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a b s t r a c t

High arsenic groundwater generally coexists with elevated Fe2þ concentrations (mg L�1 levels) under
reducing conditions, but an explanation for the extremely high arsenic (up to ~2690) concentrations at
very low Fe2þ (i.e., mg L�1 levels) in groundwater of Datong Basin remains elusive. Field groundwater
investigation and laboratory microcosm experiments were implemented in this study. The field
groundwater was characterized by weakly alkaline (pH 7.69 to 8.34) and reducing conditions (Eh �221.7
to �31.9mV) and arsenic concentration averages at 697 mg L�1. Acinetobacter (5.9e51.3%), Desulfospor-
osinus (4.6e30.2%), Brevundimonas (3.9e19%) and Pseudomonas (3.2e14.6%) were identified as the
dominant genera in the bacterial communities. Bacterially mediated arsenate reduction, Fe(III) reduction,
and sulfate reduction are processes occurring (or having previously occurred) in the groundwater. Results
from incubation experiment (27 d) revealed that nitrate, arsenate, and Fe(III)/sulfate reduced sequen-
tially with time under anoxic conditions, while Fe(III) and sulfate reduction processes had no obvious
differences, occurring almost simultaneously. Moreover, low Fe2þ concentrations were attributed to
initially high pH conditions, which relatively retarded Fe(III) reduction. In addition, arsenic behavior in
relation to groundwater redox conditions, matrices, and solution chemistry were elaborated. Bacterial
arsenate reduction process proceeded before Fe(III) and sulfate reduction in the incubation experiment,
and the total arsenic concentration (dominated by arsenite) gradually increased from ~7 to 115 mg L�1 as
arsenate was reduced. Accordingly, bacterially mediated reductive desorption of arsenate is identified as
the main process controlling arsenic mobility, while Fe(III) reduction coupled with sulfate reduction are
secondary processes that have also contributed to arsenic enrichment in the study site. Overall, this study
provide important insights into the mechanism controlling arsenic mobility under weakly alkaline and
reducing conditions, and furnishes that arsenate reduction by bacteria play a major role leading to high
accumulation of desorbed arsenite in groundwater.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Extensive arsenic (As) poisoning events of humans caused by
long-term consumption of As-contaminated groundwater have
been reported in Bangladesh, and increasing amounts of As
contaminated groundwater have been reported worldwide
(Smedley and Kinniburgh, 2002; Fendorf et al., 2010; Stuckey et al.,
e by Dr. Chen Da.
2016). Accordingly, numerous studies have been conducted to un-
derstand the cause of As enrichment in groundwater in different
regions, and several mechanisms have been proposed to explain
the occurrence of high As groundwater (Chowdhury et al., 1999;
Nickson et al., 2000; Islam et al., 2004; Postma et al., 2007; Berg
et al., 2008; Xie et al., 2012; Mai et al., 2014; Guo et al., 2016). At
present, the prevalent view is that bacterially mediated reductive
dissolution of As-bearing Fe (hydr)oxides minerals and subsequent
reduction of As results in the release of Fe2þ and As(III) into
groundwater under reducing conditions (Nickson et al., 2000; Van
Geen et al., 2004; Postma et al., 2007; Barringer et al., 2010; Mai
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et al., 2014). As a result, it is generally believed that high As con-
centrations occur concurrently with elevated Fe2þ concentrations
in groundwater. However, this explanation does not hold true for
the extremely high As concentrations (maximum 2690 mg L�1)
coupled with low Fe2þ concentrations in the reducing groundwater
of Datong Basin, China.

Under anoxic conditions, bacteria can use As(V), Fe(III) and SO4
2�

as an electron acceptor to oxidize organic carbon (or reduced
inorganic species), resulting in reduction of these components to
As(III), Fe2þ and HS�. Previous studies suggested that these pro-
cesses are directly related to the fate of As (Oremland and Stolz,
2005; Kirk et al., 2010). For example, Fe (hydr)oxides and clay
minerals show stronger adsorption for As(V) than for As(III) at near-
neutral pH, therefore, As desorption likely occurred from aquifer
sediments when As(V) reduced to As(III) (Martin et al., 2014; Mai
et al., 2014). Additionally, reductive dissolution of As-bearing Fe
(hydr)oxides minerals can also lead to the release of As from aquifer
sediments. Inversely, As can be sequestered by Fe-sulfide minerals
(produced by Fe2þ and HS�) through adsorption and/or co-
precipitation (Keimowitz et al., 2007; Omoregie et al., 2013; Niazi
and Burton, 2016). In addition, sulfide produced by SO4

2� reduc-
tion can react with As, resulting in the formation of As-sulfide
minerals under relatively high concentrations of As (i.e., mM
levels) and HS� with acidic pH conditions (O'Day et al., 2004;
Wilkin and Ford, 2006). Recently, some studies suggest that the
dissolved sulfide promotes As mobility via the formation of soluble
thioarsenic species at neutral to alkaline environments (Wilkin
et al., 2003; Stucker et al., 2014); and can also play significant
roles in the abiotic/biotic reduction of Fe(III) (Flynn et al., 2014). All
these processes potentially contribute to the release of As into
groundwater (Guo et al., 2016). Therefore, the behavior of As de-
pends on As speciation, Fe2þ/HS� concentration, and pH, and could
be quite complex and difficult to predict/deduce if As(V), Fe(III) and
SO42- reduction processes are occurring (or have previously
occurred) in groundwater.

The redox sequence can be a useful means of predicting the
approximate order of biogeochemical redox processes from tem-
poral and spatial perspective (Chapelle, 2000). Thus, bacteria are
capable of consuming the electron acceptors O2, NO3

�, As(V), Fe(III)
[Fe(OH)3(am)] and SO4

2� sequentially at pH 7 (Borch et al., 2010).
Recently, we investigated the hydrochemical evolution of ground-
water along flow path in Datong Basin in an attempt to discriminate
As behavior under NO3

�, As(V), Fe(III) and SO4
2� reduction processes

in spatial dimension (Zhang et al., 2017). We revealed that with the
exception of a distinct boundary for nitrate reduction process under
low As concentration (<10 mg L�1), no obvious boundaries were
observed for other existing hydrochemical processes. Similarly,
data generated from a multi-level field pilot study for groundwater
As monitoring show that there are elevated concentrations of
As(III), Fe2þ and HS� in groundwater in this site (Pi et al., 2016).
Interestingly, although Fe2þ concentrations (<0.01e1.17mg L�1,
average ~0.22mg L�1, n¼ 82) (Xie et al., 2013a; Wang et al., 2014;
Zhang et al., 2017) in the center part of the basin are elevated
compared with those near Piedmont groundwater (<0.01mg L�1)
(Zhang et al., 2017), the Fe2þ concentrations (in the range of
As>10 mg L�1) are a lot lower than those from other high As
groundwater regions, such as Bangladesh (<0.01e29.2mg L�1,
average ~7.3mg L�1, n¼ 88) (Nickson et al., 2000; Bhattacharya
et al., 2009; Halim et al., 2009), Cambodia (<0.1e26.5mg L�1,
average ~5.2mg L�1, n¼ 40) (Rowland et al., 2008), and Vietnam
(0.4e44.3mg L�1, average 13.0mg L�1, n¼ 40) (Berg et al., 2008).

Owing to the seemingly abnormal high As concentrations with
relatively low Fe2þ concentrations in the groundwater of Datong
Basin, further studies are needed to understand the mechanism of
As enrichment in groundwater. Thus, this study was designed to
further explore the cause(s) of low Fe2þ concentrations in the high
As groundwater of Datong Basin. More specifically, this study
attempt to discriminate the main process [As(V), Fe(III), and SO4

2�

reductions] responsible for As mobility, particularly with respect to
the behavior of As under SO4

2� reducing conditions. Bacterial
community analysis at microcosm and multi-level field monitoring
scale were also conducted to better understand the As(V), Fe(III),
and SO4

2� reduction processes and dynamics.

2. Materials and methods

2.1. Study site

The study site, Datong Basin, is a Cenozoic Basin located in the
semi-arid region of northern China (Wang et al., 2009). The main
bedrock is piedmont, with the central basin consisting of the
Cenozoic sediments ranging in thickness from 50 to 2500m (Xie
et al., 2009). The organic matter content reaches up to 1% in the
aquifer sediments (Wang et al., 2009). From alluvial fans to the
central basin (along the groundwater flow path), the groundwater
environment evolves from oxidation to reduction conditions and As
concentration increased from <1 to ~1000 mg L�1 (Zhang et al.,
2017). Agricultural activities are usually carried out in the central
basin, which suggest a potential source of nitrate addition to the
soil through fertilizer application. Evaporites including halite
(NaCl), mirabilite (Na2SO4$10H2O) and gypsum (CaSO4$2H2O)
occur as ephemeral accumulations on the land surface, especially in
the center of the basin (Xie et al., 2013a). Previously, we suggested
that the concentrations of nitrate and sulfate in groundwater will
significant affect As behavior and distribution in the study area
aquifers as they could be introduced through irrigation and/or
precipitation (Xie et al., 2012; Zhang et al., 2017).

A multi-level monitoring network (DY site, Fig. 1) was con-
structed near the Daying Village, which is located in the central
basin. The area of the DY site is 150� 250m2 and groundwater flow
direction is approximately from SW to NE (Pi et al., 2016). A total of
32 monitoring wells were installed in three relatively independent
semi-confined aquifers (shallow (19e23m below the land surface),
middle (27e29m) and deep (37e40m)) for groundwater sampling
and monitoring.

2.2. Field samples and analytical methods

Field groundwater and bacteria samples were collected from
monitoring wells in August 2013. A total of 32 groundwater sam-
ples were extracted from the monitoring wells of the DY site and
hydrochemical data and the analytical methods have been
described in detail elsewhere (Pi et al., 2016). Eight groundwater
bacteria samples were collected from the monitoring wells (B2S,
B2M, B2D, C5M, C5D, E1S, E1M and E1D) which represent different
burial depth of aquifers. About 10 L of sample water was extracted
from monitoring wells, and were filtered through a 0.22-mm cel-
lulose acetate membrane in field laboratory immediately. The
membrane filters were subsequently stored in a portable refriger-
ator at �20 �C until analysis. DNA extractions were carried out on
the membrane filters using PowerWater DNA Isolation Kit (MoBio,
Carlsbad, CA 92010, USA). Primer pair 520F (50-AYTGGGYD-
TAAAGNG-30) and 802R (50-TACNVGGGTATCTAATCC-30) were used
to amplify bacterial 16S rRNA gene sequences. PCR amplification
was implemented in the following steps: initial denaturation at
98 �C for 5min, followed by 25 cycles of 98 �C for 10 s, 50 �C for 30 s,
and 72 �C for 30 s, and then a final extension at 72 �C for 5min. The
purified amplicons were quantified on Microplate reader (BioTek,
FLx800) with Quant-iT™ PicoGreen® dsDNA Assay Kit (Invitrogen,
P7589) and pooled together. Sample libraries for sequencing were



Fig. 1. Diagram of the multi-level monitoring network (DY site) constructed in Datong Basin. The sky blue arrow represents approximate groundwater flow direction in this area.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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prepared based on published protocols (Jiang et al., 2016).
Following, the samples were sequenced on MiSeq Reagent Kit v3
(Illumina, MS-102-3003), then the diversity and relative abundance
of prokaryotic communities were analyzed (Degnan and Ochman,
2012).

Sediments were collected for microcosm experiments and other
chemical analysis during the well drilling (Fig. S1). Methods for
preservation of sediment samples were utilized as reported pre-
viously (Pi et al., 2017). Briefly, sediment samples were collected
from the core immediately after retrieval by a HDPE liner and then
stored in the vacuum bags to eliminate oxygen contact. Thereafter,
they were immediately capped into PVC casings, wax-sealed and
stored at 4 �C in ice-box. The vacuum bags kept sealed all the time
until they were cut off for further experiments in the laboratory.

2.3. Batch microcosm experiments

In order to observe the processes responsible for As mobility,
sediments for batch microcosm experiments were selected from
low As concentration aquifer (monitoring well B2S, total
As<10 mg L�1) characterized by brown coarse sand mixed with fine
sand and total As and Fe content of about 35mg kg�1 and 24 g kg�1,
respectively (Pi et al., 2016), and the total As content is much higher
than the average value of 3e10mg kg�1 in modern unconsolidated
sediments (Smedley and Kinniburgh, 2013). Our previous studies
suggested that bacterial NO3
� reduction and SO4

2� reduction pro-
cesses may have significant impact on As behavior in groundwater
(Zhang et al., 2017), therefore, synthetic solution was prepared
containing ~1.2mM nitrate (NaNO3) and 2.3mM sulfate (K2SO4) as
electron acceptors and 12.3mM acetate (CH3COONa) as electron
donor to mimic groundwater solution. All reagents used were
guaranteed reagent. The content of acetate was adequate and
calculated based on redox reactions to ensure that the added ni-
trate and sulfate can be fully reduced, including other compounds
like readily reducible Fe (hydr)oxides.

About 80 g of uniformly mixed fresh sediments and 250mL
synthetic groundwater were loaded into 75 pre-cleaned and ster-
ilized 300-mL microcosm bottles for water and bacterial commu-
nities analysis. Eleven of the 75 bottles were sterilized by
autoclaving and used as abiotic controls. To ensure the experiments
are initiated in a weakly oxidizing environment (mimicking the
groundwater evolution from oxidizing to reducing environment),
the oxygen content in each bottle were not completely eliminated
during the experimental start-up. The samples were then incu-
bated in a biochemical incubator and placed in the dark, at 30 �C
(Guo et al., 2015). To understand the successions of bacterial ac-
tivities with time, samples were withdrawn from the bottles at
intervals until the experiment elapsed. Analytical methods for the
water quality parameters have been described previously (Zhang
et al., 2017). Briefly, pH and Eh were measured concurrently using
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a pre-calibrated multi-parameter portable meter (HACH, HQ40d).
Redox activewater quality parameters including Fe2þ, HS� and NO2

�

concentrations, were determined immediately using a portable
spectrophotometer (HACH, DR2800) after filtering the samples
through <0.45 mm cellulose acetate filters. Anions concentrations
(NO3

� and SO4
2�) were determined by ion chromatography (IC)

(Metrohm 761 Compact IC). Arsenic concentrations were analyzed
using hydride generation atomic fluorescence spectrometry (HG-
AFS) (AFS-820, Titan). The average analytical error for anions and As
were within 5%.

3. Results

3.1. Hydrochemistry and bacterial community in the multi-level
monitoring wells

The maximum and average groundwater As concentration in
the multi-level monitoring network site were 2690 mg L�1 and
697 mg L�1, respectively. Twenty nine out of 32 samples, contain As
exceeding the WHO recommended guideline of 10 mg L�1 in
drinking water (WHO, 2011), and up to 5 samples were even higher
than 1000 mg L�1. The high As groundwater was characterized by
weakly alkaline and reducing conditions (pH 7.69 to 8.34, Eh�221.7
to�31.9mV), with depleted NO3

� but elevated NH4
þ, and dominated

by As(III) species. The Fe2þ concentrations (<0.01e0.24mg L�1,
average 0.08mg L�1) in this site were very low compared with
other typical As-contaminated groundwater areas such as
Bangladesh (as mentioned above). Additionally, the site was char-
acterized by groundwater with relatively high HS� concentrations
(<1e293 mg L�1; average, 46 mg L�1).

Groundwater bacterial communities were dominated by Aci-
netobacter (5.9e51.3%), Desulfosporosinus (4.6e30.2%), Brevundi-
monas (3.9e19%) and Pseudomonas (3.2e14.6%) (Fig. 2). In
contrast with our previous study results, bacterial communities
obtained from oxidizing environment show that Fluviicola, Rho-
dococcus, Glaciecola and Nevskia were identified as the dominant
Fig. 2. Bacterial community structure and relatively abundance of bacterial genus based on 1
represents the monitoring well ID and the “S”, “M” and “D” suffixes represent Shallow, Mid
genera, accounting for 16.89%, 15.46%, 7.21% and 7.23%, respec-
tively (Zhang et al., 2017). Desulfosporosinus is a typical sulfate-
reducing bacteria (SRB) (Castro et al., 2000), and can also uti-
lize As(V) as an electron acceptor (Oremland and Stolz, 2005).
Acinetobacter, Brevundimonas and Pseudomonas, which have also
been found to be the main components of bacterial communities
in other high As regions (Ghosh and Sar, 2013; Li et al., 2013),
generally have higher resistance to As(V) or As(III) (Chitpirom
et al., 2009). Furthermore, Pseudomonas can reduce As(V) to
As(III) by detoxification (Chitpirom et al., 2009) or energy-
conserving respiratory pathways (Freikowski et al., 2010). Fla-
vobacterium, Trichococcus, Paludibacter and Arcobacter accounted
for a relatively high percentage of organisms in several samples
(Table S2), but these bacteria have been rarely reported in other
areas of high As groundwater. Geobacter and Desulfuromonas,
which belong to the family Geobacteraceae, are typical Fe-
reducing bacteria (Fe-RB) that can also use Fe(III)/S0 as electron
acceptors (Lonergan et al., 1996). Moreover, some members of
Geobacter are capable of dissimilatory reduction of As(V)
(Ohtsuka et al., 2013). While the two genera were present in
relatively low percentage in most samples, they accounted for
4.6% and 9.3% of the bacteria in sample E1S, respectively.

Hydrochemical results indicated that the high As (mainly As(III))
groundwater in this site is closely associated with a reducing
environment, which is in accordance with most of As-
contaminated groundwater (Berg et al., 2008; Halim et al., 2009;
Guo et al., 2011). However, the groundwater in our study area
showed very low Fe2þ concentrations with relatively high pH and
HS� concentrations compared with high As groundwater from the
Ganges (Nickson et al., 2000; Bhattacharya et al., 2009; Halim et al.,
2009) and Mekong (Rowland et al., 2008; Berg et al., 2008) alluvial
plain. This, combined with the bacterial information revealed that
the dominant genera of the bacterial communities had potential
ability to reduce As(V) and SO4

2�, which corresponds to the
hydrochemical features of high As(III) and HS�. Moreover, the low
Fe2þ concentration appeared to coincidewith the low percentage of
6S rRNA clone sequence extracted from field groundwater in DY site. “B2S” (and others)
dle and Deep monitoring wells, respectively.



Fig. 3. Suggested hypothesis is governing As mobility in the study area groundwater.
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Fe-RB in most samples, but sample E1S tends to follow a distinct
trend with low Fe2þconcentration and a high percentage (13.9%) of
Fe-RB. Previous studies suggested that As enrichment in ground-
water was caused by bacterial mediated As(V) reduction (dissimi-
latory) (Zobrist et al., 2000; Guo et al., 2015), Fe(III) reduction
(Nickson et al., 2000) or SO4

2� reduction process (Stucker et al.,
2014). These three mechanisms may all explain the high As
groundwater in the study area from the data obtained, but it is
unclear which is most significant.

Obviously, high As(III) species found in the groundwater
revealed that As(V) have been reduced to As(III) during ground-
water evolution. In oxidizing environment, As is generally in the
form of As(V) and adsorbed to Fe (hydr)oxides minerals; while
reductive dissolution of As-bearing Fe (hydr)oxides will release
As(V) and Fe2þ into groundwater at reducing conditions. How-
ever, previous studies suggested that As(III) is the dominant
species in most high As groundwater. Evidences from As
biogeochemistry research also confirm this, as many species of
bacteria with the ability to reduce As(V) are isolated from As-
contaminated regions (Freikowski et al., 2010). The sequencing
data obtained from the bacterial community in this study also
confirmed the presence of bacterial genera with potential ability
to reduce As(V). Generally, As(III) is expected to be less strongly
adsorbed than As(V) at near-neutral pH (Smedley and
Kinniburgh, 2002; Mai et al., 2014). Thus, bacterially mediated
reductive desorption of As(V) may also lead to As(III) enrichment
in groundwater (Zobrist et al., 2000; Guo et al., 2015). Therefore,
reductive desorption of As(V) contributes to As mobility in the
study area groundwater.

The sequential order of Fe(III) and As(V) reduction is a useful
information to investigate the mechanism of As mobilization, but
this is still under debate. On the basis of the redox sequence (Borch
et al., 2010), As(V) reduction occurs before Fe(III) reduction, how-
ever, Islam et al. (2004) suggested that As(V) reduction occurs after
Fe(III) reduction. Ohtsuka et al. (2013) suggested that As(V) reduced
on sediments firstly and then released As(III) into liquid phase
during Fe(III) reduction. However, recent studies have shown that
bacterial mediated reductive desorption of As(V) is a significant
process leading to As(III) mobility in groundwater (Guo et al., 2015;
Zhang et al., 2017). Due to the low Fe2þ concentrations in high As
groundwater of the study area, the following four hypotheses are
put forward according to different Fe(III) and As(V) reduction order
(Fig. 3).

Briefly, (A) preferential reductive dissolution of As-bearing Fe
(hydr)oxides resulting in mobilization of bound As(V) into
groundwater and subsequent reduction of As(V) to As(III); (B)
preferential reduction of As(V), leading to desorption of As(III) into
groundwater and subsequent of release Fe2þ through reductive
dissolution of Fe(III); (C) initial reduction of As(V) to As(III) on solid
phase, followed by Fe(III) reduction resulting in simultaneous
release of Fe2þ and As(III) into groundwater; (D) reductive
desorption of As(V), followed by Fe(III) reduction on solid phase
with little release of Fe2þ into groundwater.

In the first three cases, the released/dissolved Fe2þ probably
reacts with CO3

2� or HS� leading to formation of FeCO3 and Fe-
sulfide minerals, with attending decrease in Fe2þ concentration.
Apparently, while the results are similar, the processes are different
(namely, the mechanism of As enrichment in groundwater is
different).

Presently, the high As groundwater have undergone long-
term evolution, with highly varied hydrochemical components
at different stages. Therefore, microcosm incubation experiments
may provide important insights into the mechanism of As
mobility during the evolution of the high As groundwater.
3.2. Microcosm incubation experiments

Laboratory experimental simulations were implemented in an
attempt to investigate the reduction mechanism of NO3

�, As(V),
Fe(III) and SO4

2�, and also to discriminate As behavior with incu-
bation time. The chemical compositions of the simulated solutions
changed over time (Fig. 4). Notably, the total As concentration
increased from ~7 to ~115 mg L�1 during the first 7 d and remained
generally stable thereafter. During the first 2 d, NO3

� decreased
gradually, while NO2

� concentrations initially increased, and then
sharply decreased. After 2 d, the concentrations of both NO3

� and
NO2

� were below detection limits (<0.1mg L�1) in all the samples.
From day 1 to day 7, As(III) concentration gradually increased from
<1 to ~100 mg L�1, but the Eh remained relatively stable at ~150mV
Fe2þ and HS� were detected almost simultaneously in solutions on
day 5 (Fig. 6) with both gradually and then sharply increasing with
time. Fe2þ increased up to maximumvalue of 0.17mg L�1 on day 17,
and then decreased afterwards. These chemical components
remained relatively stable in sterilized microcosm bottles (Fig. S3).
Overall, after 27 d of incubation, the final simulated solutions was
weakly alkaline and strongly reducing with high As and HS� but
low Fe2þ and depleted NO3

� (Fig. 4).
Five bacterial samples were obtained from the incubation sed-

iments according to pre-planned experimental timing, and the
distribution of the bacterial communities (DOBCs) was analyzed.
The DOBC for sample Day 1 differed distinctly from the other four,
being dominated by Pseudomonas (25%), Acidovorax (22.1%), Aci-
netobacter (10.8%), Lysobacter (5.9%), Alishewanella (5.5%) and
Rheinheimera (5.6%) (Fig. 5). However, Pseudomonas, Acidovorax and
Acinetobacterwere present in relatively low percentage in the other
four samples (Table S3). The percentage of Pseudomonas and Aci-
netobacter gradually decreased with incubation time and had
almost disappeared by Day 27. More interestingly, Symbiobacterium
and Geobacter were dominant in the other four samples with per-
centage of 20e47.2% and 5.5e8.3%, respectively, while they were
completely absent on Day 1 (see Fig. 5).



Fig. 4. Hydrochemical components (or parameters) changes with time from micro-
cosm incubation experiments.
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The results of the incubation experiments revealed that the
chemical compositions of the solutions and sediments’ DOBCs
evolved concurrently with the incubation time, which is basically
consistent with the redox sequence (except for the Fe(III) reduction
process) (Borch et al., 2010). At the beginning of the experiment,
denitrification represents the main biogeochemical process, which
can be inferred by the variation characteristics of NO3

� and NO2
� (Eq.

(1) and (2)). Additionally, genus Acidovorax (22.1%) which account
for a high percentage in sample Day 1 has potential abilities to
reduce NO3

� (Heylen et al., 2008).

CH3COO� þ4NO3
�/4NO2

� þ2HCO3
� þ Hþ (1)

3CH3COO� þ8NO2
� þ5Hþ/4N2 þ6HCO3

� þ4H2O (2)

When NO3
� is almost depleted, the As(V) reduction process be-

gins, resulting in the gradual increase of As(III) concentration until
it reaches ~100 mg L�1 (Fig. 6A). Obviously, the process by which
bacteria reduced As(V) to As(III) led to desorption of As from
sediments and became enriched in the solutions. Unexpectedly,
Fe(III) reduction was initiated while As(V) reduction was still
occurring. In addition, Fe(III) and SO4

2� reduction showed no
obvious margins but started almost simultaneously (Fig. 6B).
Although SO4

2� reduction occurred distinctly according to variations
in SO4

2� and HS� concentrations, almost no SRBwas observed in the
samples (see Section 4).

4. Discussion

4.1. Low Fe2þ concentrations in high As groundwater

Extremely low Fe2þ concentrations (<0.01e0.24mg L�1, average
0.08mg L�1) was observed in the multi-level monitoring network
site groundwater, with characteristically high As concentration
(generally >500 mg L�1), which was also found throughout the
Datong Basin (Xie et al., 2013a). Similarly, some high As ground-
water from other areas have reportedly showed very low concen-
tration of Fe2þ and are characterized by weakly alkaline and
reducing conditions (Welch and Lico, 1998; Lu et al., 2011; Zhou
et al., 2017). Additionally, high As groundwater with low Fe2þ

concentrations in oxidizing conditions have been reported recently
(Shakoor et al., 2015; Podgorski et al., 2017). Following the results
shown in our previous studies (Pi et al., 2016; Zhang et al., 2017)
where we described the saturation indices of FeS and FeCO3, it is
clear that precipitation of these minerals is not the main reason for
the low Fe2þ concentrations in groundwater hence, we propose two
possible processes explaining the reason for the low Fe2þ concen-
tration throughout the high As groundwater evolution. First, is the
relatively retarded Fe(III) reduction process due to high pH condi-
tions. Secondly, partial Fe(III) reduction to Fe(II) on solid phase at
the initiation of SO4

2� reduction process. Therefore, most Fe(II) was
not released into groundwater, but was instead transformed to
other Fe minerals in-situ (such as mackinawite or magnetite) (Xie
et al., 2009; Kocar et al., 2010; Pi et al., 2017).

Bacterially mediated Fe(III) reduction processes are severely
inhibitedwhen pH increases from 6.8 to 9 (Flynn et al., 2014). This is
mainly due to the reduction of Fe (hydr)oxides minerals, which will
consume several protons (Hþ) (Eq. (3)); therefore, the reaction is
gradually retarded as the pH increases.

CH3COO�þ8Fe(OH)3þ15Hþ/8Fe2þþ20H2O þ2HCO3
� (3)

As a result, SO4
2� reduction will exclude Fe(III) reduction in

alkaline groundwater because it yields more energy than Fe(III)
reduction (Bethke et al., 2011). To further explore the relationship
between Fe2þ and pH, we collected the data describing Fe2þ con-
centrations and pH from several high As groundwater regions and
selected data for which the total As concentrations were higher
than 10 mg L�1 and then evaluated the relationship between Fe2þ

and pH. The results show that Fe2þ is negatively correlated with pH
(Fig. 7), which is consistent with the view that Fe(III) reduction
relative to SO4

2� reduction tends to increase with decreasing pH
(Kirk et al., 2016). Moreover, the Fe2þ concentrations decrease
dramatically when the pH is higher than 7.5. Similarly, there is a
significant negative correlation between Fe2þ and pH in Datong
Basin, but no obvious correlation between Fe2þ and total As
(Fig. S4).

Although direct reduction of Fe(III) by bacteria is initially
inhibited under alkaline conditions, bacteria can reduce Fe(III)
indirectly by using S0 (electron shuttling) or HS� to reduce Fe(III)
abiotically when SO4

2� reduction is occurring (Flynn et al., 2014). As
a result, the relationship between Fe-RB and SRB is more likely due
to mutualism rather than competition (Bethke et al., 2011). The
results of the incubation experiments also showed that Fe2þ and



Fig. 5. Bacterial community structure and relatively abundance of bacterial genus based on 16S rRNA clone sequence extracted from sediments of microcosm incubation
experiments.

Fig. 6. Part of hydrochemical components changes with time (day 1 to day 7) from
microcosm incubation experiments.

Fig. 7. Relationship between Fe2þ (or dissolved Fe) concentrations and pH in high As
groundwater (As>10 mg L�1) from different countries or regions. Blue circles represent
Cambodia and Vietnam (data from Rowland et al., 2008; Berg et al., 2008), red di-
amonds represent Bangladesh and West Bengal (India) (data from Nickson et al., 2000;
Bhattacharya et al., 2009; Halim et al., 2009; Stüben et al., 2003), purple squares
represent Inner Mongolia (China) (data from Guo et al., 2008, 2011), and olive triangle
represent Datong (China) (data from Zhang et al., 2017; Xie et al., 2013a; Wang et al.,
2014; and fraction of data from this survey). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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HS� were detected in solutions almost simultaneously on day 5
(Fig. 6B). The following three equations explain the process clearly.
Among these equations, Eqs. (4) and (7) is mediated by bacteria and
Eqs. (5) and (6) are abiotic.
CH3COO�þ SO4
2�/HS�þ2HCO3

� (4)

2HS-þ4FeOOHþ10Hþ/2S0þ4Fe2þþ8H2O (5)

2FeOOHþ3HS-þ3Hþ/2FeS þ S0þ4H2O (6)

CH3COO�þ4S0þ4H2O/4HS-þ2HCO3
�þ5Hþ (7)

S0 can be substituted as the electron acceptor for genus
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Geobacter (Lonergan et al., 1996), after which, S0 is reduced
reversibly to HS�. Meanwhile, Fe2þ cannot accumulate to a high
concentration in solutions under strongly SO4

2� reducing conditions
because a fraction of them can be precipitated with HS� to form
mackinawite (FeS) (Burton et al., 2014). In the incubation experi-
ments, Fe2þ concentrations show a decreasing tendency with
increasing concentrations of HS� from day 17 to day 27, likely due
to formation of Fe-sulfide minerals. However, this scenario may not
correspond to the field groundwater because the HS� concentra-
tions were not so high. Furthermore, the saturation indices of
mackinawite in groundwater also confirm that most groundwater
with low Fe2þ concentrations cannot simply be explained by pre-
cipitation of Fe-sulfide minerals. Probably, most of Fe(III) is chem-
ically reduced to Fe(II) by HS� in-situ and transformed to other
forms of Fe minerals (Kocar et al., 2010), thereby preventing the
release of large amounts of Fe2þ into groundwater, as described in
Eq. (6). Recent study of sediments in this site also suggest that Fe(II)
accounted for a large part of the crystalline Fe (15.17%e30.81%) (Pi
et al., 2016). On the other hand, the incubation experiments show
that the SO4

2� concentrations were decreased by about 200mg L�1

(from 230 to 30mg L�1) through 27 d incubation, however, HS�

concentrations only increased to about 2mg L�1 in the residual
solution. Owing to the fact that the microcosm bottle is a closed
system, which suggests that most of the produced HS� are
embedded in the sediments on the basis of conservation of matter,
although a small portion of H2S will be present in the headspace of
the bottle.

Generally, the dominant genera of the bacterial communities
corresponding to main biogeochemical process, like the SRB have
high percentage ratios in field groundwater due to strong SO4

2�

reduction process there. However, the bacterial samples obtained
from groundwater (liquid phase) and sediments (solid phase) in the
same environment condition may have variable dominant genera
in the two phases. As discussed previously, the Fe-RB and SRB are
involved in a mutualistic relationship; however, the Fe-RB (genus
Geobacter) accounted for relatively high percentage (5.5e8.3%) in
the experimental sediments samples (except for sample Day 1),
while SRB was almost completely absent from these samples.
Conversely, SRB was found to comprise 4.6e30.2% of field
groundwater sample populations, but the Fe-RB percentage were
very low (<2.6%) (except for sample E1S). Although, these results
seem to contradict the view that these two types of reducing bac-
teria have a mutualistic relationship, these findings are not incon-
sistent, but rather simply reflect variations based on the type of
electron acceptor they are using. SO4

2� is dissolved in solution (or
groundwater), but Fe(III) is an insoluble solid in sediments. As a
result, Fe-RB will be mainly attached to sediment, while SRB were
suspended in solution (or groundwater). Flynn et al. (2013) also
found that Fe-RB (Geobacter sp.) were present in greater abundance
in sediments than groundwater. Field groundwater sample E1S had
a relatively high percentage of genus Geobacter, this is probably due
to sediment influx (relatively turbid water was observed) during
the extraction of the groundwater. This may be the main reason for
SRB almost complete absence from experimental sediments,
although strong SO4

2� reduction occurred. Unfortunately, analysis of
the bacterial communities in the experimental liquid phasewas not
quantified due to insufficient solutions for enriching bacterial
samples and hence, requires further investigation.

4.2. The mechanism of arsenic enrichment in groundwater

According to previous studies, bacterially mediated Fe(III), SO4
2�

and As(V) reduction have all contributed to As mobility in the study
area (Xie et al., 2013a; Pi et al., 2017; Zhang et al., 2017). However,
these three mechanisms, as important as they are, remain largely
unclear.
Apparently, reductive dissolution of Fe (hydr)oxide minerals

may have contributed to Asmobility in the study area groundwater,
but the possibility remain very low. Sediments analysis in the site
suggested that Fe-bearing minerals function as important sinks for
As in aquifers. Moreover, readily reducible Fe content (normally in
amorphous or poorly crystalline form) ranged from 3.71 to
10.27 g kg�1 (mean: 5.66 g kg�1), and As content in the readily
reducible Fe phase ranged from 1.37 to 38.25mg kg�1 (mean:
5.58mg kg�1) with most existing as As(V) (Pi et al., 2016). Thus,
ratios of As/Fe can be roughly estimated at 1:1000 (maximum
~1:100) in sediments. Assuming that reductive dissolution of As-
bearing Fe (hydr)oxide minerals occurred and Fe2þ and As are all
released into groundwater simultaneously, the results would be
that Fe2þ concentrations will be 1000 times higher (at least ~100
times) than As concentrations and As(V) will be the dominant As
species in the groundwater. However, data from field groundwater
does not match this speculation, but instead the opposite, where As
(mainly As(III)) concentrations is several tens of times and even
more higher than Fe2þ. It is also contradictory to explain that the
low Fe2þ concentrations occurred due to re-precipitation (Section
4.1). Results from incubation experiments suggest that As enrich-
ment in solutions is likely decoupled from Fe(III) reduction. This is
because, As concentrations in solutions increased from 7 to
~52 mg L�1 with incubation time from day 1 to day 4, however, Fe2þ

remains below the detection limit of 0.01mg L�1. From day 5 to day
7, although As concentrations increased with increasing Fe2þ,
As(III) and Fe2þ concentrations increased only by ~62 mg L�1 and
30 mg L�1 (ratio of As/Fe2þ ¼ ~2), respectively. Furthermore, Fe2þ

only shows gradual increase and thus, excludes re-precipitation
process as the main reason for low Fe2þ during day 5 to day 7.

Under SO4
2� reducing conditions, the transformation between

crystalline Fe(III) and poorly crystalline Fe phase could result in
repartition of As in the solid phase and release partial As into liquid
phase (Kocar et al., 2010; Xie et al., 2013b). It is worth to note that
the net increase in concentration of As(III) in the experiment from
day 2 to day 4 and day 5 to day 7 is 32 mg L�1 and 66 mg L�1,
respectively (Fig. 6A). Obviously, As(III) concentration increased
more rapidly when SO4

2� reduction was initiated. This may be due
to crystalline Fe(III) reduction by HS� abiotically (as described Eq.
(6)) at that instance, and the formation of FeS (mackinawite)
minerals which have relatively low ability to absorb As(III) (Kocar
et al., 2010; Burton et al., 2011). Field study report also suggested
that transformation of Fe (hydr)xoides to mackinawite could in-
crease As mobility at the Datong aquifers (Pi et al., 2017). On the
other hand, SO4

2� reduction process may promote As mobility due
to formation of thioarsenic species which has weakly adsorption
properties and high solubility (Bostick et al., 2005; Burton et al.,
2013). However, thioarsenic is unlikely to be the main form of As
in groundwater due to the relatively low HS�. Previous studies
suggested that thioarsenites dominate As speciation at sulfide
concentrations >10�4.3 M (~1.6mg L�1) and at neutral pH (Wilkin
et al., 2003). However, the average HS� is only 46 mg L�1

(maximum is 293 mg L�1) in the groundwater. Results from incu-
bation experiments suggest that HS� concentrations increased
strongly after 8 d and reached a maximum of ~2000 mg L�1. How-
ever, total As concentration stabilized at around 120 mg L�1 during
this period. Therefore, the high HS� neither obviously promoted As
released, nor significantly decreased the total As content in the
solutions. As(III) may be partially transformed to thioarsenites due
to the high HS� concentration in solutions (Eq. (8) (Wilkin et al.,
2003)).

H3AsO3þHS�# H2AsO2S�þ H2O (8)



Fig. 8. Relationships between total As and NO3
� concentration in incubation experiment solutions (A) and field groundwater (B. is adopted from Zhang et al., 2017).
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Thus, it is more likely that the dissolved As(III) transform to
thioarsenites, which is an important process in high HS� solutions
or groundwater, but arguably not the main mechanism for As
mobility in the study area.

Bacterially mediated reductive desorption of As(V) may be the
main reason for As mobility in this groundwater site. According to
our previous study, the occurrence of high As groundwater in this
area followed a gradual evolution process along the groundwater
flow path (Zhang et al., 2017), and shows agreement with the
microcosm experiments described in section 3.2. Accordingly, the
occurrence of high As groundwater in the study site should be
considered a long-term evolution that has led to Fe(III) and SO4

2�

reduction, which is also currently occurring in the site. In addition,
the field conditions were similar in chemistry to the synthetic so-
lutions at around Day 10 of the experiment, accompanying low Fe2þ

(~0.1mg L�1) that coexisted with elevated HS� (~116 mg L�1) at
weakly alkaline (pH 7.9) and reducing conditions (Eh �53mV).
Therefore, As(V) reduction process has obviously occurred, leading
to As(III) desorption and elevated total As concentrations in natural
groundwater. Results from sediments analysis indicate that As
species occurred in easily reducible Fe phase (normally in amor-
phous or poorly crystalline form) and mostly existed as As(V) (Pi
et al., 2016). Moreover, clay minerals also have preferential
adsorption for As(V) (Goldberg, 2002). Similarly, bacteria reduction
of As(V) to As(III) generated As species that desorbed from sedi-
ments due to the relatively weak adsorption of As(III). This specu-
lation is consistent with the field groundwater condition, which
show that As(III) is the dominant total As species. In addition, re-
sults from the microcosm experiment also indicate that total As in
solutions increased with increase in As(III). On the other hand, we
found that the relationship between total As and NO3

� were in
accordance with the field survey results obtained from the Datong
basin previously, which reflect that As reduction is inhibited by
NO3

� reduction (Fig. 8). Similarly, these findings are consistence
with the redox sequence for As(V) reduction occurring after NO3

�

reduction. Therefore, we put forward that reductive desorption of
As(V) is the main process controlling As mobility in this region.
5. Conclusion

Previous studies have shown that bacterially mediated reduc-
tive dissolution of As-bearing Fe (hydr)oxide minerals is the main
process for As enrichment in anoxic groundwater. However, this
process does not explain the very low Fe2þ concentrations with
extremely high As in groundwater of Datong Basin. The ground-
water was characterized by high HS� and pH, and as a result, the
bacteria mediated Fe(III) reduction process is probably inhibited by
high pH initially and, the SO4

2� reduction process occurring in the
groundwater. Results from our microcosm experiment confirmed
this. Furthermore, under a SO4

2� reducing environment, Fe(III) is
chemically reduced by HS� (or bacteria reduces Fe(III) indirectly)
and a part of As released. Nevertheless, Fe2þ cannot accumulate to a
high concentration because it can be reduced in-situ and immo-
bilized by HS� to form Fe-sulfide minerals. More interestingly, the
bacterial As(V) reduction process proceeded before Fe(III) (bacterial
or chemical) and SO4

2� reduction in the incubation experiment, and
the total As concentration (dominated by As(III)) gradually
increased as As(V) was reduced. Based on these findings, we
conclude that the bacterially mediated reductive desorption of
As(V) is the major process leading to As enrichment in the weakly
alkaline and reducing groundwater of Datong Basin.
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