2 and 3). The distribution of
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Table 6

Saturation index for groundwater in shallow, medium and deep layers and their corresponding redox zonations of the Chianan plain and the southern Choushui river alluvial fan,

computed using PHREEQC

Southern Choushui river alluvial fan

Shallow

Chianan plain

Shallow

Area

Deep

Medium

Deep

Medium

Layer

Redox zone

23
-3.8
-22.9

41

26

38

27
-1.5

16 41
—23.6

30
-33

28
—17.0

27

19
-3.5

-22.0

20
-33
—23.0

12
-0.5
—19.0

21
=23
—-19.9

28

Station no.

=31
-234

-1.5

—1.6

-1.7 -2.1
—17.8

-34
—18.0

-3.5
—22.1

-39
-23.2

Anhydrite

-21.5

-21.0

-20.6

Arsenolite
Calcite

0.6
-23.1

0.3
-22.6

0.5

0.5
-21.2

0.1
—20.7

0.4

0.8
—17.5

0.6
-233

0.4

0.1
-17.6

-0.2
—16.7

0.2
-21.8

0.2
-22.9

-0.3
-21.7

0.1
—22.7

1.1
—18.7

0.3
—19.6

0.4
-20.3

Claudetite
Dolomite

0.8
-5.9

0.2
—6.5

0.4
_44

—0.1 0.6

0.6
—4.2

1.8
—4.2

1.0
—4.1

0.6
—4.3

0.8
-53

—-0.3

0.6
-5.8
-0.5

0.7
-5.9

0.1
-5.3
-2.3

0.4
—5.6

2.3
-2.9

L.5

-39
-1.5

—0.7

0.9
—4.2

—5.6
—0.4

Epsomite
Goethite

2.6

2.1

3.7

9.9
-1.2

2.7

2.9

1.5

5.5
—0.1

1.7

5.8
—0.8

6.0

14.4
~1.0

32

8.8
—0.6

3.8
9.9
-0.7

0.0

1.0
4.4

2.1
6.6
—0.6

Wang et al.

2
=~

6.6
-1.2

7.7

-1.1

8.2
—-1.3

1.6
—-1.3

1.4
-0.9

2.2
-0.9

2.4
-0.9

Hematite

<
—
I

-1.0

0.0
9.5

0.0

Magnesite

«“Q
I3}
—

13.7 14.2 12.5

14.5

11.5

11.4
49

1.9 15.8 6.8 6.1 14.7 16.7
4.1 11.4

7.6
4.0

3.7
4.5

12.2
8.0

11.7

Magnetite

4.8

1.5
8.4

-7.3

6.3

4.5

13.1

=7.7
—8.4

Orpiment
Pyrite
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10.1
—6.1
—10.8

15.2

9.92
—6.0

23.0

8.4
-1.9
-8.2

5.6

-3.1
-89

2.1
=35

—6.5

5.9

—4.8
—8.8

3.0
-3.7
—4.8

5.0

Realgar

-9.9

—10.0

—10.1

-94 —8.2

—10.1

-74

-3.6

Thenardite

Fe(II) concentrations indistinctly increase along the
flow path of the groundwater, and the SOi* concen-
trations decrease from zone 1 to zones 2 and 3.
However, the concentrations of sulfide are low
and do not increase along the flow path (Table 1).
High concentrations of SOf[ in groundwater,
hence, may be caused by seawater intrusion, which
is one of the important characteristics of this
groundwater. The abundant recharge of the moun-
tain area (zone 1) of the southern Choushui river
alluvial fan results in the concentrations of dissolved
O, of the shallow and medium layers being higher
than other zones. The As concentrations of this
recharge area are the lowest of these two catch-
ments. Due to the formation of clayey and confined
aquifers in the distal-fan and the mid-fan areas, the
reducing tendency and the As concentrations are
stronger and higher than those of the mountain
area, though the As concentrations of these areas
are still lower than those of the Chianan plain.

The average velocity of groundwater flow is
about 225, 142 and 56 m/a in the proximal-fan,
the mid-fan and the distal-fan of the Choushui river
alluvial fan (Chinese Society of Agricultural Engi-
neers, 1999), respectively, whereas it is about
1-10 m/a in the Chianan plain (Liu, 1999). Chen
(2003) and Lu (2006) indicated that amorphous Fe
oxy-hydroxides are the primary minerals of some
core samples, which have high As contents, from
the Chianan plain and the coastal area of the south-
ern Choushui river alluvial fan, respectively. Sulfide-
reducing bacteria were even found in the deep layer
of the Chianan plain under the reducing conditions,
causing by slow groundwater flow and frequent
intercalation of clay and fine-grained sand layers
(Chen, 2004). According to the probable mecha-
nisms for As mobility in ground waters of West
Bengal and Bangladesh (Bose and Sharma, 2002;
Mahimairaja et al., 2005), the dissolution of As-rich
Fe oxy-hydroxides due to the onset of reducing con-
ditions in the subsurface is responsible for the
mobility of As in groundwater. Under reducing con-
ditions, this process hence may be the primary
mechanism of As release to groundwater of the Chi-
anan plain and the southern Choushui river alluvial
fan of Taiwan.

5. Conclusions
The As-affected groundwater of the Chianan

plain was characterized by factor analysis and redox
zonation. Factors 1 and 2 in the Chianan plain, the
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Fig. 6. Arsenic (mg/L) distribution of groundwater at different depths beneath (a) the Chianan plain and (b) the Choushui river alluvial

fan.

salinization factor and the As enrichment factor, are
similar to those in the southern Choushui river allu-
vial fan. The manufacture of salt may also be criti-

cal to the salinization of the shallow layer of
groundwater in the Chianan plain. However, the
redox conditions tend to be increasingly reducing
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from the coastal area to the mountainous area in
medium and deep layers of the Chianan plain,
which trend is a reverse of the Choushui river allu-
vial fan, where the reducing tendency is from the
mountainous area to the coastal area. The different
spatial distributions of the redox zonation of these
two neighboring areas are dominated by the differ-
ent hydrogeochemical processes. Furthermore, the
reduction potential in the Chianan plain is stronger
than that in the Choushui river alluvial fan. The dif-
ference between the reduction potentials of these
two vicinal catchments affects the concentrations
of As in groundwater. The reductive dissolution of
As-rich Fe oxyhydroxide seems to be the most prob-
able mechanism of the release of As to groundwater
in the Chianan plain and the southern Choushui
river alluvial fan. More detailed analyses, such as
sequential extraction and synchrotron-based X-ray
absorption spectroscopic analyses, will be con-
ducted in the future to confirm the various As
release mechanisms in these two groundwater catch-
ments, and to help the local government effectively
manage the quality of groundwater resources.
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