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SUMMARY

This study explores the distribution and mobilization of As in the ecosystem of the Guandu wetlands, Tai-
wan. The chemical parameters, chemical sequential extraction, mineralogical compositions, and sulfur
isotopic compositions (i.e., 3**Sisoq and 5'8Siso4)) of porewater and two sediment core samples (S2 and
S5, locate in the inner and outer sites of the Guandu wetland) were analyzed to characterize As spatial
distribution. The crucial mechanisms of the biogeochemical processes that control As mobility in wetland
ecosystems were inferred. Based on factor analysis and cluster analysis, the vertical distributions of the
redox zones in S2 and S5 were classified as oxidizing, transitional, and reducing zones, respectively. The
mineralogical characteristics showed that adsorption and desorption are the major processes which con-
trol As retention in the surface sediment under cyclic aerobic/anaerobic conditions. Aqueous As and Fe
were restrained because of oxidation, whereas aqueous Fe precipitated as amorphous metal oxides
(i.e., FeO, FeOOH, and Fe,0s). Subsequently, aqueous As was adsorbed onto the surfaces of Fe(hydr)ox-
ides, resulting in a high solid As content in the oxidizing zone. The high aqueous As content in the bound-
ary of the transitional and reducing zones was caused by the reductive dissolution of highly dissolved Fe
compounds through the microbial respiration of organic matter (OM). In the reducing zone, As>* can be
constrained by the formation of FeS, in sediment during bacterial sulfate reduction that is governed by
the relative enrichment of the §**Sysos and 3'S;so4 values. Sulfur disproportionation and the redox of ele-
mental sulfur (S°) are additional reaction paths that cause As cycling. Arsenic mobility in the Guandu
wetland is primarily caused by the reductive dissolution of As-containing Fe-oxyhydroxides and the
redox cycling of sulfate/sulfide, accompanied by the respiration of OM.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

strongly influenced by iron, sulfur, and carbon redox processes,
which may be primarily governed by the metabolic activity of bac-

Wetlands can accumulate nutrients and anthropogenic sub-
stances in downstream eutrophication ecosystems. Solid Fe and
Mn oxyhydroxides act as a sink for many trace elements in reduc-
ing environments (Carroll et al., 1998; Lytle et al., 1998). Arsenic in
organic-rich wetlands can limit transformation and mobilization
(La Force et al., 2000; Bauer et al., 2008; Du Laing et al., 2009).
The redox cycling of As in wetland systems is largely determined
by (1) in situ redox conditions, (2) the dissolution—precipitation
of minerals with arsenic as a constituent ion, and (3) sorption-
desorption (La Force et al., 2000, Mandal et al., 2009, 2012). The
redox states of solid As stability complexes (Goldberg, 2002) and
co-precipitates (Waychunas et al.,, 1993) are thermodynamically
controlled. The geochemical characteristics of As mobility are
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teria (Pierce and Moore, 1982; Wilkin and Ford, 2006; Mukherjee
and Fryar, 2008). A strong correlation of aqueous As>* and Fe?* con-
centrations are observed in low-level redox potential. For example,
the binding of As and Fe in the same solid phase pools has been
found in strongly minerotrophic and Fe-rich fen. Redox-related
processes in aquifers/wetlands are largely controlled by the
reduction of FeOOH in the presence of organic matter (OM) during
bacteria respiration, serving as electron donors (McArthur et al.,
2001, 2004; Harvey et al., 2002; Zheng et al., 2004; Cancés et al.,
2005; Hossain et al., 2012).

In oxidizing conditions, low As mobility is caused by the forma-
tion of As®* and its subsequent adsorption of metal oxides. Arsenic
anions can sorb or bind using carbonates (Bauer et al., 2008;
Rothwell et al., 2009) and silicates (Goldberg, 2002), but Al, Mn,
and especially Fe oxides are the most crucial As sorbents in oxic
conditions because of their large reactive surface areas (Smedley
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and Kinniburgh, 2002; Wang and Mulligan, 2006, 2008). The oxy-
genation of Fe?* containing water to induce iron precipitation is
used for sorbing and removing of As during As-contaminated water
treatment processes (Jessen et al., 2005). Analytical methods have
been used to accurately determine As oxidation states and local
coordination environments in various solid phases and its possible
presence as a surface-bound or adsorbed species. The chemical
sequential extraction method is frequently used to determine
operationally defined fractions. Spectroscopic methods, including
X-ray techniques and vibrational spectroscopy, entail measuring
the amount of energy absorbed or emitted by a system in response
to an external perturbation in the form of electromagnetic radia-
tion. The local coordination environments of As®>" and As®* sorbed
to natural or synthetic iron oxides of varying crystallinity have
been widely investigated and compared with X-ray absorption
near-edge structure (XANES) spectroscopic techniques (Manning
et al., 2002; Sherman and Randall, 2003). The varying affinities of
As>* and As®" can affect the extent of their sorption in sediment.
The various capacities for As sorption onto sediment may affect
As’ concentration in water. In anoxic sediments, dissolved sulfates
are terminal electron acceptors and are used by sulfate-reducing
bacteria (SRB) during the heterotrophic respiration of OM (Jergen-
sen, 1982). A crucial pathway regarding trace metal behavior in
sediments is the reaction of dissolved sulfide with ferrous iron to
precipitate Fe sulfides, which may be responsible for metal uptake
through sorption and/or co-precipitation (Xia et al., 1998; Wang
and Mulligan, 2008; Langner et al., 2012). Fe disulfide and pyrite
are important carriers of As (Dellwig et al., 2002; Bostick and Fen-
dorf, 2003). Most metal sulfides provide a potential sink for As in
anoxic sediments (Dellwig et al., 2002). Under sulfate-reducing
conditions, As adsorption on the surfaces of metal sulfides and/or
co-precipitation is the most crucial uptake process (Farquhar
et al., 2002; Wolthers et al., 2005). Numerous studies have indi-
cated that isotopic techniques are useful for understanding the
influence of sulfur cycling geochemical environmental conditions
on As mobility (Lipfert et al., 2007; Mukherjee and Fryar, 2008;
Kao et al., 2011).

High As concentrations occur naturally in geothermal areas be-
cause of volcanic activity, resulting in pollution in groundwater,
geothermal spring water, and downstream of the Guandu wetland
ecosystem. However, the distribution and mobilization of As in the
wetland ecosystem are not well understood. This study examines
the geochemical processes of As in the Guandu wetland. We inves-
tigate the geochemical characteristics and processes of As in wet-
lands using advanced technologies, including chemical analyses,
stable isotopic analyses, and spectroscopic methods. Finally, a con-
ceptual model for the biogeochemical processes of aqueous and so-
lid As cycling in the Guandu wetland is proposed.

2. Materials and methods
2.1. Study area

The Guandu wetland is located in the northern part of the
Guandu Plain in Taipei, Taiwan, which is the downstream of the
Beitou geothermal spring (Fig. 1). In the 1960s, many geothermal
fields of Beitou have been developed to generate energy from the
steam and hot water reservoirs of Tatun Volcano Group. Large scale
andesitic volcanic eruptions took place in north and northeast off-
shore islands of Taiwan during the Pleistocene. Both andesitic lavas
and andesitic pyroclastics are presented. Acidic hot spring water
has high arsenic, sulfate and lead concentrations. Previous studies
revealed that As concentration in the hot spring water was up to
4.32 mg/L and overly exceeded the drinking water guideline of
WHO, 0.01 mg/L (Wang, 2005; Chiang et al., 2010). The As-rich

spring water flows to Huang Gang Creek, discharging a high-As flux
to the Guandu Plain. Long-term irrigation with high As concentra-
tion water has caused the high average As contents of 145 and
143 mg/kg in the upper (0-15cm) and lower (15-30 cm) soils,
respectively, in the Guandu Plain, markedly exceeds the soil con-
tamination standard of 60 mg/kg (Chiang et al., 2010). Arsenic-rich
spring water flows to the downstream wetland, and may alter
aqueous and solid-phase compositions. As contents were as high
as 1-5 g/kg in the coarse fraction (>0.25 mm) soil samples (Wu,
2008).

The Guandu wetland is near to the mouth of the Keelung and
Tanshui Rivers, it has a semi-diurnal tidal regime with a tidal
amplitude of approximately 1-2 m; and although it is only 10 km
away from the Tanshui River estuary, the wetland area is widely
affected by tidal fluctuations. Tidal seawater, which can intrude
into the upper estuary approximately 25 km away from the river
mouth, mixes with the river water during high tide, but only par-
tially mixes during low tide (Liu et al., 2001). Seawater mixing with
fresh water may provide excessive amount of competition ions
such as CI~ and SO~ which can theoretically function as HCO;
and PO;". The effect of ionic competition against the adsorption
site of As onto the surface of metal oxides is also assessed (Kim
et al., 2000; Appelo et al., 2002). Hence, the variations of salinity,
pH, and redox conditions may potentially affect the As releases
and the retention reactions in wetland system.

2.2. Water, soil and plant sampling

Porewater and sediment samples of core were collected at the
inner (S2 = 70 cm) and outer sites (S5 = 85 cm) of Guandu wetland
in April, 2010 (Fig. 1). Porewater samples with an interval of 5 cm
were extracted using a Rhizon sampler (microporous polymer,
<0.2 um pore size). The sediment samples with an interval of
5 cm were air-dried to facilitate the analyzing of chemical com-
pounds. Porewater and sediment samples in both cores with an
interval of 10 cm were extracted for isotopic analyses. Water sam-
ples were stored in polyethylene containers, maintained at 4 °C,
and sent to the laboratory within 24 h. Sediment samples were
stored in N,-purged plastic bags, dried at room temperature, and
homogenized using 100-mesh sieves in an anaerobic glove box.
The split samples were removed from the glove box and allowed
to oxidize in an oven at 50 °C for 72 h. Chemical compositions,
speciation of As and Fe, chemical sequential extraction, and isoto-
pic compositions in aqueous phase and/or solid phase were
analyzed.

2.3. Chemical compounds of water and soil analysis

The dissolved oxygen (DO), redox potential (Eh), electrical con-
ductivity (EC) and pH of the porewater samples were measured at
S2 and S5. Porewater samples were filtered through 0.45-pm glass
fiber papers. Unacidified parameters (NO;, Cl~, and SOf{) and acid-
ified parameters (NH;, Ca**, Mg®*, Na*, K", Fe and Mn) were used to
measured by ion chromatography (by, DIONEX ICS-900). Bicarbon-
ate was determined by acid titration. Porewater samples for metals
and other ionic concentrations measurements were with 0.45 pm
nylon filters and acidified with various acids for specific analysis
(APHA, 1998). Ferrous (Fe?*) concentrations of the samples were
measured colorimetrically using the ferrozine method (Lovley
and Phillips, 1987). Analytical method of As*, As®*, MMA, and
DMA followed closely from our previous study (Huang et al.,
2003). The variances of duplicate measurements were less than
10%; recoveries of check and spike samples were between 85%
and 115%, respectively. Moreover, chemical sequential extraction
was conducted for the determination of As concentrations in the
various mineral phases (Bauer et al., 2008). The extraction
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Fig. 1. (a) Study area and (b) core sampling locations of Guandu wetland.

consisted of four steps, including (1) exchangeable, (2) amorphous
metal oxides and carbonate, (3) crystalline metal oxides, and (4)
aluminosilicates and sulfides. Detailed experimental and analytical
procedures were described in Bauer et al. (2008).

Sediment samples were air-dried, digested in aqua regia, and
filtered to determine the trace metals concentration like total As,
Fe, Mn, using ICP-MS. Sulfate and total organic carbon contents
were analyzed by turbidimetric method and Walkley-Black meth-
od, respectively.

2.4. Sulfide and sulfur isotope analyses

Porewater samples were filtered and acidified with 1 M HCI to
maintain the solution pH <2; 10% BaCl, was then added to the
samples to produce BaSO, precipitation. The samples were then fil-
tered and dried (Yanagisawa and Sakai, 1983). Precipitated BaSO,
were recovered by centrifugation, carefully washed in double dis-
tilled water and dried prior to isotope analysis. The 6345[504] and

5‘85[504] were analyzed in the isotope laboratory of the University
of Arizona using a continuous-flow gas-ratio mass spectrometer
(Thermo Scientific Delta PlusXL). Sulfur isotope analysis of the sul-
fide minerals (5345[&52]) was performed via reduced inorganic sulfur
by diffusion method (Hsieh and Shieh, 1997). Before analyzing the
sulfur isotope from the sediment samples, acid-volatile sulfide
(AVS; FeS), chrome-reducible sulfide (CRS; FeS,-S) and elemental
sulfur (ES; S°) were determined using chemical sequential extrac-
tion methods. Briefly, AVS, CRS and ES were separated sequentially
by 6 M HCl (18 h), acidic Cr(II) (48 h) and N, N-dimethylformamide
(DMF) (24 h), respectively, under pure N, gas, at ambient temper-
ature (25 + 3 °C). The liberated H,S was then passively trapped in
an alkaline Zn solution which was in a small beaker containing a
15 mL 3% alkaline zinc (Zn) acetate solution that was placed in a
bottle. However, the undetected AVS and ES in sediment samples
of S2 and S5 may be caused by the unstable formation and/or lack
of mackinawite (FeS) and elemental sulfur in natural environment.
The &“Sges, was analyzed using ZnS powder in the isotope
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Fig. 2. Dendrograms of all porewater of (a) S2 and (b) S5 by CA in the Guandu
wetland.

laboratory of the University of Arizona by the Thermo Scientific
Delta PlusXL.

2.5. Mineralogical characterization

To characterize the surface chemical properties and composi-
tions of the core samples, XPS (X-ray photoelectron spectroscopy)
and SEM-EDS (Scanning electron microscope and energy disper-
sive spectrometer) were introduced. Feature of main As-bearing
phase (such as probable ferrihydrites with various Fe/As molar ra-
tios) exits in which As is present as surface-sorbed and/or incorpo-
rated species is need to explore. Chemical characterizations of
well-screened core samples in both cores of S2 and S5 are identi-
fied by the high resolution X-ray photoelectron spectroscopy
(HR-XPS; ULVAC-PHI PHI Quantera SXM) and scanning electron
microscope (SEM; Hitachi S-3000N). Both XPS and SEM are of sur-
face chemical analysis techniques and can be used to analyze the
surface chemistry of materials. XPS provides information on the
elemental compositions, empirical formulas, chemical states and
electronic states of the elements that exist within the surfaces or
reaction layers of minerals and grains (Frau et al., 2005). SEM is de-
signed for direct studying of the surfaces of solid objects, and has
great depth of field yielding three-dimensional characteristics
appearance useful for understanding the surface structure of a

mineral (Hou et al., 2006). The X-ray absorption near-edge struc-
ture (XANES) spectra were used to determine As speciation in
the sediment samples. X-ray absorption spectra (XAS) at the As
K-edge (11,867 eV) were collected at the Wiggler 20 beamline
BL-17C at the NSRRC. Sample spectra regarding the As Ko edge of
11,867 eV were collected from —50 to +100 eV, and then compared
to XANES spectra with the selected reference standards, including
arsenate (Na,HAsO4-7H,0) and arsenite (NaAsO,). Several scans of
each sample were processed and averaged to improve the data
quality of XAS spectra. The Athena program was employed for
standard background subtraction and edge-height normalization
using the AUTOBK algorithm (Ravel and Newville, 2005). Core sam-
ples S2 (5, 25 and 65 cm) and S5 (5, 30 and 75 cm) were selected
for further investigation by HR-XPS, then samples S2 (65 cm) and
S5 (75 cm) were analyzed by SEM-EDS. Eight sediment samples
were considered with depth in core S2 (2, 6, 10, 18, 26, 34 and
50 cm) and core S5 (6, 10, 26, 34, 46, 50, 54 cm). The dried out,
grinded and sieved samples were then analyzed with XANES spec-
tra in NSRRC in October, 2011.

2.6. Multivariate statistical

Factor analysis (FA) and cluster analysis (CA) are multivariate
statistical methods, effective means of manipulating, interpreting
and representing data concerning characteristics of water quality
and geochemistry (Johnson and Wichern, 1992). Factor analysis
is applied to interpret the geochemical characteristics and yields
the general relationship between measured chemical variables by
elucidating the multivariate patterns that may help to classify
the original data. It can be used to determine the geographical dis-
tribution of the resulting factors. The geochemical interpretation of
factors yields insight into the main processes that may govern the
distribution of hydrochemical variables. The first step of factor
analysis was to standardize the raw data and make them dimen-
sionless. The correlation coefficient matrix, eigenvalues and eigen-
vectors were determined to yield the covariance matrix. Then, the
data were transformed into factors. Only factors with eigenvalues
that exceed one are retained in this work. The contribution of each
factor of each porewater samples (factor scores) is computed.

Cluster analysis was used as an analysis of variance approach
(hierarchical cluster) to measure a distance between variable clus-
ters, attempting to minimize the sum of squares of any two clus-
ters that could be formed at each step (square Euclidean
distance). Hydrogeochemical data with similar properties were
clustered in a group. To avoid misclassifications arising from the
different order of magnitude of the variables, the variances for each
variable were standardized. The Ward’s method was used to carry
out CA. The obtained CA results assisted to determine the main
hydrogeochemical processes of As enrichment in this proposed
wetland. Notably the CA is generally used to interpret the hydro-
chemical data, that is based on factor score (Kim et al., 2005).

In this study, the 18 chemical parameters of the porewater sam-
ples, including pH, EC, DO, Eh, As, As**, Fe, Fe?*, Cl-, SO2~, HCO3,
Mn, Ca®*, Mg?*, Na*, K*, NO3, and NH; were considered to evaluate
the characteristics of aqueous phase by factor analysis. The factor
scores of factor analysis were applied for the calculation of cluster
analysis (Kim et al., 2005). Two multivariate statistical methods, FA
and CA were performed using SPSS software (SPSS Inc., 1998). They
were applied to delineate the vertical profile of redox zonation.
According to the ranges of an interval, the samples for isotopic
analyses are different with that of samples for chemical analyses.
Hence, the six parameters associated with isotopic compositions
(Table 2), including 8345[504], 5180[504],5012;, FeSz, 534S[|:e52] and frac-
tionation factor & (& = 8**Sges,) — 5>*Sys04/), Were applied alone for
the calculation of FA and CA.



Table 1
Statistical geochemical data of porewater and sediment of redox zonation in Guandu wetland.
Porewater Sediment
Zone? pH EC DO Eh As As>* Fe?* s02- HCO; S04/ TOC Fe Mn NO3-N NH4-N TOC S02- As Fe (mg/ Mn FeS,
(mS/ (mg/  (mV) (ng/ (ug/l) (ug/l) (mgr) (mgL) CI  (mgl) (mg/ (mgl) (mglL) (mgll)  (mg/kg) (mgkg) (mg kg (mg/ (mg/kg)
cm) L) L) L) kg) kg)

S2 Min 6.8 147 7.2 —22.1 0.6 0.0 0.0 704.0 191.1 0.2 8.0 0.2 0.1 0.5 0.1 15.9 1210.0 16.1 37700.0 388.0 0.6

Zone  Max 74 154 7.7 124 6.3 21 5.6 8955 303.5 0.2 26.0 2.2 0.9 13 0.2 171 1800.0 238 43500.0 485.0 0.9
1

Mean 7.0 15.1 7.4 0.2 2.7 0.7 19 7863  230.2 0.2 16.7 0.9 0.3 0.8 0.1 16.7 1436.7 19.9 40166.7 437.3 0.7

S2 Min 7.0 163 3.7 —48.8 9.9 2.6 5.2 655.2 1771 0.1 10.0 5.2 1.5 0.3 0.9 13.9 1860.0 11.1 24600.0 223.0 0.4

Zone  Max 79 17.7 5.0 14 1847 1254 22.2 863.2 6214 0.2 30.0 14.8 2.6 2.4 2.5 23.2 2470.0 17.0 39800.0 313.0 1.8
2

Mean 73 17.0 4.3 -17.9 43.0 304 10.8 790.2  286.0 0.1 171 9.2 19 1.2 1.6 18.2 22314 14.1 328714 276.1 1.0

S2 Min 8.0 185 24 —-67.9 6.3 6.3 0.8 884.7 5558 0.1 6.0 1.8 1.2 0.6 14 27.1 21400 16.2 26100.0 255.0 19

Zone  Max 8.2 20.0 4.7 -57.3 56.3 53.7 3.6 1108.9 641.8 0.2 16.0 6.2 1.7 24 2.9 354 2850.0 21.2 34700.0 414.0 5.0
3

Mean 8.1 193 3.5 —63.3 20.6 17.6 2.0 1001.8  599.9 0.1 11.5 3.2 13 1.2 2.0 32.8 2584.0 19.7 29720.0 32438 3.9

S5 Min 6.8 14.2 3.6 -21.7 0.3 0.0 0.0 692.0 172.0 0.1 6.0 0.2 0.2 1.1 0.3 141 1380.0 13.1 25600.0 304.0 0.4

Zone  Max 74 16.6 6.9 —-6.3 7.1 5.6 6.3 892.0 311.2 0.2 10.0 15.2 3.2 2.9 1.8 20.0 27100 21.6 41500.0 380.0 2.6
1

Mean 7.2 158 53 -14.6 3.7 34 39 7725 2529 0.2 8.0 6.8 2.1 2.0 0.9 18.0 1993.3 17.5 33140.0 338.0 11

S5 Min 72 156 34 —24.3 3.0 1.5 0.2 7182 2647 0.1 4.0 1.7 1.8 0.6 1.7 15.9 1720.0 9.5 30400.0 281.0 2.9

Zone  Max 7.5 16.8 3.7 -12.5 104 9.7 5.7 800.0 407.9 0.2 10.0 10.9 2.5 2.6 6.5 21.5 2140.0 18.4 41800.0 337.0 10.1
2

Mean 73 16.1 3.5 -18.8 54 41 23 7433 3185 0.1 7.1 7.4 21 1.6 34 17.0 18914 13.7 38228.6 306.7 6.2

S5 Min 7.7 184 1.6 —-66.0 42 7.0 0.0 512.0 4925 0.1 4.0 3.7 23 2.5 8.2 23.1 2300.0 15.8 40800.0 285.0 9.8

Zone  Max 8.1 20.0 4.0 —40.0 232 26.4 21 5724 7473 0.1 12.0 8.7 2.7 2.5 11.0 35.7 2560.0 23.2 42400.0 347.0 123
3

Mean 7.9 194 2.8 —-54.4 11.6 13.2 0.6 5424 6253 0.1 7.3 5.5 2.5 2.5 9.5 291 2430.0 19.1 41600.0 300.8 11.1

@ Zone 1, Zone 2 and Zone 3 are oxidizing zone, transitional zone and reducing zone, respectively.

8LC

982-+2¢ (€£102) 86% A3ojotpAH fo [puinof/ v 35 0DY "H-'A
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3. Results and discussions
3.1. Vertical profiles of hydrochemical characteristics

The tidal effect resulted in high EC values in the outer estuary
point (S5) and low EC values in the inner point (S2). The infiltration
of rain and surface water diluted the EC values of the porewater in
the shallow layer, but had a smaller effect on the deep layer. FA and
CA were used to assess the geochemical characteristics of the pore-
water samples in various depths. Absolute factor loadings higher
than 0.7 were included in the factor model. Three factors and four
factors were extracted from the 18 chemical parameters by FA in
S2 and S5, respectively. Factor 1, salinization, was the most signif-
icant factor and had high loadings of CI-, EC, K*, Mg?*, Na*, Ca®*, pH,
EC, HCO3 and SO, the major components of seawater. Factor 1 of
S2 constituted 56.3% of the total variances, and S5 accounted for
44.9% of the total variances. The chief geochemical characteristics
of S2 and S5 were related to saline water. The source of the saline
water in the porewater was the tidal fluctuation of seawater. How-
ever, no clear relationship between EC and As concentration was
found in two core samples suggesting that salination only had min-
or effect on the on As mobility in the wetland system. Fig. 2 shows
the dendrograms of CA. Based on the factor scores of FA, CA classi-
fied all porewater samples into three groups of core S2. Table 1
shows the classified porewater samples of Groups 1, 2, and 3 in
the shallow layer (S2-1 to S2-3 and S5-1 to S5-6), middle layer
(S2-4 to S2-10 and S5-7 to S5-13), and deep layer (S2-11 to S2-
15 and S5-14 to S5-17), respectively.

The vertical variations of the Eh value were measured in all of
the porewaters of S2 and S5. Porewater Ehs decreased from the
surface zone to the deep zone, (Fig. 3a and b), resembling aque-
ous As>* and Fe?*, which were dominant species in the core S2
and S5 (Fig. 3c and d). The low levels of aqueous As** and Fe?*
in the core S5 were caused by the dilution from tidal seawater
(Table 1). High-aqueous As>* concentrations were found in the
middle layer (up to 125.4 pg/L) of S2, and up to 26.4 pg/L in
the deep layer of S5, accompanied by decreased Eh values. For
the porewater, the oxidation parameters (e.g., DO and Eh values)
decreased with depth and the amount of reductive species (e.g.,
NH,4-N, As>*, Fe?*) that were found in middle and/or deep layers.
The vertical redox distributions of S2 and S5 based on depth can
be classified as oxidizing, transitional, and reducing zones,
respectively.

Table 2

3.2. Redox zonation

The redox processes were related to the biogeochemical pro-
cesses of organic compounds in the sediments of the wetland.
The vertical distribution of the oxidizing zone was correlated with
surface infiltration, where oxygenated river water, seawater, and
rainwater with high DO permeated the porewater. The permeated
oxidative species (e.g., DO, NO;—N, and SO27) in the porewater,
then they may be transported from the oxidizing zone to the
reducing zone, except for metal oxides, which originate from sed-
iment. These species act as electron acceptors and can be gradually
consumed through the microbial metabolite reactions of organic
compounds and reducing matter. Therefore, there was a high con-
centration of reducing species (e.g. Fe**, NH, -N, As**, and Fe?*) in
deeper depths. Moreover, according to our previous study, the up-
take and bioaccumulation of As in Kandelia obovata were signifi-
cant. Kandelia obovata acts as an As accumulator in Guandu
wetland (Chen et al,, 2012). Thus aqueous As concentrations in
the oxidizing zone were significantly lower than that in the reduc-
ing zone due to the uptake of aqueous As by the mangrove
(Table 1).

Aqueous Fe?" concentrations in the porewater of S2 and S5 ran-
ged from 0.01 to 22.2 mg/L and from O to 6.3 mg/L, respectively.
High aqueous Fe?* concentrations were found in the transitional
zone of S2 and in the reducing zone of S5 (Table 1). Fig. 3a and b
show the decreased Eh values from the oxidizing zone to the
reducing zone and the pH changes from acidic to alkaline condi-
tions, respectively. The occurrence of elevated As in porewater is
associated with reducing conditions and correlated with HCO3
and Fe (Fig. 3c and d). Liu et al. (2003) suggested that As pollution
in groundwater is affected by high aqueous alkalinity and TOC in
Southwestern Taiwan. The redox conditions control the dissolution
and precipitation of As-bearing minerals and release As to the
groundwater. The mineralization of OM progressively promotes
the dissolution of calcite, increases alkalinity, and causes the
reduction of arsenate to arsenite (Masscheleyn et al., 1991; Nick-
son et al., 2000). Aqueous As>* was a dominant species in the tran-
sitional and reducing zones in both the core S2 and S5 (Table 1).
The vertical variation of HCO; in the porewater was correlated
with the aqueous As concentration, whereas the reducing potential
increased with depth (Fig. 3c and d). In suboxic to anoxic condi-
tions, the presence of dissolved Fe typically corresponds to dis-
solved As, NH;—N, and HCOj, which is consistent with the

Sulfur and oxygen isotopic compositions, >4S enrichment factors, FeS, and SOf{ concentration in shallow and deep samples in core S2 and S5.

No. Shallow/deep Zone ® Depth (cm) 31805041 (%0) 8%4S(504] (%0) 3243 [Fesa) (%0) FeS, (mg/g) SO2~ (mg/L) €4S fes2-s041”
S2-a Shallow 1 5 10.0 204 -7.7 0.50 827.4 —28.2
S2-b Shallow 1 15 115 22.6 -11.3 0.82 679.6 -33.9
S2-c Shallow 2 25 12.0 239 —-14.4 2.33 827.6 —-384
S2-d Shallow 2 35 14.5 273 -9.4 2.52 796.1 -36.8
S2-e Deep 2 45 17.8 41.3 0.3 4.09 8144 —40.9
S2-f Deep 3 55 18.3 49.5 2.0 6.67 1098.5 —47.5
S2-g Deep 3 65 19.5 571 2.2 6.76 905.0 —-54.8
S2-h Deep 3 75 18.2 57.6 0.3 4.52 9254 -57.3
S5-a Shallow 1 5 9.2 19.0 -7.9 0.92 846.2 -26.9
S5-b Shallow 1 15 9.8 20.1 -6.3 0.54 741.3 —26.3
S5-c Shallow 1 25 14.6 245 -53 1.01 730.0 -29.8
S5-d Shallow 2 35 15.2 245 —6.1 1.03 726.7 -30.6
S5-e Shallow 2 45 13.8 24.8 -7.5 3.00 7324 -32.3
S5-f Deep 2 55 14.8 24.8 -11.0 1.89 783.5 -35.8
S5-g Deep 2 65 13.7 27.5 -14.1 1.93 630.5 -41.6
S5-h Deep 3 75 18.6 373 -17.1 5.08 542.2 —-544
S5-i Deep 3 85 18.1 48.4 -03 7.65 5724 —48.7

2 The enrichment factor of £**Sjresy-s04) as 5>*S of pyrite minus 5%S of sulfate.

b Zone 1, Zone 2 and Zone 3 are oxidizing zone, transitional zone and reducing zone, respectively.
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Fig. 3. Geochemical parameters of porewater and solid phase profile of S2 and S5 in the Guandu wetland. Aqueous sulfate, solid FeS; and fractionation factor (¢) profiles of S2

and S5 plotted in (g) and (h).

mechanism of the reductive dissolution of Fe-oxyhydroxides
through the respiration of OM (Nickson et al., 2000). Appelo et al.
(2002) indicated that As can be mobilized by displacement from
the sediment surface by contact with highly dissolved bicarbonate
water. The enrichment profile of As is similar to that of HCO; in
porewater, especially in the interface of transitional and reducing
zones (Fig. 3c and d).

Therefore, the mineralization of OM in sediment causes the on-
set of reducing conditions (Stumm and Morgan, 1996), resulting in
the dissolution of As-rich FeOOH and the reduction of adsorbed
arsenate to arsenite. In addition, As is released from the solid phase
to aqueous phase. The decrease of solid Fe contents with depth (Ta-
ble 1; Fig. 3e and f) suggests that the reductive dissolution of Fe
(hydr)oxides in the transitional zone is likely to occur when the
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Fig. 4. Arsenic contents as fraction in different extracts of core S2 with depths and
core S5 with depths. Steps 1-4 denote exchangeable phase, amorphous metal oxide
and carbonate phase, crystalline metal oxides phase, and aluminosilicates and
sulfides phase, respectively. ‘S2-1 the first two alphammerical number denotes the
core sample S2 amd third number denotes the depth interval, one interval is 5 cm.

OM contents increase. These processes occurred substantially in
S2.

The solid-phase TOC was high in the reducing zone and was cor-
related with the enrichment of the solid phase As. Under reducing
conditions, solid-phase TOC triggers the formation of As-sequester-
ing sulfides, leading to a reduction in As mobility (Xia et al., 1998;
Langner et al., 2012). Fig. 3g and h show the increase of solid-phase
FeS, over depth in both cores. The enrichment of FeS, in the reduc-
ing zone may cause an As sequestration mechanism in anaerobic
natural OM (NOM; e.g., TOC). Trends of increasing solid As
concentrations with increasing FeS, and TOC were observed
(Fig. 3g and h).

'S pectrum 3|

Spm ' Electron Image 1

(b)

Spectrum 13,

]

40pm Electron Image 1

(d)

3.3. Mineralogical and geochemical characterization of the core
samples

Fig. 4 shows the analytical results of the As concentrations in
various extracts. However, approximately 60-90% of the extracted
As contents were incorporated in the amorphous and crystalline
metal oxides (Steps 2 and 3), and the sulfate reduction simulta-
neously reduced the As mobility. In the oxidizing zone, the aque-
ous As concentrations with high proportions of Step 2 (58.2% and
52.0% for cores S2-3 and S5-1, respectively) were higher than those
in the transitional and reducing zones. The poor concentration of
aqueous As in the oxidizing zone may have been caused by the
adsorption of aqueous As having increased on the amorphous Fe
(hydr)oxides (McArthur et al., 2001; Nickson et al., 2000). The
XPS results on the chemical states of the Fe minerals in both core
samples over all depths indicated that FeO, FeOOH and Fe,05; were
the primary Fe minerals. These results suggest that the As that was
adsorbed on the Fe hydroxides in the oxidizing zone was depen-
dent on the enrichment of the solid As and Fe contents (Table 1).

The reduction of As in the amorphous phase (Step 2, including
carbon phase) and the increase of the aqueous As concentration
in both core samples were found in the boundary between the
transitional and reducing zones. The high aqueous As concentra-
tion may have been caused by the dissolution of As-rich Fe (hy-
dr)oxides, whereas the NOM was provided during the bacterial
respiration and served as the electron donors (Islam et al., 2004;
Hossain et al., 2012). The chief As content in the reducing zone
was an increase of the sulfides phase (Step 4, Fig. 4); thus, the for-
mation of As-bearing sulfides may be a possible process for immo-
bilizing solid As.

Fig. 5 shows images of the 2 core samples S2-12 and S5-15 ob-
tained using SEM (Fig. 5a and b). The peaks of the spectrogram de-
note the appearance of Fe, S, Si and O, including As, in the solid
sample (Fig. 5c and d). The presence of framboidal diagenetic in

ull Scale 392 cts Cursor: 0,000 kel

Fig. 5. SEM-EDS analysis of core samples of S2-12 (a) and S5-15 (b); the spectrum of core samples of S2-12 (c) and S2-15 (d).
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the reducing zone shows that As may be co-precipitated with pyr-
ite, thereby enriching solid As and FeS, concentrations (Table 1).
Fig. 6 shows that the main form of As was As>* (11874 eV) in
both core samples analyzed according to the positions and shapes
of the absorption edge in the XANES spectra. The deviation of As
were obtained for all soil samples corresponding to the As>* stan-
dard sample (Fig. 6a and c). Because of the other ions/compounds
in the soil sample, the peak of the soil samples exceeds that of the
As®" standards. The results obtained suggest that changes in atmo-
spheric oxygen affect the shallow-layer sediment and are easier
because of the ebb-tidal influence. The redox variations of core
sediment according to depth are primarily governed by intermit-
tent seawater tides. Thus, approximately 62-92% and 60-90% of
extracted As concentrations are incorporated in amorphous and
crystalline metal oxides, respectively (Fig. 4). According to XPS, de-
spite the occurrence of As-bearing minerals, a major association
exists between arsenic and Fe-oxide phases in the solid profile.
Hence, the high solid As concentration in the oxidizing zone may
be caused by the precipitation of As-bearing Fe oxides and/or com-
plexation with surfaces containing Fe oxides (Waychunas et al.,
1993; Farquhar et al., 2002; Sherman and Randall, 2003). Cancés

\C:: -
\\"\\_,_.-

26 cm
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et al. (2005) contended that mainly arsenate (comprising 80%) is
associated with the amorphous Fe®* oxides as co-precipitates with-
in the soil profile in slightly acidic and oxidizing conditions. There-
fore, our results support those reported by several previous
laboratory and field studies (Pierce and Moore, 1982; Yang et al.,
2002; Canceés et al., 2005).

Although the As®* is a dominate species, a significant mixture of
As®* and As>* occurred from middle to deep depths in both the core
S2 and S5 sediment samples (S2: 26-50 cm; S5: 10-54 cm) (Fig. 6b
and d). The mixture of As®>* and As>* indicates the tendency of As>*
to transfer lightly to As®* (Kocar et al., 2008). The maximal concen-
trations of solid-phase As occurred in the oxidizing zone and
reducing zone in both the core S2 and S5, whereas the minimum
concentrations of solid-phase As occurred in the transitional zone
(Table 1; Fig. 3e and f). The mobility of As in the transitional zone
may be caused by the reductive dissolution of the As content in Fe
oxides, which depends on the reduction of As®* into As*>* when
shifting from oxidizing to reducing conditions (Mitsunobu et al.,
2006). Under iron-reducing conditions, the dominant As and Fe
species were arsenite and ferrous Fe in porewater (Du Laing
et al.,, 2009), which generated As mobility from the solid to the

e —~————— NaAsO,
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Fig. 6. Arsenic K-edge XANES spectra data of selected core samples and reference As standard (NaAsO, and Na,HAsO,4) at S2 (a) and S5 (c). The extension of As K-edge XANES

spectra data in transitional zones at S2 (b) and S5 (d).



Y.-H. Kao et al./Journal of Hydrology 498 (2013) 274-286 283

aqueous phase. Arsenite has been found to possess consistently
more mobility than As®* in solid phases (Masscheleyn et al.,
1991). Moreover, the adsorption ability of As>* is stronger than that
of As®" (Laing et al., 2009), thus the sorption distribution coefficient
of As®* is much higher than that of As®* (Hu et al., 2012). The
mobility of As from sediment to porewater can be attributed to
the redox transformation of As species from As®* to As>* (Fig. 6).
According to the results of As sequential extraction, XPS and
XANES, which are the mobility and bioavailability of solid As, were
strongly controlled by NOM. This may trigger the reductive disso-
lution of As-rich Fe oxides in the transitional zone (Wang and
Mulligan, 2006).

The occurrence of FeS, content increased with depth (Fig. 3g
and h), and framboidal diagenetics (such as pyrite) were identified
in the reducing zone using SEM analysis. We observed a general
trend of solid As and solid FeS, content increasing in the reducing
zone (Fig. 3e-h). A significant mixture of As®* and As>* also oc-
curred in the reducing zone, leading to the formation of various
surface complexes and poor crystalline arsenic sulfide. Bostick
and Fendorf (2003) suggested that As>* can be adsorbed onto Fe
sulfide (FeS) and pyrite (FeS,). Wolthers et al. (2005) reported that
both As®>* and As®* formed on the surfaces of disordered macki-
nawite (FeS). Thus, the occurrence of high solid As in the boundary
of the transitional and reducing zones can be attributed to the
mechanisms of As sorption onto sulfide surfaces (Xia et al., 1998;
Wang and Mulligan, 2008; Langner et al., 2012).

3.4. Sulfur cycling and sulfur isotopes

According to the results of FA and CA, all samples in both core
S2 and S5 were classified into two groups characterized by shallow
layers (S2-a to S2-d and S5-a to S5-e) and deep layers (S2-a to S2-e
and S5-f to S5-i), respectively (Table 2; Fig. 7). The 5**Sisoq) and
380504 isotope compositions of porewater samples ranged be-
tween 19.0%0 and 27.3%. for 5**Sisos; and 9.0%. and 15.2%. for
3'80s04) in shallow samples, and from 41.3% to 57.6%. for
3%4S[s04) and 17.8%o to 19.5%. for 3'80(so4) in deep samples, indicat-
ing that differing sulfate sulfide cycling is involved in both S2 and
S5. The enrichment of §**Siso4; and 3'®0jsoa; (5°*Siso4) > 27%;
6130[504] >13%0) is in deep samples associated with increases in
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Fig. 7. Scatter plot of 5'®0so4) and 5>*Ssoa; in two type porewater samples of S2
and S5. The reference values from seawater are modified from Clark and Fritz
(1997).

the Eh value and FeS, concentration (Table 1 and 2). The aqueous
sulfate in shallow samples of both S2 and S5 is probably formed
by the mixing of modern seawater. By contrast, the relative enrich-
ment of 3**Sisoq) and 3'®0so4) in deep samples (e.g., the transi-
tional zone and reducing zone) of both cores is probably caused
by (1) the dissolution of 34S- and '80-enriched sulfate minerals
(Taylor and Wheeler, 1994), and (2) the bacterial reduction of sul-
fate (Fritz et al., 1989; Riedinger et al., 2010). However, the results
of SEM and XPS for both cores indicated the absence of sulfate min-
erals in the study area (Fig. 5). Hence, the dissolution of 34S- and
180-enriched sulfate minerals is not the only process responsible
for the 34S- and '80-enrichment of sulfate in porewater (Taylor
and Wheeler, 1994).

Sulfate-reducing bacteria (SRB) preferentially extracts sulfate
180 and 32S causing the residual sulfate reservoir to be enriched
in with '80 and 3%S (Andersson et al., 1992; Bottcher et al., 1998;
Zheng et al., 2004). The reduction of SO3~ is catalyzed by bacteria
of the genus Desulfovibrio and others (e.g. Jargensen, 1982), pro-
ducing dissolved sulfide mineralized carbon according to the fol-
lowing generalized reactions (Ku et al., 1999):

2CH,0 + SO — 2HCO; + H,S (1)
2H,S + 2Fe®" — 2FeS + 4H" 2)
FeS + H,S — FeS, 3)

In Eq. (1), an ongoing SO~ reduction can be recognized in the pres-

ence of sulfide, slightly reducing the aqueous TOC and SO3~ concen-
trations and/or increasing the aqueous HCO; in transitional and
reducing zones (Table 1). The main part of the H,S produced reacts
with dissolved Fe?* or Fe**-oxyhydroxides to form Fe-sulfide miner-
als (Egs. (2) and (3)) (Bottcher et al., 2001). After the initiation in Eq.
(1), these processes are associated with the relative enrichments of
3%4S|s04) and 3'80so4) through the dissimilatory sulfate reduction,
which results in the occurrence of pyrite (FeS;) in the reducing
zone, as detected by SEM analysis (Fig. 5). After the dissimilatory
sulfate reduction, the adsorption of As on the pyrite surfaces that
occurs in the reducing environment causes a decline in the sulfur
isotopic fractionations factor (£3*Sypes;-S04; < —40%0) and an in-
crease of FeS, and solid As concentrations at depth (Fig. 3). The dis-
similatory sulfate reduction and bacterial disproportionation
generated a low £3*Syges;-S04; value (<—45%0) and €[sos—nz0] (28—
10%0) in the reducing environment, respectively (Canfield and
Thamdrup, 1994; Habicht and Canfield, 2001; Lipfert et al., 2007;
Riedinger et al., 2010). These studies indicate that anaerobic bacte-
rial disproportionation in the presence of MnO,, FeOOH, and FeCO3
results in reductive dissolution of manganese and iron oxides. Ele-
mental sulfur produced by the oxidation of sulfide with metal oxi-
des can be metabolized by sulfur-disproportionating bacteria to
produce sulfate and sulfide (Eq. (4)):

4H,0 +4S° — 3H,S +SO;” +2H" (4)

Subsequently, the enrichment of hydrogen sulfide and aqueous
sulfate may occur. In the reducing condition, hydrogen sulfide and
FeS may form FeS,. The presence of increased FeS,, aqueous SO2~,
and As concentrations in the boundary of the transitional and
reducing zones of S2 may result from bacterial disproportionating
reactions, contrasting the smaller increase of FeS, and aqueous
SO;™ in S5. This implies that the reductive dissolution of As-con-
taining Fe oxides is associated with sulfur disproportionation
(Fig. 3a and g).

However, the lack of S° in the extracted reduced inorganic sul-
fur (data not shown) suggests that the non-significant bacterial
disproportionating reaction is not the primary factor responsible
for As mobility in both cores S2 and S5. Thus, aqueous As
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Fig. 8. Conceptual diagram of As redox processes in the Guandu wetland (OC: organic carbon; SRB: sulfate reducing bacteria).

concentrations may be constrained by precipitated sulfide miner-
als, especially in the reducing zone (Fig. 3c and d). These concen-
trations result from dissimilatory sulfate reduction and pursuant
elevated As and FeS, concentrations in sediment (Fig. 3e-h). The
probable cause of As mobility in the boundary of the transitional
and reducing zones of both cores indicates that the process is gov-
erned by the reductive dissolution of Fe oxides combined with the
complex cycling of As, Fe, C, and S in wetlands.

3.5. Conceptual model As mobility in the Guandu wetland

This study investigated As mobility in the vertical profiles of the
Guandu wetland. The proposed As redox processes in the oxidizing,
transitional, and reducing zones are conceptually summarized in
Fig. 8. In the oxidizing zone, oxygenated surface water, seawater,
and rainwater with high DO permeate into porewater. Under oxic
conditions, the Fe oxides provide sufficient adsorption sites for As
species (Smedley and Kinniburgh, 2002), leading to low As concen-
trations in porewater. The redox potential of Fe is equal to or
slightly higher than the As in the aqueous phase (Stumm and Mor-
gan, 1996), and combined with reduced Eh values from the oxidiz-
ing zone to the reducing zone. The increase of aqueous Fe?* and
As>* in the transitional zone indicates that the reductive dissolu-
tion of As-containing Fe oxides was catalyzed by the microbially
mediated oxidation of NOM (e.g., organic carbon) (Mcarthur
et al,, 2001, 2004; Mukherjee and Fryar, 2008). Carbonic acid pro-
duced during NOM oxidations reacts with sediment to produce
high HCO; concentrations that are likely to promote an increase
of aqueous As and HCOj5 in the boundary between the transitional
and reducing zones. The minor mobility of As from the sediment to
porewater can be attributed to the redox transformation of As spe-
cies from As®* to As>*, as supported by a petrographic examination
of XANES. Some As®*" may be re-adsorbed onto the FeOOH in the
reducing zone. In the reducing zone, the mineralization of OM pro-
gressively drives the reductive dissolution of FeOOH, which results
in the co-precipitation of sulfides (Zheng et al., 2004). Aqueous As
was constrained by the precipitation of sulfide minerals in the sed-
iment, which resulted from a dissimilatory sulfate reduction and
caused an increase in solid As and FeS, content. Furthermore,

according to the enrichment fractionation factor () of sulfur iso-
topes, bacterial disproportionation is another probable cause of
As mobility, combined with the reductive dissolution of As-con-
taining Fe oxydroxides. Thus, high aqueous As occurred in the
boundary between the Fe-reducing and sulfate-reducing condi-
tions of both cores, combined with the mineralization of OM and
sulfur disproportionation.

4. Conclusion

Field and laboratory investigations were conducted to explore
the As geochemical processes in the Guandu wetland ecosystems
of Northern Taiwan. Factor analysis and cluster analysis were em-
ployed to characterize the vertical distribution of the porewater
geochemistry with redox variation. The redox conditions of pore-
water in both cores of S2 and S5 could be vertically divided into
3 redox zones, namely the oxidizing, transitional, and reducing
zones. In the oxidizing zone, the oxidation products (e.g., DO,
NO; —N, and SO%") are primarily controlled by permeated dis-
solved oxygen. According to the analyses of chemical sequential
extraction and XPS, As is readily restrained on the surfaces of
amorphous metal oxides, especially FeO, FeOOH, and Fe,03; under
oxidation conditions. This results in low aqueous As in the pore-
water and enriched As and Fe concentrations in the core sediment.

For the transitional zone, moderate reduction conditions facili-
tate the mobility of As liberated during the reduction dissolution of
Fe-oxyhydroxides. A portion of As is re-adsorped/co-precipitated
onto the surface of Fe-oxyhydroxide. The analytical results of
XANES showed that the significant mixture of As®* and As®' in
the sediment occurred in the transitional zone of both cores. This
suggests that the alteration redox condition and the transforma-
tion of As species are possible mechanisms for As mobility in the
transitional zone. In the reducing zone, relative enrichments of
3%4S|504) and §'80(so4) values indicate that the significant bacterial
sulfate reduction is responsible for the formation of FeS,, which
leads to the immobilization of As®**. The geochemical analysis
results of the core sediments showed that the As concentrations
increased with elevated FeS, and TOC content, indicating that
As-bearing pyrite forms during OM respiration. The As release by
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the microbial mediated reaction in the salinized aqueous environ-
ment is deserved further investigation (Liao et al., 2011)

According to the geochemical analysis results, the As mobility
of wetlands is strongly controlled by the oxidation of Fe (hydr)o-
xides, reductive dissolution of Fe (hydr)oxides, and bacterial sul-
fate reduction in the oxidizing, transitional, and reducing zones,
respectively. Furthermore, high aqueous As is found at the bound-
aries between the transitional and reducing zones, and accompa-
nied by dissolved Fe and HCO;. Sulfur disproportionation,
including the oxidation and reduction of S°, was also found at deep
samples, indicating that As mobility was affected by the redox
reactions of sulfate and sulfide. The reductive dissolution of As-
containing Fe-oxyhydroxides, redox cycling of sulfate/sulfide, and
OM respiration are responsible for the elevated aqueous As con-
centrations in wetland ecosystems.
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