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Abstract. An integrated hydrogeochemical study was car-
ried out to realize the occurrence of arsenic (As) in a saline
aquifer. Saline groundwater was mostly concentrated in the
uppermost aquifer, and non-saline water was in the lower
aquifer in the study area. High As concentrations were found
in both the uppermost and lower aquifers. No correlation
among salinity, well depth and As concentration was ob-
served. Various forms of Fe oxyhydroxides were identified
in the magnetic fractions, which were concentrated by high
gradient magnetic separation (HGMS) technique, revealing
that the redox cycling of Fe occurred in the subsurface. High
levels of Fe, HCO−3 , DOC and NH+4 concentrations accom-
panying alkaline pH in the As-rich groundwater were consis-
tent with the mechanism triggered by the microbially medi-
ated reductive dissolution of Fe oxyhydroxides. A proposed
threshold value of 50 µgL−1 As concentration was used as
an indicator for identification of active proceeding reduc-
tive dissolution of As-bearing Fe oxyhydroxides in the saline
aquifer. Desorption behaviors of As were relevant to its va-
lence in the sediments and the co-existence of anions. Exper-
imental and numerical results showed that additions of Cl−

and SO2−

4 , which represent the main anions of saline water,
had minor effect on leaching sedimentary As. Although bi-
carbonate addition resulted in less As desorption than that
of phosphate on a molar basis, the contribution of bicarbon-
ate to the total release of As was greater than phosphate due
to the much higher concentration of bicarbonate in shallow
groundwater and the associated microbial mediation. Collec-
tively, the chemical effect of saline water on the As release
to groundwater is mild in the coastal aquifer.

1 Introduction

Arsenic (As) in groundwater exerts a serious environmen-
tal issue, notably in South Asia where local residents rely
heavily on groundwater for drinking and agricultural pur-
poses (Mandal et al., 1996; Smedley and Kinniburgh, 2002;
Rodriguez-Lado et al., 2008; Shamsudduha et al., 2009). Uti-
lization of this water leads to a variety of chronic illnesses,
including skin lesions and cancers, both externally and in-
ternally (Mandal et al., 1996). In Taiwan, blackfoot disease
(BFD), an As-related disease, was first reported and regarded
as an endemical disease in Chianan Plain due to intake of
artesian As-containing groundwater (Tseng, 1977). For the
Choushui River alluvial fan, a neighboring region of Chi-
anan Plain, As-contaminated aquifers are also found and dis-
tributed in the coastal area, with around 70 % of monitoring
wells exceeding the drinking water quality standard in Tai-
wan (0.01 mgL−1) (Liu et al., 2006; Taiwan Sugar Company,
2006). For these two catchments, although high As concen-
trations were observed at different depths, major character-
istics of groundwater as well as the dominant release mech-
anism of As were similar, particularly at the BFD-endemic
area (Wang et al., 2007; Lu et al., 2011).

In general, geogenic minerals such as Fe/Mn oxyhydrox-
ides and As-bearing pyrite are the substantial compounds af-
fecting the quantity of solid As in the subsurface (Smedley
and Kinniburgh, 2002; Swartz et al., 2004; Drahota et al.,
2009). Under either oxidizing or reducing conditions, sub-
sequent transformation of these minerals accompanying the
congruent release of As into groundwater have been pro-
posed and well documented (Nickson et al., 2000; Harvey
et al., 2002; Swartz et al., 2004; Hasan et al., 2009; Nath et
al., 2009). Ionic competition as well as the change of pH and
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EH also influences the mobility of As (Kim et al., 2000; Su
and Pulse, 2001; Appelo et al., 2002; Harvey et al., 2002).
The reductive dissolution of Fe oxyhydroxides mediated by
microorganisms is a plausible process responsible for the en-
richment of As in reducing groundwater systems (Ravencroft
et al., 2009).

Regional surveys concerned with the partitioning of As
within the subsurface in the Choushui River alluvial fan have
been conducted by many researchers (Liu et al., 2003a, 2006;
Wang et al., 2007, 2011; Lu et al., 2010, 2011). Sedimen-
tary As contents increase significantly with the decrease of
particle sizes. The predominant As-hosting minerals are iron
oxyhydroxides and As-bearing sulfides. Regarding the aque-
ous phase, the enrichment of As in groundwater, mainly as
As(III), is intimately involved with the redox processes. Ini-
tially, over-pumping results in the intrusion of air, causing the
oxidation to immobilize minerals such as As-bearing pyrite,
followed by the accumulation of Fe oxyhydroxides. Along
with the gradual formation of reducing environment in the
subsurface, the successive reductive dissolution of Fe oxy-
hydroxides is concurrent with the release of As into ground-
water.

Saline water has high ionic concentrations, such as Na+,
K+, Mg2+, HCO−

3 , Cl−, and SO2−

4 . The effect of ionic com-
petition against the adsorption site of As onto the iron oxy-
hydroxides, and the microbial interaction that may enhance
the arsenic dissolved in the saline aquifer, deserve further in-
vestigation.

Although several studies have been undertaken to inves-
tigate the distribution and occurrence of As in this area, the
solid-phase influences on solution-phase arsenic concentra-
tions, as well as the effect derived from saline water, remain
unclear. Hence, the main purpose of this study is to compre-
hend the partition process of As in the saline sedimentary
aquifer with respect to lithology, mineralogy, geochemistry
and hydrochemistry. The association between Fe minerals
and solid As is conducted and fractionated by a high gradient
magnetic separation (HGMS) technique. Leaching behaviors
of As are performed by batch experiments and modeled by
the geochemical code (PHREEQC) (Parkurst and Appelo,
1999) with variation of major anions in saline groundwater.
The results of the study are valuable to realize the chemical
effect of saline water on the As release to groundwater in the
coastal aquifer.

2 Materials and methods

2.1 Site description and sampling

The study area is located in the coastal area of the southern
Choushui River alluvial fan, a major As-contaminated region
in southwestern Taiwan (Fig. 1). The area is approximately
24 km2 with 24 km from north to south and 1 km from east
to west. The average annual precipitation is 1417 mm, most
of which occurs over a 5-month period from June to Octo-

ber. The subtropical climate is hot and humid, and typhoons
often sweep across the island, bringing considerable precip-
itation in the summer. Due to demand and limited supply,
groundwater is a vital water resource in this area. Substantial
amounts of groundwater have been continuously extracted to
meet aquacultural and agricultural needs. The coastal land
is below sea level (Water Resources Agency, 2010). When
a typhoon sweeps through western Taiwan, seawater breaks
through the embankment and flows inland. In typhoon situ-
ations, the flooded coastal area requires more than 3 days to
drain (Water Resources Agency, 2010).

The array of monitoring wells comprised 21 shallow and
7 deep wells, with depth ranging from 7 to 24 m and from
38 to 110 m, respectively (Liu et al., 2003a). In this area,
seasonal surveys of groundwater quality were undertaken by
Tainan Hydraulics Laboratory from 1992 to 2004, and this
study adopted the monitoring data for analyses (Tainan Hy-
draulic Laboratory, 1992–2004). To eliminate the fluctua-
tions of seasonally measured groundwater quality, the time-
averaged values of aqueous parameters were used to repre-
sent the hydrochemistry of local groundwater.

In addition, two boreholes, (YL6-1 and YL7-1) which
were located in around 10 m away from YL6 and YL7, re-
spectively, contained higher As concentrations than other
monitoring wells. These two wells, located in the uppermost
aquitard, were purposefully drilled for the investigation of
lithological, mineralogical and geochemical characteristics
of As-rich saline aquifers from the surface to a depth of 25 m
(Fig. 1). A drill rig and a split-tube sampler with 50 mm O.D.
PVC liner were used to collect sediment cores in 100 cm seg-
ment. The core-ends were sealed in the field with paraffin
wax to minimize the exposure to the atmosphere. Further-
more, core samples were stored at 4◦ in polyethylene bags to
reduce microbial activities before use.

2.2 Analytical methods

2.2.1 Aqueous phase

The field sampling methods used the NIEA code W103.50B,
set by the Taiwan Environment Protection Administration. At
least 3 wellbore volumes of groundwater were purged before
sampling. Dissolved oxygen (DO), temperature (T ), pH and
electrical conductivity (EC) were measured in a flow-through
cell every 5 min during well purging. Cell sensors were cal-
ibrated with standard buffer solutions (all from Merck Co.),
which have pH = 4.0, 7.0, and 10.0; EC = 1410 µScm−1, in
the field before measuring these parameters (APHA, 1998).
Water samples were collected only after pH and EC stabi-
lized, and the fluctuations of pH and relative EC were less
than 0.1 and 5 %, respectively. After purging, a probe (Min-
iSonde, manufactured by HydroLab, USA), which is 5 cm in
diameter and 70 cm in length (including a data logger, a cir-
culator and 3 sensors for DO,T , EC, and pH measurements)
was lowered down to the screen position of the well casing
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Fig. 1. Location of study area in the coastal area of the Choushui River alluvial fan, Taiwan. Triangle and square symbols represented
groundwater and core sampling wells, respectively. Offshore industrial complexes are man-made islands for oil refinery plants.

and remained there for at least 10 min before water quality
parameters were recorded (Chen and Liu, 2003).

Water samples for metal and other cations’ measurements
were filtered by 0.45 µm glass fiber papers and acidified with
HNO3 (Merck ultrapure grade) to pH 2. Samples were then
kept in ice boxes and delivered to the laboratory within 24 h.
Dissolved ion concentrations were determined by conven-
tional methods (APHA, 1998). The concentrations of ma-
jor anions (Cl−, BNO−

3 , and SO2−

4 ) and cations (Na+, BK+,
BCa2+, BMg2+, and NH+

4 ) in groundwater samples were an-
alyzed by Dionex DX-120 ion chromatography. Iron concen-
tration was measured with inductively coupled plasma and
atomic emission spectrometry (ICP-AES) (Varian, VISTA-
MPX). Arsenic concentration was analyzed using an electro-
thermal atomic absorption spectrometer (AAS, Perkin-Elmer
AA100) and a hydride generation (HG) system (Perkin-
Elmer FIAS100); 0.5 % NaBH4 in 0.25 % NaOH and 1 M
HCl were added to reduce arsenic to arsine. Four major
As species, As(III), As(V), methylarsonic acid (MMA) and
dimethylarsinic acid (DMA), were separated using an an-
ion column (Phenomenex, Macherey-Nagel, Germany; Nu-
cleosil, 10 µm, 250mm× 4.6mm), connected with an high-
performance liquid chromatograph (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) system (Perkin-Elmer,
FIAS 100) (Huang et al., 2003). The recovery rate of As(III)
and As(V) yielded 100.7± 3.8 % and 97.2± 4.0 %, respec-
tively. Dissolved organic carbon (DOC) was measured using
the high temperature combustion method (APHA, 1998).

2.2.2 Solid phase

Sediment samples were freeze-dried, ground and sieved to
ensure representative sampling. The contents of As and Fe
in the cores were determined following EPA 3050B. Main
compositions in the core samples were determined by X-ray
fluorescence (XRF) (Spectro, XEPOS). Percent abundance
of total carbon was determined with a model 2400 CHN ana-
lyzer (VarioEL-III, Heraeus, Germany). Total organic carbon
(OC) was then determined by subtracting the amount of car-
bon present as carbonate from the total amounts of carbon.

Different particle size fractions of freeze-dried samples
were performed by dry-sieving for mineralogical analysis.
Density separation was conducted on freeze-dried samples
for each of six depths (8, 10, 13, 15, 17, and 21 m for YL6-
1 and 8, 10, 14, 17, 21, and 24 m for YL7-1) of two bore-
holes to quantify As associations as a function of Fe contents.
The clay samples were dispersed in H2O, and fine (< 1 µm)
and coarse clay (1–2 µm) fractions were separated by cen-
trifugation (Jackson, 1979). The silt was segregated from
the sand by wet-sieving (53 µm sieve). The clay fractions
were dialyzed against double distilled water (DDW) and then
freeze-dried. Clays were separated into magnetic and non-
magnetic fractions using a high-gradient magnetic separa-
tion (HGMS) technique (Schulze and Dixon, 1979). Total
As and Fe contents in these fractions were also determined.
Mineralogy of iron was determined using a high-resolution
X-ray photoelectron spectrometer (HR-XPS) (PHI Quantera
SXM), which was equipped with a Kα X-ray beam at 3.8 kW
generated from an Al rotating anode. Each spectrum was
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obtained by plotting the measured photoelectron intensity as
a function of the binding energy (BE). Binding energies of
photoelectrons were calibrated by the aliphatic adventitious
hydrocarbon C (1 s) peak at 284.6 eV.

Arsenic in the sediments used in leaching experiments
was analyzed with X-ray absorption, near-edge structure
(XANES) spectra to determine arsenic speciation. X-ray ab-
sorption spectra (XAS) at the As K-edge (11 867 eV) were
collected at the Wiggler 20 beamline BL-17C at the Na-
tional Synchrotron Radiation Research Center (NSRRC),
Hsin-Chu, Taiwan. Beamline Wiggler 20 (17C), with energy
ranging from 4 to 15 keV, employs a Si(111) double-crystal
monochromator for energy scanning with a resolving power
(E/1E) of 7000 and beam intensity of around 109

∼ 1010

photons per s. All samples were fixed onto an aluminum
holder, sealed with Kapton tape and placed at 45◦ to the
X-ray beam. Sample spectra were collected from−50 to +
100 eV around the As Kα edge of 11 867 eV and compared
to XANES spectra of selected reference standards, includ-
ing arsenate (Na2HAsO4 · 7H2O) and arsenite (NaAsO2). In
addition, the AuL3-edge spectrum was monitored by the
Ir chamber simultaneously withIt andIf chambers, serving
as the reference to calibrate energy shift due to monochro-
mator drifts. Several scans were processed and averaged on
each sample to improve the data quality of XAS spectra. The
Athena program was used for standard background subtrac-
tion and edge–height normalization using the AUTOBK al-
gorithm (Ravel and Newville, 2005).

2.3 Batch desorption experiments

Batch experiments were performed to investigate the effect
of major saline anions and phosphate ions on arsenic desorp-
tion from the sediment samples under atmospheric condition.
In reference to local saline groundwater composition as well
as those used in the literature, four kinds of anions in the local
saline groundwater, including Cl−, SO2−

4 , HCO−

3 and PO3−

4 ,
were selected to conduct leaching experiment to assess the
competitive effects of various anions on As release. Except
PO3−

4 , four levels of concentrations (0.001, 0.01, 0.1, and
1 M) were used. These concentrations bracketed the highest
and lowest concentrations of the respective anions expected
to be found in the local area. Phosphate generally has low
concentration in groundwater due to a strong bond of phos-
phate with clay minerals and metal hydroxides, particularly
iron hydroxides, as well as its use in the biological cycle
(Matthess, 1982). For phosphate, only three levels of concen-
trations (0.001, 0.01, and 0.1 M) were designed. The supply
of phosphorus concentration in the local groundwater of the
study area was generally from the use of agrochemicals and
household detergents.

The stock solutions of competitive anions were prepared
in the laboratory by dissolving pre-weighted amounts of
reagents of NaCl, Na2SO4, NaHCO3, and NaH2PO4, into
DDW. The pH of these solutions was adjusted to around

7. For each trial, 0.2 g of dried sediments, which were well
within the screen range of YL6-1 (16 m) and YL7-1 (18 m),
was mixed with 3 mL of solution in a 50 mL centrifuge tube.
The reaction flask was shaken at approximately 150 rpm by a
reciprocal shaker, lasting at least 30 days. After a specific pe-
riod of shaking, an aliquot of the leachate was filtrated with
0.22 µm filter before analysis of the As concentration.

2.4 Numerical simulation

The numerical program, PHREEQC (Parkurst and Appelo,
1999) was adopted to model the batch experiments of des-
orption processes of arsenic from the YL6-1 and YL7-1 core
samples under various anionic concentrations. PHREEQC is
based on the equilibrium chemistry of aqueous solutions in-
teracting with minerals, gases, solid solutions, exchangers
and sorption surfaces. These processes can be combined with
equilibrium and/or chemical kinetic reactions. Several pro-
cesses have been accounted for in the basic calculation in the
study, including equilibrated speciation, equilibrium phases,
surface sorption and kinetic desorption that mimic the batch
experimental conditions.

3 Results

3.1 Description of groundwater quality

Table 1 lists the physicochemical data of groundwater sam-
ples. The pH of sampled wells was mostly above 7 and
characterized as mild alkaline with the highest pH of 8.6
in YL14. Temperatures of all samples were uniform with
an average of 26.0◦. To classify the major ions for ground-
water and summarize the main distinctions in hydrogeo-
chemical composition between different water sources, a
Piper diagram was used. Plots of major ions on the Piper
diagram showed that most samples, 12 out of 28 wells,
were categorized into Group 4 of saline type, and 5, 7 and
4 samples were in Groups 1 (temporary hardness), 2 (al-
kali carbonate), and 3 (permanent hardness), respectively
(Fig. 2). Local groundwaters were characterized as NaCl or
Na−Mg−HCO3 type. Notably, the NaCl-type samples were
concentrated in the southern part of the aquifer in contrast to
the Na−Mg−HCO3 type in the northern part. High EC val-
ues correlating well with Na and Cl (r2

= 0.99, p < 0.01)
revealed the severe salination in groundwater (Liu et al.,
2003a). The major causes of shallow groundwater saliniza-
tion were the vertical infiltration of salt water from fish pond
farming and the seawater flooding in the subsident coastal
area. Seawater intrusion plays a minor role on the local
groundwater salinization, due to aquifers that are enclosed
by the aquitard, and does not directly contact the seawater
(Liu et al., 2003b)

Referring toN species, NH+4 was the dominant species
(0.2–20.3 mgL−1), indicating the presence of reducing con-
ditions in this region (Lu et al., 2011). Alkalinization of
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Table 1.Mean values of hydrogeochemical compositions of groundwater among monitoring wells in the coastal area of the Choushui River
alluvial fan from 1992 to 2004.

No. pH T EC TDS Ca2+ Mg2+ Na+ K+ SO2−

4 Cl− NO−

3 NH+

4 HCO−

3 DOC As Fe

(◦) (µScm−1) (mgL−1) (µgL−1)

YL 1 7.8 25.9 2410.8 1673.7 120.0 95.4 303.7 44.6 278.6 397.2 1.0 1.2 691.9 2.2 28.3 410
YL 2 7.6 25.4 34 987.9 26 427.1 230.4 625.5 5959.9 304.0 1090.8 10 526.5 2.8 20.3 3151.3 2.7 21.5 730
YL 3 7.9 26.2 13 127.0 10273.0 169.2 536.4 2165.0 142.8 153.8 3994.7 1.3 18.1 1726.8 2.2 103.1 440
YL 4 7.9 26.3 5797.4 4143.2 118.4 150.5 795.7 85.1 163.1 1541.6 0.5 11.8 914.3 1.8 77.6 450
YL 5 7.8 26.1 18 236.5 14 080.5 164.2 314.3 2781.2 198.1 431.2 5558.5 2.6 15.9 1703.6 2.6 9.5 610
YL 6 8.1 25.6 12 194.5 9216.5 46.3 164.2 2351.4 126.8 370.6 3610.1 2.0 14.0 630.9 5.2 175.4 330
YL 7 8.0 25.7 2038.9 1409.5 50.0 68.7 283.7 37.4 57.9 360.1 0.3 7.4 678.7 3.6 533.1 590
YL 8 7.7 26.7 24 176.9 19 722.5 254.2 518.0 4409.2 171.7 1052.5 7594.3 0.7 2.2 2393.7 1.3 11.1 370
YL 9 8.3 26.4 3752.2 2803.1 14.0 22.7 810.9 51.8 188.2 820.4 2.0 8.7 623.4 17.4 477.5 930
YL 10 7.9 26.5 25 730.7 20 420.2 198.6 431.4 4412.8 185.6 1131.5 7407.6 1.5 2.0 1760.7 1.6 93.0 370
YL 11 8.2 25.3 1173.2 797.1 26.2 27.4 213.6 47.1 29.1 125.2 0.7 3.1 178.1 2.4 83.3 420
YL 12 7.9 26.0 13 236.1 10 053.9 201.4 276.3 2181.3 109.5 651.3 3894.9 1.5 4.1 1640.2 1.5 47.3 240
YL 13 7.6 26.4 17 121.9 13 099.2 250.3 243.3 2758.0 118.6 813.1 4862.2 0.7 3.4 1581.1 1.1 42.8 630
YL 14 8.6 26.3 1355.2 916.0 11.2 12.82 309.8 15.8 126.2 93.4 0.6 0.6 80.6 2.7 31.4 1180
YL 15 7.8 25.7 6483.2 5122.0 196.6 155.0 1052.6 41.1 355.0 1759.1 1.5 2.6 1216.4 2.3 111.2 290
YL 16 7.5 25.6 1280.8 859.1 169.8 48.8 73.2 5.9 300.6 45.5 5.6 0.2 624.6 1.2 6.7 340
YL 17 7.8 26.2 1118.7 740.1 71.9 24.9 158.9 12.7 48.2 151.8 2.9 3.7 281.9 2.1 60.1 560
YL 18 7.6 26.6 1759.7 1207.0 171.6 84.9 121.3 20.3 449.4 157.5 0.9 0.4 777.4 1.2 19.5 410
YL 19 7.7 26.1 17 370.3 12 509.5 150.8 327.6 2904.5 144.8 507.8 5168.0 0.4 12.5 1724.8 2.1 36.9 1010
YL 20 7.7 25.9 1129.8 779.8 107.5 25.5 139.3 4.8 126.3 129.4 0.2 1.1 373.3 1.3 20.0 280
YL 21 7.8 26.5 1110.9 743.6 71.0 45.7 143.3 18.9 152.7 107.3 0.5 0.6 365.5 2.7 7.5 270
YL 22 8.0 25.7 554.9 350.0 42.7 22.1 49.3 4.9 46.3 6.4 0.3 2.2 197.9 1.8 226.1 370
YL 23 8.2 25.5 579.3 367.7 23.8 38.1 44.1 21.2 38.7 8.5 0.7 0.7 216.3 1.2 10.4 520
YL 24 8.0 25.5 546.5 358.2 49.6 15.1 54.2 2.4 16.3 27.9 0.5 0.6 186.2 1.7 18.8 290
YL 25 8.3 26.8 831.4 527.0 12.5 29.9 147.4 34.2 7.7 11.0 0.9 4.8 123.5 3.2 120.7 190
YL 26 8.1 26.6 434.8 277.2 31.8 7.6 63.5 3.2 3.9 6.6 0.4 0.8 111.1 1.6 36.5 380
YL 27 8.0 26.3 690.4 450.3 45.5 22.6 72.0 18.0 37.1 33.3 5.8 0.2 207.6 2.9 21.9 130
YL 28 7.7 25.9 753.0 488.2 44.6 19.0 90.2 14.8 16.1 48.0 6.0 0.5 189.4 3.1 66.3 260
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Fig. 2.Piper plot of sampled groundwaters in the littoral area of the
Choushui River alluvial fan.

groundwater was evidenced by high levels of pH and HCO−

3
concentrations (Stumm and Sulzberger, 1992). High HCO−

3
concentration may originate from silicate weathering, oxida-
tion of organic carbon and carbonate dissolution (Mukher-
jee and Fryar, 2008). The Na-normalized Ca versus HCO−

3
and Mg plots (Wang et al., 2012) suggest that the silicate

weathering may be the main process that occurred during
the Holocene transgression. The weathering processes fa-
cilitated the formation of secondary clay minerals and Fe
oxides, which provided sufficient sorption sites for the As
enrichment of solids (Berg et al., 2008). Moreover, dis-
solved organic matter can be another active source for HCO−

3
in groundwater under reducing conditions. Arsenic concen-
trations also showed a heterogeneous distribution over the
whole study area, spreading from 6.7 to 533.1 µgL−1, with
a mean value of 89.2 µgL−1. According to the data, 25 out
of 28 wells exceed the Taiwanese limitation of As concen-
tration for drinking water (10 µgL−1) and 12 out of 28 wells
were above the concentration of 50.0 µgL−1. Notably, elec-
trical conductivity (EC) values varied heterogeneously but
were higher in the shallow wells (YL1–YL21), spanning
more than one order of magnitude among wells (Fig. 3a).
The EC values of deep wells (YL22–YL28) were all less
than 900 µscm−1, suggesting that the lower aquifer was not
affected by saline water intrusion. However, groundwater at
shallow salinized water wells, e.g., YL5 and YL16, did not
necessarily contain higher As concentrations than those in
the deeper water wells, e.g., YL22 and YL25. No correla-
tions were found among EC, depth and As concentration
(Fig. 3b). Iron concentrations were moderate, reaching up
to 1140 µgL−1. Of all the sampled waters, 73 % exceed the
WHO guideline value of 300 µgL−1 for Fe (WHO, 2002).
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Fig. 3. (a) Scatter plot of EC and well depth of YL1-YL28.
(b) Three dimensional plot of EC, As concentration and well depth
of YL1-YL28.

3.2 Mineralogical and geochemical characterization of
saline sedimentary aquifer

The sedimentary sequence of alternating unconsolidated
clays and sands from both boreholes exhibited dissimilar pat-
terns, particularly at the top layer and screen range (Fig. 4).
The sediments ranged in texture from gravel to clay and in
color from grey to black. The top layer for both boreholes
consisted of various capped soils (0–3 m). At greater depths,
the remaining silty sand and following sand were grey to
black in color. The gradual refining sequences of deposits

 

 

 

Fig. 4. Geochemistry distribution of As, Fe, and organic and inor-
ganic carbon contents along the depth in(a) YL6-1 and(b) YL7-1.
Solid crosses and diamonds represent untreated (pristine) samples
and magnetic fractions, respectively. Hollow diamonds represent
non-magnetic fractions. For magnetic and non-magnetic fractions,
only As and Fe contents were measured.

of both boreholes were suggestive of deposition in a fluvial
environment. The sediment is grey to dark in nature. The
biostratigraphic analysis indicated that the formation age is
Holocene (Huang, 1996). In contrast to silty sand interlay-
ered with clay as the main composition of the screen range of
YL6-1, the screen range of YL7-1 was mainly comprised of
sand, revealing the heterogeneous depositing process, even
within a distance of 2.5 km. The observed fine-grained sedi-
ments in the upper layer (3–19 m) locally acted as aquitards,
however, they vary significantly on a regional scale (Liu et
al., 2003b).

Geochemical profiles of both YL6-1 and YL7-1 were de-
picted with respect to total As, Fe and organic/inorganic car-
bon (OC/IC) contents (Fig. 4). The solid As ranged from
4.69 to 11.53 mgkg−1 with a mean value of 8.30 mgkg−1

for YL6-1 and from 4.02 to 12.77 mgkg−1 with a mean value
of 7.21 mgkg−1 for YL7-1. The Fe contents varied from 3.0
to 4.1 % and from 2.5 to 4.6 % with separate mean values
of 3.6 and 3.5 % for YL6-1 and YL7-1, respectively. There
were no significant vertical variations of As and Fe contents
observed in the core profile of YL6-1. However, contrary to
the increasing trend of solid As within the screen range of
YL7-1, the declining Fe amounts were measured. The As
and Fe contents of these two cores were within the typical
range of the sediments observed in other As-affected areas
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Table 2.Major elements (wt%), arsenic and manganese (mgkg−1) contents in core samples.

Bore no. Depth Lithology color/type Si Al Fe K Ca Mg S As Mn

(m) % mgkg−1

YL6-1 6.5 black/fine sand 37.6 10.2 4.0 2.8 1.3 0.5 1241.0 9.4 132.6
8.5 black/silty clay 40.2 12.4 3.7 3.2 1.7 0.9 1245.0 11.5 203.7
10.5 black/silty clay 37.1 10.4 3.0 2.8 1.5 0.5 821.3 7.0 101.7
11.5 black/silty clay 40.7 13.9 4.1 3.5 1.7 1.1 988.4 9.4 225.9
13.5 black/silty clay 39.4 11.4 3.5 2.9 1.8 0.7 794.9 6.8 159.0
15.5 black/clay 39.5 12.7 4.0 3.3 1.6 0.9 887.7 8.5 208.0
17.5 black/clay 40.2 13.7 4.0 3.5 1.5 1.0 933.5 10.1 179.6
19.5 black/clay 35.6 11.3 3.4 3.0 1.2 0.6 475.0 5.7 99.3
21.5 black/silty clay 37.9 12.1 3.5 3.1 1.4 0.9 824.0 9.2 163.3
23.5 black/clay 37.7 10.5 3.2 2.9 1.3 0.6 513.1 4.7 94.7

YL7-1 6.5 dark grey/fine sand 38.1 10.3 2.8 2.7 1.7 0.5 433.2 4.6 127.9
8.5 dark grey/fine sand 40.6 12.4 4.0 3.1 2.2 0.9 1225.0 8.0 204.8
10.5 dark grey/silty clay 40.8 13.7 4.2 3.4 1.9 1.1 815.5 4.7 234.9
11.5 dark grey/silty clay 40.3 13.3 4.3 3.3 1.9 1.0 841.5 5.4 225.7
15.5 dark grey/silty clay 40.6 14.6 4.3 3.8 1.6 1.2 757.9 9.3 260.0
17.5 dark grey/silty clay 39.5 11.3 4.0 2.9 1.9 0.6 644.1 4.7 163.2
18.5 dark grey/silty clay 39.9 13.7 3.6 3.5 1.6 1.3 1170.0 9.9 231.7
21.5 dark grey/fine sand 40.6 13.1 2.5 3.4 1.2 0.6 185.2 11.6 187.0
23.5 dark grey/fine sand 40.5 12.6 2.7 3.2 1.2 0.5 189.6 9.2 190.0

such as Bangladesh (BGS and DPHE, 2001). The amounts
of OC and IC in both cores were comparable, and generally
less than 0.5 % (Fig. 4).

Main elements of the analyzed sediments according to
XRF analysis were Si, Al, Fe, K, Ca and Mg (Table 2). These
results were similar to the previous studies in Bangladesh
(Anawar et al., 2003; Swartz et al., 2004). Sulfur and man-
ganese were the minor constituent elements, and their con-
tents were less than 1300 and 300 mgkg−1, respectively. Cor-
related relations between As with Fe (r2

= 0.46, p < 0.05),
Mn (r2

= 0.58,p < 0.05) and S (r2
= 0.78,p < 0.05) were

observed in YL6-1, whereas no interrelations among these
elements were observed in YL7-1 (Fig. 5).

The HGMS studies were operated specifically to concen-
trate Fe minerals from the sediments, and these separates ex-
hibited different profiles of Fe and As in comparison with
the untreated samples (without HGMS treatment) (Fig. 4).
Among these separates, the average As contents reached
82.2 and 119.4 mgkg−1 with the mean Fe contents of 12.7
and 15.0 % for YL6-1 and YL7-1, respectively. Arsenic con-
tents in YL6-1 ranged from 50.3 to 90.6 mgkg−1. How-
ever, YL7-1 showed the higher As contents, spreading from
100.2 mgkg−1 at the top to 210.7 mgkg−1 at the bottom. In
contrast to the samples without HGMS treatment, the As con-
tents in the magnetic fractions increased about tenfold, con-
firming the As-host ability of Fe minerals in the sediments.

In addition to determining the quantity of As and Fe in
the magnetic fractions, the types of Fe minerals were char-
acterized by HR-XPS, and the results were presented by two
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curves – (1) the experimental curve after smoothing using
the spline method, and (2) the curve of the fitted compo-
nents (Fig. 6). The iron signal was a doublet because of spin
coupling, corresponding to Fe2p3/2 (BE = 706–718 eV) and
Fe2p1/2 (BE = 723–732 eV). The Fe2p3/2 line can be fitted
by four components with binding energies of about 709, 712,
714, and 717 eV, respectively (Fig. 6). The primary peak
(Fe2p3/2) at 709.2–709.3 eV was characteristic of Fe(II) in
FeO compounds (Fig. 6); that at 710.9–711.1 eV was char-
acteristic of Fe(III) in Fe2O3 compounds (Fig. 6b, c, e, f);
and that at 711.2–712.3 eV was characteristic of Fe(III) in
FeOOH compounds (Fig. 6a, d). Siderite, Fe-sulfides or glau-
conite and other Fe-bearing Al-silicates may be present in a
coastal groundwater environment. The HR-XPS analysis is
not able to recover the signals of the existence of these min-
erals in the study. All analyzed samples contained both re-
ducing and oxidizing forms of Fe oxyhydroxides, suggesting
the redox cycling of Fe in the shallow aquifer.

3.3 Batch experiment of anions effects on As desorption

The valence of solid As in the selected sediments within
the well screen range of YL6-1 (16 m) and YL7-1 (18 m)
for leaching test was determined, comprised of As(III) and
As(V) from XANES spectra. In contrast to the dominance
of As(III) in YL6-1, As(V) was dominant in YL7-1, re-
flecting the complex hydrological process (Fig. 7). Notably,
the groundwater EC in YL6 (12 129 µScm−1) was six times
higher than that in YL7 (2039 µScm−1), indicating these two
sediment samples are under different aqueous geochemical
environments. The kinetics desorption of arsenic from both
sediments were assessed by the addition of different compet-
itive anions with various concentration levels (Fig. 8). For
sulfate and chloride, even at the highest loading of 1 M, no
obvious elevated concentration of As was detected within
the 75 days of extended experimental duration, implicating
the negligible influence derived from seawater infiltration on
arsenic desorption. For bicarbonate and phosphate, the des-
orbed fractions increased rapidly within 24 h, followed by
gradual increase, and reached near-equilibrium after about
30 days. Moreover, the increase in arsenic desorption was
generally consistent with the elevated anionic concentrations.
The predominance of As(V) in the aqueous phase (∼99 %)
assemblage with the mixing of As(III) and As(V) as the sedi-
mentary As can be in part attributed to the imposed condition
(under atmospheric environment).

For bicarbonate, the leached portions of As varied
from 0.46 to 1.79 mgkg−1 for YL6-1 and from 0.08 to
0.75 mgkg−1 for YL7-1. As compared with the initial des-
orption concentration at 0.1 M for YL6-1, the desorption of
As in YL7-1 was initiated while amending with 0.01 M of
bicarbonate. Only half the amount of As, however, was re-
leased in the presence of the highest concentration (1 M;
Fig. 8). The greater effect of bicarbonate on YL6-1 than
YL7-1 was due to the formation of aqueous As–HCO3 com-
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plexes as well as competitive displacement of arsenic (Apello
et al., 2002).

For phosphate, the leaching concentrations of As ranged
from 0.91 to 1.83 mgkg−1 for YL6-1 and from 0.90 to
2.72 mgkg−1 for YL7-1. Arsenic release was a function of
phosphate added for low phosphate additions, but became

Hydrol. Earth Syst. Sci., 18, 1089–1103, 2014 www.hydrol-earth-syst-sci.net/18/1089/2014/



C.-W. Liu et al.: Controlling factors of arsenic release in saline groundwater aquifers 1097

  

 

 

0 10 20 30
Time (days)

0

0.4

0.8

1.2

1.6

2

A
s 

(m
g
/k

g
)

0 10 20 30
Time (days)

0

0.5

1

1.5

2

2.5

3

A
s 

(m
g
/k

g
)

PHOS-0.001 M

PHOS-0.01 M

PHOS-0.1 M

BICARB-0.01 M

BICARB-0.1 M

BICARB-1 M

(a)

(b)

Fig. 8. Time-dependent desorption of arsenic with bicarbonate at
0.01, 0.1, and 1 M and phosphate at 0.001, 0.01, and 0.1 M from(a)
YL6-1 and(b) YL7-1.

insensitive at high phosphate addition, particularly for YL6-
1. Between the lowest (0.001 M) and highest (0.1 M) con-
centrations of phosphate, the fraction of arsenic desorbed in-
creased only twice in magnitude in YL6-1 (Fig. 8a). With
respect to YL7-1, the removal of As was proportional to the
added anionic concentration (Fig. 8b). Besides, the equilib-
rium As concentrations observed at sets with 1 M bicarbon-
ate, and to which 0.01 and 0.1 M phosphate were similar
in YL6-1, revealed the limitation of leachable As. Conse-
quently, the leaching behaviors were different for the two
cores containing either bicarbonate or phosphate. Further-
more, bicarbonate anions caused less desorption of arsenic
than phosphate on a molar basis.

3.4 Numerical modeling of As desorption experiment

The experimental data of As desorption were modeled with
PHREEQC. The four anions Cl−, SO2−

4 , HCO−

3 and PO3−

4
were simulated with the same varied concentrations in the
batch experiment using the titration approach (Chen and
Anderson, 2002). The initial arsenic contents of 8.5 and
9.9 mgkg−1 in core samples of YL6-1 and YL7-1, respec-
tively, were assumed. The weight of core sample was 0.2 g,
and the specific area of the sediment was 15 m2g−1 (Maji
et al., 2012). The surface complexation model for hydrous
ferric oxide (Hfo) developed by Dzombak and Morel (1990)
was adopted, of which two types of sites could accommo-
date all experimental data. These were the “strong” and
“weak” sites and labeled as “s” and “w” in Table 3. The
weak and strong adsorption site density were 0.005 and
0.2 molesitesmoleHfo−1. The thermodynamic data of As3+,
As5+, SO2−

4 , HCO−

3 , and PO3−

4 were listed in Table 3. No-
tably, no thermodynamic data were available for Cl− sur-
face complexation reactions. A first-order reaction model
was proposed to represent the kinetic desorption of As as
follows:

dC

dt
= −k1C , (1)

whereC is the arsenic concentration,k1 is the kinetic rate
constant and is set to 0.05 and 0.1 for As3+ and As5+, re-
spectively (Maji et al., 2007, 2011, 2013).

The simulated time-dependent arsenic desorption of
YL6-1 and YL7-1 at various anionic (PO3−

4 , HCO−

3 , SO2−

4
and Cl−) concentrations are shown in Fig. 9. The simulated
arsenic desorption curves and the amount of arsenic desorp-
tion of YL7-1 and YL6-1 by PO2−

4 were close to the experi-
mental results, but were much less than the experimental data
from HCO−

3 . The laboratory arsenic desorption experiment
used the in situ core samples contain both organic carbon
and inorganic carbon. These carbons can be converted and
utilized by microbes as energy sources and promote the re-
ductive dissolution of iron oxyhydroxide accompanying the
desorption of arsenic. Moreover, dissolved As can combine
with dissolved organic matter, preventing adsorptive inter-
action between As and flocculated iron oxide in saline water
(Waslenchuk and Windom, 1978). The simulated model con-
sidered the pure inorganic adsorption reaction, which did not
include the desorption enhanced by the microbial reaction
and thus greatly underestimated the amount of arsenic des-
orption. For sulfate and chloride, the effects on the amount
of arsenic desorption are minor, which agree with the batch
experimental results (Su and Pulse, 2001; Radu et al., 2005;
Halim et al., 2009; Maji et al., 2013).

Notably, the sulfate ion slightly promoted the arsenic des-
orption, whereas the chloride ion yielded less desorption
of arsenic, which may mildly reduce the aqueous arsenic
concentrations. The comparison of the experimental and
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Table 3. Thermodynamic data of surface complexation constants
for arsenite, arsenate, phosphate, sulfate and carbonate (Allison et
al., 1990; van Geen et al., 2004).

Adsorption reaction Log K

Arsenite
Hfo_ sOH + H3AsO3=Hfo_sH2AsO3 + H2O 5.41
Hfo_ wOH + H3AsO3=Hfo_wH2AsO3 + H2O 5.41

Arsenate
Hfo_ sOH + H3AsO4=Hfo_sH2AsO4 + H2O 8.61
Hfo_ wOH + H3AsO4=Hfo_wH2AsO4 + H2O 8.61
Hfo_ sOH + H3AsO4=Hfo_sHAsO−

4 + H2O + H+ 2.81
Hfo_ wOH + H3AsO4=Hfo_wHAsO−

4 + H2O + H+ 2.81

Hfo_ sOH + H3AsO4=Hfo_sOHAsO3−

4 + 3H+
−10.12

Hfo_ wOH + H3AsO4=Hfo_wOHAsO3−

4 + 3H+
−10.12

Phosphate

Hfo_ sOH + PO3−

4 + 3H+=Hfo_sH2PO4 + H2O 31.29

Hfo_ wOH + PO3−

4 + 3H+=Hfo_wH2PO4 + H2O 31.29

Hfo_ sOH + PO3−

4 + 2H+=Hfo_sHPO−

4 + H2O 25.39

Hfo_ wOH + PO3−

4 + 2H+=Hfo_wHPO−

4 + H2O 25.39

Hfo_ sOH + PO3−

4 + H+=Hfo_PO2−

4 + H2O 17.72

Hfo_ wOH + PO3−

4 + H+=Hfo_wPO2−

4 + H2O 17.72

Sulfate

Hfo_ wOH + SO2−

4 + H+=Hfo_wSO−

4 + H2O 7.78

Hfo_ wOH + SO2−

4 = Hfo _ wOHSO2−

4 0.79

Carbonate

Hfo_ wOH + CO2−

3 + H+=Hfo_wCO−

3 + H2O 12.56

Hfo_ wOH + CO2−

3 + 2H+=Hfo_wHCO3 + H2O 20.62

simulated amount of As desorption by PO3−

4 and HCO−

3 of
YL6-1 and YL7-1 after 30 days are given in Table 4.

4 Discussion

4.1 Water quality related to As enrichment

Shallow groundwater aquifer are generally salinized by sea-
water flooding and salt water percolation from fish pond
farming. Seawater intrusion shows a small effect on aquifer
salinization. Arsenic concentrations did not correlate with
the well depth and the EC values, suggesting that the effects
of saline water on the arsenic release were complex. Among
the collected water samples, high As concentration with in-
creasing levels of HCO−3 , NH+

4 and Fe concentrations, cou-
pled with high pH (pH = 8) typically represented the onset of
reductive dissolution of Fe oxyhydroxides concurrent with
the mobility of As. Poor correlation between dissolved As
and Fe concentrations in groundwater indeed reflect the com-
plexity of geochemical reactions in the subsurface (Nickson
et al., 2000; Harvey et al., 2002) and in part can be attributed
to the mixing with saline water. Sulfate in saline groundwater

Table 4. Comparison of experimental and simulated amount of As
desorption from core samples after 30 days.

Anion Concentration Core Measured Simulated
(moleL−1) type desorption desorption

(mgkg−1) (mgkg−1)

0.1 YL6-1 1.8 2.41
YL7-1 2.8 2.8

PO3−

4 0.01 YL6-1 1.75 0.74
YL7-1 1.5 0.86

0.001 YL6-1 0.8 0.031
YL7-1 0.9 0.036

1 YL6-1 1.7 0.021
YL7-1 0.7 0.024

HCO−

3 0.1 YL6-1 0.4 0.016
YL7-1 0.5 0.019

0.01 YL6-1 < 0.1 0.011
YL7-1 0.1 0.012

may act as an electron acceptor and promote precipitation of
sulfide minerals. Formation of sulfide minerals restrained the
liberated As in the anaerobic environment. The redox cyclic
interactions of iron and sulfur resulted in the low-As and
high-Fe concentrations in saline water (Wang et al., 2011). A
moderate correlation of aqueous As was only observed with
DOC (r2

= 0.41, p < 0.05), as also indicated by Harvey et
al. (2002). The existence of organic carbon can trigger mi-
crobial activity, followed by the formation of reducing condi-
tions and release of As via chemical and biological processes
in the subsurface formation (Harvey et al., 2002; Sutton et
al., 2009; Halim et al., 2009). Accordingly, these character-
istics were consistent with the microbially mediated release
of As via the reductive dissolution of iron oxyhydroxides
(Nickson et al., 2000; McArthur et al., 2001; Harvey et al.,
2002; Rowland et al., 2008; Hasan et al., 2009; Nath et al.,
2009).

Further assessment of groundwater quality was conducted
on the basis of a domestic water source standard for As in
Taiwan, 50 µgL−1. For the wells with As above 50 µgL−1,
positive correlations were observed between As and Fe and
DOC (r2

= 0.46 and 0.41,p < 0.05, respectively). The other
group wells, with As below 50 µgL−1, showed a poor corre-
lation between As and Fe, even with DOC (r2 < 0.01). Cor-
relations among As, Fe and DOC concentrations were only
significant via the categorization of As concentration with
50 µgL−1, implicating that a threshold value of As concen-
tration served as an indicator for identifying the active pro-
ceeding of reductive dissolution of As-bearing oxyhydrox-
ides in the study area.
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Fig. 9. Simulated time-dependent As desorption of YL6-1 and YL7-1 at various anionic concentrations(a) PO3−

4 , (b) HCO−
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4 ,
and(d) Cl−.

4.2 Implication from solid profiles of As, Fe and OC

In a previous study (Liu et al., 2003a) proposed that the quan-
tity of As contents in the sediments was concentrated in the
clay samples that were deposited during the Holocene trans-
gression. Actually, the “clay minerals” fractionated from sed-
iments, comprised of magnetic and non-magnetic fractions,
were the main pool for As in this area. Irrespective of the
poor relationship between As and Fe among the untreated
sediments, a significant and positive correlation was ob-
served in the clay fractions (r2

= 0.50,p < 0.05). The direct
source of As in groundwater is believed to be the chemically
active As fraction in the sediments, i.e., Fe oxyhydroxides in
this area (Lu et al., 2010). Hence, the distinct difference of
As contents within the screen range of two boreholes, par-
ticularly for the magnetic fraction, can be a potential factor
affecting the heterogeneous distribution of As concentrations
in the groundwater.

In general, the distribution of major and trace elements
in sediment was controlled by various factors such as sedi-
ment texture, source-rock mineralogy and geochemical pro-
cesses (Abraham, 1998). According to the analytical data,

although these two cores exhibited different soil color and
types, average As and Fe contents for YL6-1 and YL7-1 were
comparable (Table 2). The concomitant but gradual decrease
of solid As, Fe and OC in the untreated samples (without
HGMS treatment) of both boreholes was observed within the
screen range (Fig. 4). These geochemical profiles provided
the direct evidence for the pathway relevant to the microbial-
mediated reductive dissolution of Fe minerals with a con-
current decrease of OC contents, despite the variation of the
trends that were only moderate.

4.3 Effects of salination and anionic competition

Groundwater quality at the coastal shallow aquifer in this
area was generally characterized as salination and As con-
tamination (Liu et al., 2003b; Wang et al., 2007; Lu et al.,
2010, 2011). In this study, saline water samples (Group 4)
were mainly distributed in the shallow depth and contained
higher As concentration than other types. Saline water intru-
sion provided excessive amounts of competition ions, such
as Cl− and SO2−

4 (Kim et al., 2000; Appelo et al., 2002).
However, no obvious evidence showed a direct connection
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between salination and As contamination in the groundwater
quality data, leaching experiment or numerical simulations.
The competitive effect of salination on the motivation of As
mobility has been suggested (Keon et al., 2001), but it con-
tributed only minor portion of As concentration or the batch
experiments. However, the isotopic analyses show that the
high enrichment of34S[SO4] and18O[SO4] in saline ground-
water, caused by the microbial-mediated reaction of sulfate
and high18O enrichment factor (ε[SO4−H2O]), suggests that
sulfur disproportionation is also an important process dur-
ing the reductive dissolution of As-containing iron oxyhy-
droxides (Kao et al., 2011). Limited co-precipitation of ion-
sulfide increased the rate of As liberation under anaerobic
conditions.

Since the high-arsenic groundwater at the Choushui River
alluvial fan commonly has bicarbonate as the major anion,
the role of competitive adsorption of bicarbonate should
not be neglected. According to the results of batch exper-
iments of Kim et al. (2000), bicarbonate solutions leached
the greatest quantity of arsenic (1.2–1.6 mgkg−1) from the
aquifer materials (with a total arsenic concentration of
24.6 mgkg−1), as compared to other solutions. Similar re-
sults were also observed herein. However, Radu et al. (2005)
reported that the carbonate ions had a small effect on the
competition with As for iron oxide-coated sand, and resulted
in only a slight decrease in As adsorption. The cause of the
major difference in the carbonate ions’ effect on the As des-
orption is that both Kim et al. (2000) and our study used
the in situ core sample as the adsorbent, whereas Radu et
al. (2005) used the synthetic iron-oxide-coated sand. The in
situ core sediment contained OC, IC and microbials which
can biogeochemically enhance the Fe oxyhydroxides disso-
lution and As desorption (Liao et al., 2011). Our numeri-
cal simulation results, which only considered inorganic com-
petition by carbonate ions, also show much less desorption
of As compared to the laboratory batch data. The vital role
of microbial-mediated desorption and mobilization of As in
the groundwater is clearly evident. Varied equilibrium con-
centration between different amending sediments can be as-
cribed to the sources of the adsorption host (Fuller et al.,
1993; Wang et al., 2004). Moreover, desorption of arsenic
by bicarbonate was easily assessable at YL7-1, but reached
maximum values at YL6-1. Due to the observation of higher
bicarbonate concentration than phosphate in the in situ envi-
ronment, the contribution of bicarbonate to the total arsenic
leaching is greater than phosphate, especially for YL6-1.

Compared to bicarbonate, there was a significant eleva-
tion of arsenic concentration as phosphate levels increased.
For YL6-1, this suggests that the desorption rate was high
at low phosphate concentration. In contrast, the proportional
increase of As was concurrent with the imposed phosphate
concentration in YL7-1 (Fig. 8). Different valences of dom-
inant As species in the sediment explained the desorption
trends of phosphate between these sets (Fig. 7). Arsenate is
generally susceptible to the presence of elevated phosphate

concentrations. The strong ability of phosphate to inhabit the
arsenate adsorption on iron oxyhydroxides has been verified
(Dixit and Hering, 2003). The competition between PO3−

4
and As(OH)3 is likely to be less significant than the PO3−

4
and AsO3−

4 (Smedley and Kinniburgh, 2002). Moreover, the
YL7-1 solutions reached near-equilibrium faster than the
YL6-1 solutions, which could reflect their lower particle size
and its contribution to intra-particle diffusion (Ghosh et al.,
2006).

5 Conclusions

To comprehend the hydrogeochemical characteristics of As-
contaminated saline aquifers in the coastal area of the south-
ern Choushui River alluvial, detailed analyses were con-
ducted as a function of lithology, mineralogy, geochemistry
and hydrochemistry. Leaching experiments and numerical
simulations were also conducted to assess the competitive
effect of various anions on As release. Groundwater was
mostly NaCl- or Na−Mg−HCO3-type, dependent on the
depth in the area. Saline water type prevailed in the upper-
most aquifers and non-saline water was in the lower aquifer.
High levels of As concentrations were found in both the
uppermost and lower aquifers. No direct evidence revealed
the correlation among salination, As concentration and well
depth.

The analytical results evidenced that the clay fraction,
especially for the magnetic fraction, acted as the princi-
pal pool of As in the sediment. Significant correlations of
As with DOC and Fe concentrations were only observed in
groundwaters with a threshold of elevated As concentrations
(>50 µgL−1) which can serve as an indicator in the saline
aquifer for the active proceeding of reductive dissolution of
Fe oxyhydroxides with microbially mediated degradation of
organic matter. Concurrent decrease of solid As, Fe and OC
contents observed within the well screen area further sup-
ported the presence of actively reductive dissolution of As-
bearing Fe minerals. The leaching behaviors of As among
the posited sediments were closely dependent on its solid va-
lence and the kinds of competitive anions from the XANES
and batch experimental data. Contrary to YL6-1 as the domi-
nance of As(III) in the solid phase, the dominant As(V) in the
sediment of YL7-1 was more liable to phosphate addition.
Experimental and numerical results showed that the contri-
butions of Cl− and SO2−

4 to arsenic desorption were low as
compared to those of bicarbonate and phosphate. Although
phosphate had a higher competitive potential than bicarbon-
ate on an equal molar concentration of anions, the preva-
lence of bicarbonate and microbial-mediated reactions in the
subsurface contributed greater amounts of dissolved As than
phosphate. Collectively, the effect of saline water on the As
release to groundwater is mild in the coastal aquifer.
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