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ARTICLE INFO ABSTRACT

Keywords: Sediment in fluvial-deltaic plains with high-As groundwater is heterogenous but its characterization of As and Fe
Groundwater oxidation states lacks resolution, and is rarely attempted for aqueous and solid phases simultaneously. Here, we
Arsenic

pair high-resolution (> 1 sample/meter) Fe extended fine-structure spectroscopy (EXAFS, n = 40) and As X-ray
absorption near-edge spectroscopy (XANES, n = 49) with groundwater composition and metagenomics mea-
surements for two sediment cores and their associated wells (n = 8) from the Yinchuan Plain in northwest China.
At shallower depths, nitrate and Mn/Fe reducing sediment zones are fine textured, contain 9.6 + 5.6 mg kg~* of
As(V) and 2.3 + 2.7 mg kg™! of As(III) with 9.1 + 8.1 g kg™! of Fe(Ill) (hydr)oxides, with bacterial genera
capable of As and Fe reduction identified. In four deeper 10-m sections, sulfate-reducing sediments are coarser
and contain 2.6 + 1.3 mg kg_1 of As(V) and 1.1 + 1.0 mg kg'1 of As(Ill) with 3.2 £ 2.6 g kg_1 of Fe(IlI) (hydr)
oxides, even though groundwater As concentrations can exceed 200 pg/L, mostly as As(III). Super-enrichment of
sediment As (42-133 mg kg™!, n = 7) at shallower depth is due to redox trapping during past groundwater
discharge. Active As and Fe reduction is supported by the contrast between the As(Ill)-dominated groundwater
and the As(V)-dominated sediment, and by the decreasing sediment As(V) and Fe(III) (hydr)oxides concentra-
tions with depth.

Iron mineralogy
X-ray absorption near edge structure (XANES)
X-ray absorption fine structure (EXAFS)

health risks (Antoniadis et al., 2019), understanding the coupling among
biogeochemical cycles of As, Fe (O'Day et al., 2004a) and S (Bostick

1. Introduction

Elevated levels of geogenic arsenic (As) in groundwater used for
drinking water supply have been detected in over 70 countries, causing
the exposure to As from groundwater to be a major threat to public
health (Smedley and Kinniburgh, 2002). A recent machine-learning
based geostatistical model has estimated that 94-220 million people
are at risk of exposing to unsafe level of As in groundwater that is above
the World Health Organization’s provisional guideline value of 10 pg/L
for drinking water, with 94% of the affected being in Asia (Podgorski
and Berg, 2020). Because As also contributes significantly to soil-derived

et al, 2004; Du Laing et al., 2009; O’Day et al., 2004a) in
bio-hydro-lithospheres is crucial (Hussain et al., 2021; Kumarathilaka
etal., 2018), and the need to mitigate the health risks has led to research
on low cost and environmental friendly treatments (Shakoor et al., 2019;
Amen et al., 2020). Especially relevant is the sediment iron (Fe)
mineralogy due to the high affinity of As for the surface of Fe(III) (hydr)
oxides (Bowell, 1994). Further, reductive dissolution and trans-
formation of As-bearing Fe(IIl) (hydr)oxides is widely accepted as the
key mechanism behind the As-tainted groundwater in reducing aquifers
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(e.g. Fendorf et al., 2010; Harvey et al., 2002; Natasha et al., 2021;
Wallis et al., 2020; Smedley et al., 2005). Yet this prevailing paradigm is
established mostly on the basis of aqueous geochemical characterization
of the As-rich groundwater (Zheng et al., 2004), correlations between
bulk and sequentially-extracted As and Fe concentrations in sediment
depth profiles (Berg et al., 2001), or from ex situ incubation (Van Geen
et al., 2004). Despite intense research on the groundwater As issues (e.g.
Harvey et al., 2002; Frohne et al., 2011; LeMonte et al., 2017), the direct
evidence for that reduction of sediment As associated with Fe(III) (hydr)
oxides causes elevated As concentration in groundwater remains rare,
especially lacking is the paired speciation analysis of As and Fe in
aqueous and solid phases to support the active reduction of both As and
Fe.

To understand the current and future distribution of groundwater As,
it is critical to identify the minerals hosting and releasing As in aquifers
and their redox transformations. Despite this realization, sediment Fe
mineralogy is seldom investigated relative to more abundant studies of
groundwater aqueous chemistry (Fendorf et al., 2010; Zheng et al.,
2005). One of the reasons is that high-As groundwater occurs frequently
in fluvial-deltaic aquifers where sediment deposits are notoriously
heterogenous (Smedley and Kinniburgh, 2002; Goodbred and Kuehl,
2000; Anderson et al., 1999), contributing to a large degree of spatially
heterogenous groundwater As distributions from local to basin scales
(Berg et al., 2001; van Geen et al., 2003; Yang et al., 2015). In addition,
quantifying Fe mineral composition in heterogenous and complex sed-
iments and soils is analytically challenging (Postma et al., 2010; Sun
et al., 2018). To date, most evidences supporting that As-bearing sedi-
ment Fe(Ill) (hydr)oxides is the culprit for high-As groundwater are
based on sequential extraction, such as the Bengal Basin (Nickson et al.,
2000; Reza et al., 2010b), the Mekong delta (Kocar et al., 2008; Kocar
and Fendorf, 2009), the Red River delta (Berg et al., 2001), the Hetao
Plain (Qiao et al., 2020; Shen et al., 2018) and the Datong Basin (Xie
et al., 2008) in the Yellow River corridor like the Yinchuan Plain in this
study. However, interpreting these extraction data is not only ambig-
uous but also limited by its capability of delineating speciation. Anaer-
obic phosphate extraction has been used to evaluate sediment As
speciation in Bangladesh, with only 2 of 4 samples showing consistent As
(IID% with XANES data (Jung et al., 2012). A bigger problem is iron
because even the hot-HCl extracted Fe(II)/Fe ratio used to evaluate
redox condition (Horneman et al., 2004), is only a portion of the bulk Fe
(Aziz et al., 2017).

Among many mineralogical techniques, synchrotron X-ray absorp-
tion spectroscopy, especially EXAFS, has proven to be advantageous in
quantifying Fe mineralogy in sediments and soils through linear com-
binations of reference spectra or theoretical shell fitting (O’Day et al.,
2004b; Sun et al., 2018). To date, only a handful of studies have char-
acterized Fe mineralogy in geogenic high-As aquifers using EXAFS, with
far less sediment Fe and As mineralogy data than bulk Fe and As con-
centrations (Table S1) (Aziz et al., 2017; Schaefer et al., 2017; Quicksall
et al., 2008; Stuckey et al., 2015; Gnanaprakasam et al., 2017). For
example, only 8 samples from one 30-m core in the Jianghan Plain were
included for As XANES (n = 9) and Fe EXAFS (n = 8) analyses while the
sampling resolution for bulk chemistry was roughly one sample per 1.5
m (Schaefer et al., 2017). High-resolution sampling of both sediment
and water offers a unique opportunity to study redox transformations
across chemical gradients that are otherwise difficult to characterize,
and in doing so, help to develop an unambiguous understanding of
which phases host As, and which are sources of groundwater As in
reducing aquifers, and the relative roles of Fe and As reduction in the
formation of groundwater As.

The main objectives of this study were therefore (i) to characterize
sediment Fe and As mineralogy in As-rich reducing aquifers at high
depth resolution, (ii) to delineate the carrier phases of As and the
transformations of those phases that affect As release into groundwater,
and (iii) to identify geogenic processes that result in the enrichment of
As in heterogeneous sediments. This research focuses on two sediment
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cores, YCA and YCB, from the Yinchuan Plain, with semi-confined
Quaternary aquifers consisting of late Pleistocene and Holocene un-
consolidated alluvial-lacustrine sediments. It has been shown that
shallow (< 40 m) groundwater in the Yinchuan Plain has As concen-
tration between 3 and 177 pg/L (n = 142) (Han et al., 2013). Both cores
were sampled at high-spatial resolution (each m or higher, to 30 m for
YCA and to 40 m for YCB) to determine As speciation via XANES and Fe
mineralogy using EXAFS. Additional measurements on the sediments
included chemical extraction and X-ray Fluorescence (XRF). The redox
zonation of the aquifer was described using mineralogical data in
combination with changes in groundwater composition and sedimen-
tology as a function of depth. In addition, metagenomic analysis of
microbial community was conducted within the Fe/Mn-reducing zones
to identify specific microbial processes affecting the redox chemistry of
As and Fe. These data provide a window into the processes that control
groundwater As levels through both the release and accumulation of As
in sediments.

2. Methods
2.1. Hydrogeologic setting

The study area is located in the northern Yinchuan Plain, north-
western China (Fig. 1), where a high subsidence rate of 0.22 cm per year
has resulted in substantial accumulation of Quaternary sediments up to
2000 m thick (Han et al., 2013; Wang et al., 2015). The northern plain
consists of multiple layers of alluvial and lacustrine deposits forming an
unconfined shallow aquifer with depths between 10 and 40 m and two
confined aquifers with depths between 25 and 60 m and > 140 m (Han
et al., 2013). The groundwater table fluctuates between 0.1 and 5 m
below ground level (mbgl) for the unconfined aquifer, partly due to
irrigation using water diverted from the Yellow River or the Sand Lake
(Fig. 1). The confined aquifer is recharged by lateral flow from the Helan
Mountain and infiltration from the unconfined aquifer above (Han et al.,
2013).

The study sites (YCA: 38°49°48.20° N, 106°21°14.04”’ E; YCB:
38°50’41.53’" N, 116°22°24.57”’ E) are located within a strip of high
groundwater As wells between the Helan Mountain and the Yellow River
adjacent to the Sand Lake (Fig. 1). About 16% of wells (n = 355) from
< 40 m of the Yinchuan Plain contains > 10 pg/L As (Table S2), with the
wells containing elevated levels of As forming a distinct belt-like
pattern. The two line-like features where high As wells are frequently
found in northern Yinchuan Plain reflect presumably paleochannel de-
posits of the Yellow River formed as the river meandered (Han et al.,
2013). Located 2.5 km apart, the YCA site, immediately adjacent to the
Sand Lake, has rice fields irrigated by diverted Yellow River water; the
YCB site is located in a corn field next to a farmer’s house and is irrigated
by groundwater containing variable As (100-700 pg/L) drawn from a
depth of 60 m.

2.2. Groundwater sampling and chemical analysis

Groundwater samples (n = 8) were obtained in September 2017 in
multi-level monitoring wells (MLMWs) installed at the YCA and YCB
sites by the China Geology Survey in 2012. Each MLMW consists of
seven PVC pipes to reach the desired depth with a screen interval of
15 cm. The 7 depths of MLMWs at YCA are 3, 10, 23, 30, 40, 50 and
60 mbgl; they are 10, 20, 29, 39, 50 and 60 mbgl at YCB. The ground-
water samples were collected in the 3, 10, 23 and 30 m depths of YCA;
10, 20, 29 and 39 m depths at YCB. A peristaltic pump (Solinst Model
410) was used to flush each depth for > 20 min until temperature (T),
electrical conductivity (EC), pH and oxidation-reduction potential
(ORP) monitored by a multiprobe (Thermo, 520M-01A) in a flow cell
reached stable values. All samples were filtered (0.22 um syringe filter,
Nylon, Jinteng China) immediately and collected into two 30-mL pre-
cleaned HDPE bottles, with an aliquot filtered additionally through an
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Fig. 1. (a) Location of YCA and YCB sites from the north Yinchuan plain within a belt of high As groundwater wells (left, [As] ranging 0-177 pg/L in 579 wells, 13%
wells with [As] > 10 pg/L) between the Helan Mountain and the Yellow River (revised from Han et al. (2013)), with a Google Earth image (right) showing the Sand
Lake, irrigation canals, agricultural fields and villages. Lithology sketches, depth profiles of sediment organic carbon content and % silt and clay, sediment bulk
(stacked bar), phosphate-extractable and HCl-extractable As concentrations, as well as arsenic speciation determined by XANES; sediment bulk (stacked bar) and
HCl-extractable Fe concentrations, as well as iron mineralogy obtained by EXAFS (Fe-silicates were excluded when calculating %iron mineral compositions);
HCl-extracted sediment Fe(II)/Fe ratio, concentrations of acid volatile sulfide (AVS) and saturation index of pyrite calculated by PHREEQC (Table S3) using aqueous

chemical compositions at YCA (b) and YCB (c).

arsenic speciation cartridge (MetalSoft Center Highland Park, NJ) that
retained As(V) to allow for aqueous As(IIl) analysis (Meng et al., 2001).
Samples for dissolved organic carbon (DOC) analysis were filtered with
0.7 um GF/F filters (Whatman) into 22-mL pre-combusted brown glass
bottles. They were preserved at 4 °C before analyzing on Shimadzu
TOC-L. Alkalinity was determined by Gran titration in the field. Con-
centration of HpS was measured using HACH Method 8131 with a
portable spectrophotometer (DR1900, HACH).

Concentrations of anions including F, CI, SO?{ and NO3 were
measured by ion chromatography (ICS-90, DIONEX) at the Institute of
Geochemistry, Chinese Academy of Sciences, following the standard

protocol of EPA method 300. Concentrations of dissolved As, Fe, P, S, Ca,
Mg, K, Na were measured by high resolution inductively coupled plasma
mass spectrometry (ICPMS) following a method with a detection limit
for As of < 1 pg/L (Cheng et al., 2004) at Lamont-Doherty Earth Ob-
servatory. Standard reference materials (NIST1640a and NIST1643e)
were used for quality assurance and control. Four tested NIST1643e
samples with 60.45 pug/L of As and four tested NIST1640a with
8.01 pg/L of As averaged 58.6 + 0.3 pg/L and 8.0 + 0.2 pg/L, respec-
tively, with a precision relative standard deviation (RSD) < 4%. Charge
balances of cations and anions for all samples were < 10%.

To investigate mineral precipitation and dissolution reactions,
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calculation was made using PHREEQC with wateq4f database (Phreeqc
Interactive 3.6.2, USGS) for aqueous chemical equilibrium speciation.
The aqueous Fe(II)/Fe ratio and saturation index (SI) values of minerals
that likely be reacting in the aqueous system were listed with the water
chemistry parameters of 7 groundwater samples in Table S3.

2.3. Sediment collection and field analysis

Continuous sediment cores were obtained by a split spoon sampler to
a depth of 30 m at YCA in September 2017 and to a depth of 40 m at YCB
in April 2018. The sediment cores were sampled immediately in tripli-
cate by inserting three small plastic core sleeves (®:25 mm, length:
180 mm) into the center of the larger core inside the split spoon sampler
before it was split open, then sealed with end caps. A total of 34 samples
from YCA and 42 samples from YCB core were collected for every meter
of sediment cored, and in case of lithological changes, additional sam-
ples were taken. Care was taken to minimize oxidation. All sediment
samples were stored in Mylar bags with O, adsorbent, flushed with Ny
gas before sealing. The sediment samples were shipped at ambient
temperature within 1 day of collection and stored at 4 °C for chemical
analysis or — 80 °C for microbiome assay. Aliquots of sediment samples
for synchrotron analysis were collected from the first of the triplicate
18 cm-tubes and placed into 2-mL centrifuge tubes. These samples were
preserved in glycerol immediately in the field, and stored anaerobically
on ice to the lab and stored at — 20 °C before analysis.

In the evening on the same day of sediment coring, leachable Fe
concentrations were measured for additional sediment samples
collected from the first (No.1) of 18 cm-cores. These sediment samples
were leached with 10 mL of 1.2 M HCI at 80 °C for 30 min in 15 mL
centrifuge, followed by Fe(II)/Fe ratio quantified by a colorimetric
method using ferrozine (Horneman et al., 2004). The HCl leachate was
filtered and saved for analysis.

2.4. Sediment chemical analysis

The second (No.2) of the triplicate 18 cm-cores was removed from
anaerobic storage and subsampled for phosphate extraction and acid
volatile sulfide (AVS) extraction within one month after coring. Con-
centration of HyS from AVS extraction was determined using a portable
spectrophotometer (DR1900, HACH) with a methylene blue method.
Approximately 10 g of sediment was added in 100 mL MQ water and
purged with N3 gas for 10 min to generate HyS in a holding flask with
10 mL mixed diamine reagent (Allen et al., 1993). The mixed diamine
reagent was mixed by 8.5 mM phenylenediamine and 0.1 M ferric
chloride hexahydrate (Allen et al., 1993). Another aliquot of 1 g of
sediment was leached by 1 M NayH,PO4 with 0.1 M L-ascorbic at pH 5
(Jung and Zheng, 2006). The sediment samples were added into serum
bottles containing extraction solution under Ny condition and were
crimped before shaken for 24 h. Leached solutions from phosphate
extraction were collected with a syringe from the crimped serum bottles
and filtered through 0.22 pm filter. HCl and phosphate leached solutions
were analyzed by HR ICP-MS to quantify the Fe, Mn, S, P and As con-
centrations similarly as groundwater samples.

Stored sediments were subsampled and homogenized in June 2019
from the third tube (No.3) of the triplicate 18-cm cores. An aliquot was
disaggregated and sequentially extracted by 10% H202 and 10% HCI to
remove organic matter and carbonates, and dispersed with 0.05 M
(NaPOg3)g solution for grain-size distribution using a Malvern Master-
sizer 2000 laser particle-size analyzer, following a modified version of
previous procedure with a precision of + 1% (Radloff et al., 2017; Hao
et al., 2012). For bulk chemistry and organic carbon, another aliquot
from the No.3 18-cm tubes was freeze-dried and homogenized. Con-
centrations of As, Fe and major elements Si, Al etc were determined by
X-ray fluorescence spectroscopy (XRF, Tiger S8). Three soil standard
reference materials (GSD32, GSS18 and GSS34) were used with repro-
ducibility being < 3% for As, < 0.6% for Fe, < 0.5% for Si and Al. The
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total organic carbon (TOC) concentration was determined on a TOC
Analyzer (multi N/C 3100, Analytic Jena) following removal of car-
bonate using 1 M HCI (Schumacher, 2002).

2.5. Mineralogy analysis by X-ray absorption spectroscopy

Iron extended X-ray absorption fine structure (EXAFS) spectra and
arsenic X-ray absorption near edge structure (XANES) were collected on
49 sediments samples at the Stanford Synchrotron Radiation Laboratory
(SSRL) on beamline 4-1 equipped with a Si (220) monochromator
(¢ = 90°). For Fe EXAFS, the calibration was carried out with Fe foil at
7112.0 eV. Fe EXAFS spectra were collected in fluorescence mode with a
3 ux Mn filter using a passivated implanted planar silicon (PIPS) de-
tector. For As XANES, the calibration was carried out with Au foil at
11,919 eV. As XANES spectra were collected in fluorescence mode with
a Ge filter using a 30-element Ge detector.

Least-squares linear combination fitting (LCF) was applied to quan-
tify the mineralogy fractions in each EXAFS spectrum and XANES
spectrum by using SIXpack (Webb, 2005) with previously collected Fe
and As mineral references based on published studies on the Holocene
aquifers (Sun et al., 2016, 2018; Jung et al., 2012; Kumar et al., 2020).
Additionally, principal components analysis (PCA) and target transform
analysis were performed to evaluate whether the references selected
were suitable and were found to be statistically sound (Figs. S1 and S2).

2.6. Microbiome analysis

Small sediment samples from the first (No.1) tube of YCA cores were
used to extract DNA using FastDNA® SPIN Kit for Soil (MP Biomedicals,
USA) according to manufacturer’s protocol. DNA concentration and
purity were determined by NanoDrop One instrument (Thermo Fisher
Scientific, Wilmington, DE, USA). Due to the low biomass content in the
sediment, only two sediment samples (YCA-1.5m andYCA-11.2 m)
contained enough extracted DNA for metagenomic sequencing. The
shotgun metagenomic libraries from the two samples were sequenced on
an Illumina Hiseq X-ten platform with 150 bp paired-end strategies at
Guangdong MAGIGENE Biotechnology Co., Ltd (Guangzhou, China).

The generated raw sequences were trimmed and quality-filtered
using Trimmomatic (Bolger et al., 2014). The qualified sequences
were then de novo assembled using CLC workbench (Qiagen, Germany),
and only contigs longer than 1 kb were reserved for subsequent analysis.
After that, a total of 390,476 contigs with an average length of
2423.42 bp from 2 metagenomic samples were obtained. The open
reading frames (ORFs) of the contigs were predicted using Prodigal
v2.6.3 with a meta model (Hyatt et al., 2010). The relative abundance of
each contig was calculated by mapping clean reads to the contigs using
bbmap (https://sourceforge.net/projects/bbmap/) with parameters
based on previous analysis (Dang et al., 2020) and then normalized by
the total number of clean reads. The functional analysis was performed
by using PROKKA (Seemann, 2014). The KEGG functional categories
were assigned based on PROKKA annotation using a self-written script,
and the iron reduction pathway was revealed by FeGenie (Garber et al.,
2020). The contigs encoding iron, arsenic or sulfate reduction genes
were then assigned into taxonomy using the Kraken (Wood and Salz-
berg, 2014).

3. Results

3.1. Contrasting groundwater and sediment arsenic speciation in a
reducing aquifer

3.1.1. Groundwater and sediment redox condition

The depth profiles of redox-sensitive parameters suggest sequential
reduction of NO3, followed by overlapping Mn and Fe reduction and
finally SOF (Fig. 2), with sulfate reducing conditions dominating at
> 20 m depth at YCA and YCB (Fig. 1). All groundwater are likely anoxic
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Fig. 2. Depth profiles of field parameters (electrical conductivity, EC; pH; ORP) and lab measurements including total As concentrations with %As as As(III) marked
next to the well depth, concentrations of nitrate, nitrite, iron, manganese, sulfate and sulfide, and dissolved organic carbon (DOC) at YCA (a) and YCB (b). Redox

zonation is indicated by the colored bar to the right.

as indicated by low DO (Table S3) with non-detectable nitrate
(<0.01 mg L’l), except the shallowest well YCA-3 m with 7.8 mg !
NOj3. Groundwater from YCA-3 m is also the least reducing and is un-
dergoing active nitrate reduction, consistent with the lowest %As(III)
(28%) found, in contrast with the rest of the 7 wells all with > 70% As
(II) (Fig. 2). The depth profiles of groundwater Mn and Fe are similar
with each other at both sites, increasing with depth to reach the highest
concentrations at mid-depth intervals (YCA-10 m and YCB-20m &
30 m) then dropping to distinctly lower Fe levels of about 0.2 mg L™! in
YCA and 0.05 mg L™! in YCB, respectively (Fig. 2), where the ground-
water has entered the sulfate reduction zone. Concentrations of SO?{ are
the highest also at YCA-10 m (950 mg L") and YCB-20 m (108 mg L’l),
then decrease to 13 mg/L and 2 mg/L in the deepest samples at YCA and
YCB, respectively (Fig. 2). Additionally, presence of dissolved sulfide
(0.1-0.9 mg LY at depths of 22 m & 30 m of YCA and 30 m & 39 m of
YCB (Table S3) also supports that the lower half of the sediment columns
at both sites are under sulfate reducing conditions. Finally, supersatu-
ration (SI>1) with respective to pyrite at depths of 3 m, 10 m and 30 m
of YCA and 29 m and 39 m of YCB is observed, though orpiment first
appears at 8.5m at YCA and 2.5m at YCB according to XANES
(Table S4). The pockets of sulfate reduction at YCA-3 m reflect not only
the highly heterogeneous nature of the sediment at 1-10 cm depth scale
but also a large supply of dissolved sulfate from irrigation water diverted
from the Yellow River (NO3: 11.1 mg L}, SO%: 8100 mg L™}, Table S3).
Nearby the Sand Lake water is brackish (TDS: 3353 mg LY with
6.9 mg L' of NO3 and 721 mg LT of SO?{ (Table S3). Sediment HCI-
extracted Fe(II)/Fe ratio is fairly consistent with depth and averages

0.37 + 0.14 for YCA and 0.45 + 0.03 for YCB, respectively (Fig. 1). This
ratio is consistent with reducing conditions being prevalent throughout
the entire sediment column (Jung et al., 2012; Horneman et al., 2004),
as well as that 100% of groundwater Fe is Fe(II) as estimated by aqueous
equilibrium in PHREEQC (n = 7, Table S3). AVS is also found at YCA
(23-30 m), further supporting the prevalence of sulfate-reducing con-
ditions in the lower half of the sediment column.

3.1.2. Arsenate in reducing sediment with arsenite in reducing groundwater

The As K-edge XANES of all sediment samples display a distinct peak
of As(V) (Fig. 3). Taking advantage of high depth resolution of at least 1
sample per 1-m interval of sediment analysis (the samples analyzed are
aliquots of a homogenized 18-cm section, and transferred into 1 mL
centrifugal tube in the field), the data are grouped to 10-m depth in-
terval and categorized as either Fe/Mn-reducing and sulfate-reducing
sediments, considering groundwater redox zonation (Fig. 2) as well as
the proportion of orpiment determined by XANES (Tables 1 and 2). In
the three 10-m sections of Fe/Mn-reducing sediment (YCA 0-20 m and
YCB 0-10m), there is more and highly variable arsenate
(19.0 + 21.3 mg kg™, 76% + 19%), less arsenite (1.9 + 2.5 mg kg™,
12% =+ 11%) and orpiment-As (2.9 + 8.6 mg kg™!, 11% + 14%) than
those in the four 10-m sections of sulfate reducing sediment (YCA
20-30 m and YCB 10-40 m). The more reducing sediment sections
correspond with groundwater sulfate-reducing zones except for
YCB10-20 m (Fig. 2). To our surprise, nearly half of the arsenic remains
arsenate (2.6 = 1.3 mg kg™, 52% =+ 17%), with lesser quantities of
arsenite (1.1 + 1.0 mg kg}, 18% + 8%) and  orpiment-As
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Table 1

The size fraction, TOC concentration, solid-phase concentrations of As, Fe and
their mineralogy in YCA sediments.

Depth range 0-10 m 10-20 m 20-30 m
Silty to sandy 3rd 1st 4th
ranking
Thickness of sand 3 2 8.8
(m)
Thickness of silt/clay 7 8 1.4
(m)
N 10 12 12
Silt & clay (< 63 pm; 37 £ 20 58 + 29 (n = 10) 41 + 21 (n =10)
%)
TOC (%) 0.14 + 0.15 0.08 + 0.06 0.04 + 0.03
Bulk As (mg kg ™) 12.4 + 8.4 30.3 +15.9 7.2+ 4.2
P extract As 7.6 £8.1 31.2 £ 245 4.6 +£2.7
(mg kg™)
HCI extract As 3.1+31 9.6 £5.9 1.7+1.1
(mg kg™
Bulk Fe (g kg™) 28.7 +11.7 30.1 +7.7 21.4+7.2
HCI extract Fe 33+16(1m=9) 33+20 32+16m=9)
(gkg ™M
HCI ext Fe(II)/Fe 0.34 + 0.10 0.38 + 0.17 0.40 + 0.10
ratio n=9) n=9)
N 9 9 10
Arsenate (%) 88 +13 77 + 22 45 + 16
Arsenite (%) 14 +£10 14 +£13 24+6
Orpiment (%) 3+7 9+10 24+ 14
N 10 11 6
Fe silicates (%) 54 +12 60 +7 65+ 4
Ferrihydrite (%) 20 £18 18 + 14 9+6
Crystalline Fe(III) 12+9 11+7 11+7
(%)
Magnetite (%) 4+4 6+4 6+3
Siderite (%) 4+5 3+2 7+5
Mackinawite (%) 6+7 3+2 242
AVS (mg kg™) 0.33 + 0.37 0.01 £+ 0.01 0.88 + 0.46
(n=5) n=4) (n=28)

Notes: Fe-silicates include hornblende, biotite and chlorite identified by EXAFS.
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Table 2
The size fraction, TOC concentration, solid-phase concentrations of As, Fe and
their mineralogy in YCB sediments.

Depth range 0-10 m 10-20 m 20-30 m 30-40 m

Silty to sandy 2nd 5th 7th 6th
ranking

Thickness of 5 7 10 9.6
sand (m)

Thickness of 5 3 0 0.4
silt/clay (m)

N 10 10 10 12

Silt & clay 43 £ 31 24 +11 18 +11 19+9
(< 63 pm; (n=10)
%)

TOC (%) 0.04 £ 0.03 0.04 + 0.02 0.04 £+ 0.02 0.02 £+ 0.01

Bulk As 327 £47.8 4.8+1.7 3.6 +£0.6 45+ 21
(mgkg™)
P extract As 19.3 +£27.4 26+1.1 20+0.8 23+09
(mgkg™) (n=5) (=4 =7 =9
HCI extract As 0.2+0.1 0.2£0.2 09+0.1 1.0 £ 0.2
(mg kg™) (n=3) (n=6) (n=5) (n=6)
Bulk Fe 26.0 £9.0 19.9 £ 5.7 189+ 1.2 22.5+7.6
(gkg™

HCI extract Fe 3.9+22 5.1 £3.8 3.0+0.5 3.1+0.7
(kg™ (=3 =6 (n=5) (n=6)

HCl-ext Fe(I)/ 0.40 £ 0.06 0.43 +£0.03 0.45 + 0.02 0.47 £ 0.01
Fe ratio n=6) (n=6) (n=238) n=9)

N 5 5 7 4

Arsenate (%) 69 + 17 60 + 19 57 £11 51 £12

Arsenite (%) 6+5 11+5 13+7 20£6

Orpiment (%) 26 + 14 29 +19 29+7 29+9

N 8 5

Fe silicates (%) 75+ 11 69 + 13

Ferrihydrite 3+4 14 + 13
(%)

Crystalline Fe 6+4 8+5
(11D (%)

Magnetite (%) 6+4 3+3

Siderite (%) 7+6 3+3

Mackinawite 3+3 4+3
(%)

AVS (mg kg’l) 0.11 +£0.14 0.05 + 0.02 0.31 +0.35 0.05 + 0.02

n=3) (n=2) =4 (n=23)

Fe-silicates include hornblende, biotite and chlorite identified by EXAFS.

(1.4 £1.0mg kg’l, 27% + 13%) (Tables 1 and 2). High-resolution
sampling has also identified super high As zones in both cores, reach-
ing 100 mgkg™" and 133mgkg in YCA-17.6m and YCB-2.5m,
respectively, much higher than As levels in other intervals and the Upper
Crustal abundance of 5.7 mg kg‘l (Hu and Gao, 2008). In all, 7 of 43
samples (14.5-17.6 m in YCA, 1.5 and 2.5m in YCB) contain As
significantly above mean values (p < 0.05), or 63, 55 and 14 mg kg ! for
bulk, phosphate-extracted and HCI extracted As, respectively. Similar
zones of enrichment have been observed in shallow Yinchuan Plain
sediment (Guo et al., 2014). Excluding these As enriched zones, the
average concentrations of bulk, phosphate-extracted and HCl extracted
As are 7.9 + 6.3 mgkg! (n=68), 5.8 +6.5mgkg! (n=48), and
2.2 + 2.5 mg kg! (n = 43) respectively.

Like sediment from YCA and YCB, the proportion of As(II) in
groundwater increases with depth as the groundwater becomes pro-
gressively more reducing as indicated by more negative ORP values
(Fig. 2). At YCA, groundwater [As] increases with depth from 2.1 pg L™}
at 3m to 209 pg L™ at 30 m, accompanied by an increase of %As(III)
from 28% to 92% (Fig. 2a). At YCB, groundwater [As] increases from
41.2 pg L' at 10 m to 79.9 pg L™! at 39 m, although there is a minimum
[As] of 7.5 pg L' at 29 m. Despite this reversal in groundwater [As] at
YCB, %As(IIl) systematically increases from 76% to 97% from 10 m to
39 m like YCA (Fig. 2b). Prior study has found that on average 90% of
groundwater As is As(III) for 54 wells with depths between 7 and 250 m
(Guo et al., 2014).
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3.2. Oxidized iron minerals detected in sulfate-reducing sediment

Iron silicates (63 + 12%) are the most abundant Fe minerals. These
minerals contain both Fe(II) and Fe(III) that are much less reactive than
(hydr)oxides. We model these iron silicate minerals through linear
combination fits with hornblende, an Fe(II/III) amphibole, biotite, an Fe
(ID) sheet silicate, and chlorite (an intercalated, large Fe(IIl) clay min-
eral). Linear combination fits indicate that much of the Fe is found in
these phases, or others with similar structure. Overall linear combina-
tion fits of Fe EXAFS of 27 and 13 sediment samples from YCA and YCB,
respectively, indicate that sediments on average contain 44 + 10%
hornblende, 18 + 10% biotite and 1 + 2% chlorite (Fig. 4, Tables S5 and
S6). Fe(III) (hydr)oxides (24 + 14%) including ferrihydrite (14 &+ 14%),
goethite (6 + 8%) and hematite (4 + 3%), are less abundant but respond
more strongly to redox state. Mixed Fe(I)-Fe(II) and secondary Fe(II)
minerals constitute small parts of the iron mineral pool (5% + 4%
magnetite, 5% + 5% siderite and 4% + 4% mackinawite). The sedi-
ments in 3 out of 4 sulfate reducing sections (YCA 20-30 m and YCB
20-40 m) are composed of 70% + 11% (14.8 + 5.5 g kg™!) Fe-silicates
(Tables 1 and 2), higher than that in 2 out of 3 Fe/Mn-reducing sec-
tions (YCA 0-20 m) of 57% + 10% (15.8 + 4.1 g kg‘l). Similar trends
hold in YCB (Figs. 1c and 2b) except for more sulfide-mineral phases
associated with the sulfate reducing sections thus are not described.

To allow for a more direct comparison of the Fe(III) (hydr)oxides that
participates in active redox cycling, the proportions of amorphous Fe
(I1) (hydr)oxides represented by ferrihydrite and nanocrystalline
goethite (which is fit as ferrihydrite), crystalline Fe(IlI) (hydr)oxides
represented by goethite and hematite, mixed Fe(III)-Fe(II) minerals
represented by magnetite, and Fe(Il) carbonates (siderite) and sulfides
(mackinawite) are calculated for the non-silicate iron fraction for all 40
sediment samples (Fig. 1). Depth profiles show that finer sediments (silt
and silty clay from YCA) contain > 10 gkg! non-silicate Fe with
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amorphous Fe(III) (hydr)oxides being the most abundant, while the
more sandy sediments from both YCA and YCB in general contain
<10g kg'1 non-silicate Fe with more crystalline Fe(III) (hydr)oxides,
except for the 2 deepest samples at YCB (39 m and 40 m) where the
amorphous Fe(IIl) (hydr)oxides remain abundant. Further, Fe(IIl) (hydr)
oxides in the Fe/Mn reducing sediment sections (YCA 0-20 m) averaged
30% + 14% of 9.7 + 7.4 g kg™* non-silicate iron (Table 1 and Fig. 1). Fe
(I1) (hydroxides, averaging 17% + 10% of 3.2+ 2.6 gkg™! non-
silicate iron, are detected in sulfate reducing sediments (YCA 20-30 m
and YCB 20-40 m, Table 2 and Fig. 1). A comparison of Fe(IlI) (hydr)
oxides concentrations in Fe/Mn reducing sediments and in sulfate
reducing sediments is discussed later (Section 4.1).

3.3. Enrichment of oxidized arsenic and iron in fine-grained Fe/Mn
reducing sediment

Because the Yinchuan sediment contains interbedded sands and fine
sediments typical of alluvial-fluvial depositional environment, a sedi-
ment core sample of 18 cm length does not fully represent or sample the
variability of each entire 1 m interval examined in our high-resolution
sectioning. We used a simple approach to reduce sampling bias associ-
ated with subsampling sediment cores. For every 10 m depth interval,
10-12 measurements of sediment properties are combined within each
10-m section, with the mean and variance reported (Tables 1 and 2). The
thickness of sand or silt/clay layers, along with grain size data, are used
to rank the 7 sections in the order of increasing sediment particle size as
shown in Fig. 5. The median TOC concentrations for the two silty sec-
tions in YCA (0-10 m and 10-20 m) are 0.11% and 0.06%, respectively
(Fig. 5f), significantly higher than that of 0.03% for the four sections of
more sandy sediments (YCA 20-30m and YCB 10-40 m) (Man-
n-Whitney U test, Z = —2.96, p < 0.001). The median TOC for the finer,
silty section of YCB 0-10 m is 0.03%, and is not significantly different
with the 4 more sandy sections (Mann-Whitney U test, Z = —1.72,
p = 0.085).

When the seven 10-m sediment core sections are organized based on
grain size (Tables 1 and 2), the median concentrations of bulk As
decrease as the sediment section becomes more sandy and are in the
order of: 25, 9.4, 8.7, 5.0, 4.4, 3.5 and 3.5 mg kg’1 (Fig. 5a). When the
four sandy sections (YCA 20-30 m and YCB 10-40 m) are combined as a
group for comparison with each of the fine-grained sections, and mean
concentration of bulk As (5.1 + 3.0 mg kg™) is significantly lower than
30.3, 32.7 and 12.4 mg kg™' in YCA 10-20 m, YCB 0-10 m and YCA
0-10 m, respectively (p = 0.001). Somewhat less intuitive is that these
three finer sediment sections at shallower depths closer to land surface
are Fe/Mn reducing according to groundwater redox zonation and %
orpiment levels, which are significantly lower than that of the sulfate
reducing sediments (p < 0.001). Consistent with expectation is that
these three 10-m sections of mostly silty, Fe/Mn-reducing sediments all
contain significantly higher proportions 76% + 19% of As as As(V) than
that of the four 10-m sections of mostly sandy, sulfate reducing sedi-
ments (52% + 17%) from deeper depths (p < 0.001). The median con-
centrations of bulk Fe of the 7 sections are: 31.7, 25.7, 24.1, 18.9, 18.4,
19.7 and 18.6 g kg! (Fig. 5d). The median bulk Fe concentration of the
four 10-m sandy sediment sections as a group is 18.9 g kg™', signifi-
cantly lower than that of 27.0 g kg™ (p = 0.001) for the three 10-m silty
sections of sediments. The four sandy, more reducing sections at deeper
depths also contain significantly lower Fe(III) (hydr)oxides consisted of
ferrihydrite and crystalline Fe(III) mineral (16 + 10%) including he-
matite and goethite than those of YCA 0-10 m (32 + 16%, p = 0.007)
and YCA 10-20 m (29 + 12%, p = 0.010).

Sediment As and Fe concentrations decrease with the silicate (Si) to
aluminum (Al ratio (Fig. 6), with the higher Si/Al ratio suggesting less
aluminum-silicate rich clay so a proxy for coarser, more sandy sedi-
ments. The 3 sections of finer grained sediments (YCA 0-20 m and YCB
0-10 m) show a large degree of variability in terms of concentrations of
bulk As and Fe, as well as the Si/Al ratios, reflecting the heterogeneity in
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such sedimentary deposits.

3.4. Relative abundance of arsenic reducing bacteria in two Fe/Mn-
reducing sediments

Microbiome analysis of metagenomic data obtained for two sedi-
ments from the fine grained and Fe/Mn reducing sections with above
median value TOC concentrations (0.11% in YCA-1.5 m and 0.19% in
YCA-11.2 m) has identified dozens of bacterial genera possessing known
genes capable of reducing arsenic, with some of these genera (Pseudo-
monas, Bradyrhizobium, Rhizobium, Staphylococcus and Sulfuricella) also

known to reduce iron (Fig. 7). Only arsenic and iron reducing genera
with relative abundance > 107 are included. Of these genera, several
previous isolation organisms studies on Acinetobacter, Psychrobacter
(Liao et al., 2011), Comamonas (Yang et al., 2012), Alishewanella (Shah
and Jha, 2013) and Staphylococcus (Ji and Silver, 1992), have confirmed
their ability of arsenic reduction. Isolated Staphylococcus is also capable
of iron reduction (Lascelles and Burke, 1978).

The total abundance of arsenic-reducing genera is 1.33% for YCA-
11.2 m, which is higher than that of 0.20% for YCA-1.5 m, but the di-
versity of arsenic-reducing community is higher in YCA-1.5 m (Fig. 7).
Among all the arsenic reducing genera identified, Acinetobacter,
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Fig. 7. Relative abundances of 45 arsenic-
reducing and 6 iron-reducing genera in YCA-
1.5 m and YCA-11.2 m metagenome. A genus is
identified as As-reducing if it carries any of the
four arsenic reducing genes of arsR, arsC and
GstB genes or as iron-reducing if it carries any
of iron-reducing genes of mtrA, mtrB and omcS.
Solid As concentration is 11.3 (4) mg/kg in
YCA-1.5m and 23.7 (15.2) mg/kg in YCA-
11.2 m, respectively (P-extractable As in the
parentheses). Genera with average relative
abundance less than 1 x 10" are not shown.
The genera have been previously reported for
As/Iron reducing capability are labeled with
red asterisk. (For interpretation of the refer-
ences to color in this figure legend, the reader is
referred to the web version of this article.)
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Comamonas, Delftia, Alicycliphilus and Bacillus are evidently more
abundant in YCA-11.2m (bulk As concentration of 23.7 mg kg™! and
36% of As is As(V)) than those in YCA-1.5 m (bulk As concentration of
11.3 mg kg~! with 95% of As(V)). Arsenic reducing genera Psychro-
flexus, Anaeromyxobacter and Shewanella are prominent in YCA-1.5m
but are at very low prevalence (< 10 in YCA-11.2 m. Similar to
arsenic reducing genera, the abundance of iron reducing genera is
higher (0.038%) for YCA-11.2 m and is lower (0.015%) for YCA-1.5 m.
Additionally, high proportion of unclassified arsenic/iron reducing
bacteria is identified in YCA-1.5 m, indicating not only the existence of
novel arsenic/iron reducing metabolizer within the sediment micro-
biome but also a more diverse microbiome in the shallower sediment
sample. The relative abundance of sulfate-reducing bacteria is 0.087%
of YCA-11.2 m and 0.018% of YCA-0.5 m, respectively, supportive of the
sulfate-reducing pockets observed in shallower depth zones at YCA
(Table S7).

4. Discussion

4.1. Evidence for As mobilization by active reductive dissolution of As(V)
bounded Fe(IID) (hydr) oxides

Mobilization of As by reductive dissolution of its host in the sedi-
ments, i.e., Fe(IlI) (hydr)oxides has been widely accepted as the mech-
anism for elevated levels of geogenic As in groundwater of South and

Southeast Asia, supported primarily by groundwater chemistry data
(Smedley and Kinniburgh, 2002; Zheng et al., 2004). Laboratory
adsorption experiments have shown that As adsorbed on ferrihydrite,
goethite or complexed with Fe(IIl) nano-particles can possess a very high
As:Fe molar ratio of 16-2000 mmol As per mol Fe (Dixit and Hering,
2003; Raven et al., 1998; Shi et al., 2020). Therefore, it is expected that
oxidized As(V) adsorbed onto Fe(III) oxyhydroxides in suspended par-
ticulates prior to sedimentation constitutes a significant pool of mobi-
lizable As in the aquifer sediments.

One of the most profound changes linked to redox state, is the change
in As partitioning from the solid into solution. This results in a decrease
in the solid-phase concentration of adsorbed As coincident with an in-
crease in dissolved As levels. Paired Fe and As X-ray Spectroscopy
measurements evaluating Fe mineralogy and As speciation allow us to
quantify the molar ratios of adsorbed As(III) and As(V) to Fe(Il) (hydr)
oxides in sediments, and thus to evaluate the changes when redox
changes occur, and to better quantify amounts of As that are bound to Fe
phases. After excluding 16 samples with either below the practical
detection limit of EXAFS linear combination fitting (5 mol% Fe) (Sun
et al., 2018) or large uncertainties in linear combination fitting, it is
clear that Fe(Ill) (hydr)oxides concentrations are higher in the 7
Fe/Mn-reducing sediments (0.24 + 0.15mol/kg) than in the 6
sulfate-reducing sediments (0.11 + 0.04 mol/kg, Fig. 8 and Table S8),
after excluding 4 As enriched samples. The sediment As(V)+As(III)
concentrations are also significantly higher in the Fe/Mn-reducing
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Fig. 8. The bulk As by XRF, As(V)+As(III), As(V) and As(III) concentrations from XANES vs Fe(III) (hydr)oxides concentration from amorphous and crystalline Fe(III)
oxides by EXAFS in the sediments. Samples with Fe(III) (hydr)oxides fractions < 5% and large errors were excluded. Excluding 4 samples with superlative levels of As
in (b), linear regression of 13 remaining data points finds 0.64 mmol of As(V)+As(III) for 1 mol of Fe(IlI) (hydr)oxides.

sections (0.19 + 0.12 mmol/kg) than in the sulfate-reducing sections
(0.08 £ 0.05 mmol/kg) (Mann-Whitney U test, Z = —2.14, p = 0.03).
Furthermore, the concentration of sediment As(V)-+As(III) correlates
with that of Fe(IIl) (hydr)oxides, at a ratio of 0.64 mmol of As for 1 mol
of Fe(Ill) (hydr)oxides in Yinchuan sediments R? = 0.72, p = 0.05;
Fig. 8b), after excluding the 4 very high-As samples. Similarly, in Hetao
Basin located downstream from Yinchuan Plain that is also influenced
by the Yellow River, a ratio of 0.9 mmol As (extracted by 0.1 M ascorbic
acid, 0.2 M ammonium oxalate at pH 3, and 1 mM HCl leachate) per mol
Fe(Ill) (hydr)oxides has been found in 8 aquifer sediments, with
54 + 22 pmol kg'1 As and 0.06 4+ 0.01 mol kg'1 Fe(II) (hydr)oxides
(Qiao et al., 2020). The simultaneous decrease of sediment Fe(III) (hydr)
oxides and As(V) concentrations (Fig. 8c), together with groundwater Fe
and As being predominantly Fe(II) and As(IIl) (Table S3 and Fig. 2) and
the presence of a diverse group of As(V) reducing genera (Fig. 7), pro-
vide direct evidence for active reductive dissolution of As(V) associated
with Fe(Ill) (hydr)oxides as a mechanism for As mobilization.

We have compiled results from all 6 prior studies (Table S1) that
reported paired As XANES and Fe EXAFS data on sediments from
reducing aquifers, although sampled at a lower depth resolution of
> 1.5 m per sample, from the Mekong River Delta (Quicksall et al.,
2008; Stuckey et al., 2015), the Ganges-Brahmaputra-Meghna Delta in
Bangladesh (Aziz et al., 2017; Gnanaprakasam et al., 2017; Mozumder
et al., 2020) and the Jianghan Plain of the Yangtze River Delta (Schaefer
et al., 2017). These prior studies show that the proportion of As(V)
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decreases with depth as the sediment becomes progressively more
reducing but the As(V)-+As(IIl) to Fe(Ill) (hydr)oxides ratios have not
been systematically interpreted. The combination of paired As XANES
and Fe EXAFS data reported in this study and in the literature offers
several new insights on sediment As, its host Fe(Ill) (hydr)oxides and
their intertwined transformation mediated by microbes. First, modern,
organic-rich wetland sediments from the Mekong River delta (n = 12)
and the Jianghan Plain (n = 2) appear to have the highest As(V)+As(III)
to Fe(Ill) (hydr)oxides ratio of 0.99 + 0.54 mmol As per mol Fe
(Table S1) (Schaefer et al., 2017; Stuckey et al., 2015). This may be
viewed as a plausible reference value for clayey sediment sections in the
aquifer. Second, Holocene sediments from the Ganges-Brahmaputra
Delta, the Mekong Delta, the Yangtze River and the Yellow River
alluvial-fluvial plains have an intermediate As(V)-+As(III) to Fe(IIl)
(hydr)oxides ratio of 0.57 4+ 0.47 mmol As per mol Fe with simulta-
neous decreases in sediment As(V) and Fe(IIl) (hydr)oxides concentra-
tions with depth, reflecting progressively more reducing conditions
(Fig. 8b, Tables S1 and S8). This is consistent with the reductive disso-
lution of As(V) loaded Fe(Ill) (hydr)oxides with progressively more
reducing conditions at Yinchuan to result in a lowering of sediment As:
Fe ratios. Third, although there are only limited data for confirmed or
suspected Pleistocene sediments in Bangladesh and Cambodia
(Table S1), the much lower As(V)+As(III) to Fe(IIl) (hydr)oxides ratio of
0.15 + 0.09 mmol As per mol Fe, plus their higher Fe(IIl) (hydr)oxides
concentration of 0.17— 0.42 mol kg™!, supports that As in Pleistocene
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sediments is less “mobilizable” than As in Holocene sediments (see
Section 4.2). This low As:Fe ratio is likely due to flushing of As from such
aquifers over several glacial-interglacial periods (van Geen et al., 2008)
and oxidative weathering induced Fe(III) (hydr)oxides formation during
enhanced flushing when sea levels are lower during glacial periods
(Zheng et al., 2005). Finally, several samples are super-enriched in As.
These super high-As sediments exhibit elevated ratios of adsorbed As to
Fe(Ill) (hydr)oxides of 3.6 +1.2mmol/mol (n=4) relative to
1.0 £ 0.7 mmol/mol for other Fe/Mn-reducing sediments and
0.7 £+ 0.3 mmol/mol for sulfate-reducing sediments (p = 0.003-0.01;
Fig. 8b, Table S8). The elevated As: Fe(III) (hydr)oxides molar ratio of
3.8 + 0.6 mmol/mol is also observed for 2 out of 5 sediment samples
with superlative As of 88-108 mg kg ™! in reducing aquifer in Jianghan
plain, while the rest 3 samples with As of 18.8 + 5.0 mg kg™* display
much lower ratio of 1.2 + 0.5 mmol As per mol Fe (Table S1) (Schaefer
etal., 2017). The possible reasons for the As enrichment in sediment will
be discussed further in Section 4.3.

4.2. Suppressed reduction of As(V) and iron(II) oxides in organic-poor
sediments

Sediment organic matter is consumed with reduction and mobiliza-
tion of sediment As at our study sites in Yinchuan. Sulfate reducing
sediment sections contain less TOC (0.04% =+ 0.02%) and As(V) (52% +
17%, 2.6 + 1.3 mg kg™ 1), compared with the Fe/Mn reducing sediment
sections with 0.09% +0.11% of TOC and 72% +19% or
9.2 + 6.1 mg kg™ ! of As(V) after excluding the 7 samples with super-
lative levels of As. Furthermore, the aquifer sediments in Yinchuan are
characterized by low organic carbon, in comparison with other As-
contaminated reducing aquifers of the Yellow River corridor: mean
TOC is 0.6% (0.28-1.30, n = 12) in Datong Basin (Xie et al., 2008) and
0.35% (0.03-1.65, n = 66) in Hetao Basin (Shen et al., 2018). The TOC
content of Bangladesh Holocene sediments ranges from 0.08% to 0.4%
(Zheng et al., 2005; Swartz et al., 2004; Reza et al., 2010a). The result of
reactive transport modeling based on field data from the Red River
Delta, Vietnam suggests that the declining rate of organic carbon
degradation over time has caused decreasing rate of Fe oxides dissolu-
tion containing As(V), with simultaneous decreases in groundwater As
(Postma et al., 2016). Recently, a 100-day microcosm study suggests the
rate of Fe(III) mineral reduction is much slower with in situ organic
carbon extracted from sandy aquifer sediments from Vietnam, than that
amended with simple labile model carbon sources acetate and lactate
(Glodowska et al., 2020). Field investigation in Hetao basin has found
where groundwater As concentration is high, depth-matched sediments
usually contain higher fractions of biodegradable organic carbon (Qiao
et al., 2020). The enhanced As mobility with increasing quantity of
biodegradable TOC is further demonstrated by batch incubation exper-
iment, which shows that 1.0-1.64 pmol/L As is released during incu-
bation from sediments containing a higher TOC concentration of 0.15%
and presumably more bioavailable carbon (as lipids, aliphatic/proteins,
and carbohydrates, of molecules with H/C> 1.5). In comparison, only
0.2 pmol/L As is released from sediments containing a lower TOC of
0.11% and less bioavailable carbon (Qiao et al., 2020). Taken together,
the presence of As(V)-Fe(III) minerals and the low TOC content in sulfate
reducing sediments in Yinchuan Plain suggest that the rate of microbial
As(V) reduction is limited by the quantity and the quality (bioavail-
ability) of sediment organic carbon.

Two of the most abundant As reducing genera identified in our
metagenome analysis, Bacillus and Pseudomonas, are also identified and
isolated from high-As aquifer sediments in Hetao Basin using 16S rRNA
gene and As marker gene (Guo et al.,, 2015). The Hetao Basin clay
sediment with predominantly As(V) releases ~15% of total solid As into
solution to reach 200 pg/L of As, most as As(III), twice higher in the
presence of As reducing bacteria (Bacillus sp. M17-15 and Pseudomonas
sp. M17-1) at the end of the 14-day incubation experiment than in the
control (Guo et al., 2015). Compared to Yinchuan sediment, it is likely
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that the more intense microbial reduction observed in Hetao Basin is due
to more abundant microbes and organic carbon that are more
bioavailable. Nevertheless, the higher Fe, As and S reducing bacteria in
YCA-11.2 m than those in YCA-0.5 m leaves the possibility for such
microbes to play a role in As mobilization. However, further in-
vestigations such as incubation experiments with addition of labile
carbon and/or amendments with isolated microbes are needed to pro-
vide constraints on mineralogical transformation observed in the high
depth resolution sampling here in (Fig. 1). Another especially relevant
investigation is an elegant incubation experiment conducted using a
Pleistocene sediment sample (depth: 43.3-43.9 m) from site A of Arai-
hazar, Bangladesh (Dhar et al., 2011). This sediment sample initially
contains a 1-hr hot HCl-leachable Fe concentration of 0.79 + 0.15 g kg™
and phosphate-extractable As concentration of 0.14 + 0.03 mg kg’l,
mostly (> 95%) in the form of Fe(III) and As(III), respectively. Incubated
with 50 mg/L of lactate and Shewanella sp. strain ANA-3 inoculation,
even with addition of an antibiotic, this sediment sample releases As to
17.3 + 3.7 pg/L with 80% being As(IIl) after only 23 days. Most
importantly, the sediment sample shows significantly altered Fe and As
mineralogical compositions: not only the color changes from orange to
gray, but also the hot HCl-leachable Fe concentration increases to
5.4 + 0.04 g kg with only 20% being Fe(III), with simultaneous in-
crease in P-extractable As to 0.56 & 0.01 mg kg~ ! with 57% being As
(II1). Although microbiome data are obtained on only two sediment
samples in this study, Shewanella and other Fe reducing bacteria are
consistently identified in both of them (Fig. 7). Therefore, one might
expect similar mineralogical transformation as observed in Dhar et al.
(2011) if Fe/Mn reducing sediments in our sediment cores were incu-
bated with lactate and Shewanella sp., although natural organic matter
degradation and reduction that took place over geologic time scales
could occur through other pathways.

4.3. Enrichment of geogenic arsenic in Yinchuan Plain sediment

Of all 75 sediment samples in this study, 47% contain bulk As con-
centrations greater than the Upper Crustal As abundance of 5.7 mg kg ™!
(Hu and Gao, 2008), with 7 samples containing exceptionally high As
concentrations ( > 65 mg kg™, Table $6 and Fig. 4). Occasionally, such
high As levels (up to 80 mg kg™!) have also been reported from other
sites in Yinchuan (Guo et al., 2014), suggesting that these enrichments
are not restricted to this field site. These high As concentrations are
likely geogenic, they are stratigraphically bound by low-As sediment
above and below, and are found at rural, agricultural study sites with no
known industrial activities that could pollute the sediments with As.
Furthermore, sediment As loading by irrigation with As-contaminated
groundwater over a period of 60-years is estimated to be only
0.5mgkg™l. The estimation assumes that the irrigation rate is
2 mm/day for 60 days a year (Liu et al., 2018), that the groundwater
contains 200 pg L As, and that the irrigated As is distributed uniformly
in the top 3 m of the sediments with a density of 2 g cm™ and a porosity
of 0.25. Because the bulk Fe and Si/Al ratios of YCA and YCB sediments
are comparable with those of the Yellow River sediments (Fig. 6), they
likely share a common geogenic origin. The Yellow River sediments
come from an extensive watershed containing widely variable As levels,
but are usually lower though they can show evidence of modest
enrichment up to ~ 30 mg kg™~! As (Fig. 6, Table S9) (Pang et al., 2018;
Zhou et al., 2015). In Eastern Tibet, the headwater regions of the Yellow
River, top soil contains up to 154 mg kg™! of As, but the average As
concentration is far lower at 21.5 + 24.5 mg kg™ (n = 39, Table S9)
(Sheng et al., 2012). Concentrations of As in modern suspended particles
averaged 33 £ 11 (n = 16) and 17 + 2 (n = 6) for the upper (Lanzhou)
and middle (Xiaolangdi Reservoir outlet) stretches of the Yellow River,
respectively (Liu et al., 2009; Dong et al., 2019). Therefore, high-As
sediments at this site appear to have resulted from local processes that
enrich As relative to levels found in sediments following deposition.

These super-enrichment of sediment As concentrations are likely due
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to redox trapping of groundwater As in past zones of groundwater
discharge. When reducing groundwater with high concentrations of
dissolved As and Fe flow through the oxic or suboxic hyporheic zone, the
discharging As can be trapped by freshly precipitated ferrihydrite from
oxidation of groundwater Fe?*, resulting in superlative levels of As that
are highly localized both vertically (5 cm - 3m) and horizontally
(12-500 m) in sediments — this mechanism has been verified by several
studies along the Meghna River (Jung et al., 2012, 2015; Datta et al.,
2009), as well as from the Waquoit Bay (Jung et al., 2009). Redox
trapping of As in the now-buried hyporheic zone along groundwater
discharge flow path may have also occurred in Yinchuan Plain (Fig. 1).
Within our cores, high sediment As concentrations are encountered in 7
samples out of a total of 75 samples. Specifically, 5 samples from YCA
(depth: 14.5,15.3, 16.6, 17.2 and 17.6 m) contain bulk As of 42, 44, 42,
54 and 57 mg kg! and phosphate-extractable As of 43, 51, 52, 31 and
100 mg kg’1 (Table S6); 2 samples from YCB (depth 1.5 and 2.5 m)
contain bulk As of 123 and 133 mg kg™!, with phosphate-extractable As
of 73.4 mg kg'1 for YCB-2.5 m (Table S6). The observation that the
amount of phosphate-extractable As exceeds bulk As at YCA can be
attributed to large sediment heterogeneity at cm scale because the
samples for the two measurements that are intended to be replicates are
in reality a few cm apart. Second, in these As super-enriched samples, As
(V) dominates (92 + 13%, n = 5). Third, these samples contain high
fractions of amorphous and crystalline Fe(III) (hydr)oxides at 35 + 9%
(n = 5), with concentrations of 12 & 3 gkg’1 (Tables S4 and S5). In
comparison, X-ray Absorption Spectroscopy analysis of Meghna river-
bank sediment samples has found a roughly 50-50 mix of As(III)-As(V),
with ferrihydrite-like Fe(III) phase accounting for 49 + 8% of Fe min-
erals in the As enriched-layers (depth < 2 m) (Jung et al., 2012, 2015).

To accumulate so much As in sediments by groundwater discharge, it
requires substantial time. Here, we have estimated the time required to
reach measured sediment As concentrations following the method of
Jung et al. (2015). The distribution coefficient (Kq) ranges from 14 to
26 L kg™ for high As groundwater samples ([As] >10 pg L™}, n = 5), as
estimated by depth-matched dissolved As and P-extractable As concen-
trations. Assuming a porosity of 0.25, a sediment bulk density of
2 gem™ and a groundwater flow rate of 20 m y! typical of the un-
confined aquifer in Yinchuan (Han et al., 2013), the groundwater ve-
locities are calculated to be 1.4 and 0.8 m yr™! with retardation factors
being 113 and 209 for K4 of 14 and 26 L kg™}, respectively; equivalent to
5600-10,500 years to accumulate ~100 mg kg™ of As in a 1-m sediment
section. For comparison, approximately 350-2600 years are required to
accumulate As within the top 5-10 cm layer of the Meghna riverbanks
where it has been documented previously (Jung et al., 2015). It is thus
reasonable for Holocene or older Yinchuan Plain sediments to accu-
mulate As to measured levels, though that accumulation would likely
have occurred over much of that sediment’s lifetime.
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