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Abstract

The formation of iron-sulfur-arsenic (Fe-S-As) minerals during biogeochemical processes in As
contaminated aquifers remains poorly understood despite their importance to understanding As
release and transport in such systems. In this study, X-ray absorption and Mdsbauer
spectroscopies complemented by electron microscopy, and chemical extractions were used to
examine vertical changes of As, Fe and S speciation for the example of sediments in the Hetao

Basin.

Reduction of Fe(l11), As(V) and SO4> species were shown to co-occur in the aquifers. Iron oxides
were observed to be predominantly goethite and hematite (36 — 12%) and appeared to decrease in
abundance with depth. Furthermore, reduced As (including arsenite and As sulfides) and sulfur
species (including S(-11), S(-1) and S° increased from 16% to 76% and from 13% to 44%,

respectively.

Iron oxides were the major As carrier in the sediments, and the lower groundwater As
concentration consists with less desorbable and reducible As in the sediments. The formation of
As-Fe sulfides (e.g., As containing pyrite and greigite) induced by redox heterogeneities likely
contribute to localized lower groundwater As concentrations. These results help to further
elucidate the complex relationship between biogeochemical processes and minerals formation in

As contaminated aquifers.

Keywords: XAS; speciation; Fe(lll) oxides; Fe sulfides; arsenic
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1. Introduction

The contamination of geogenic groundwater with arsenic (As) (> 10 po/L: the World Health
Organization standard) is a major threat to human health worldwide [1,2]. Large-scale exposure to
high As groundwater mainly occurs in the river deltas of South and Southeast Asia including the
Ganges-Brahmaputra-Meghna (GBM), the Red River and the Mekong River as well as inland

basins draining the Yellow River and the Yangtze River [1],[3].[4].[5].

It is widely accepted that in-situ desorption of As from As-bearing Fe(l11) oxides (including iron
oxides, hydroxides, and oxyhydroxides) can lead to the release of As into groundwater [6-9].
Arsenic speciation and Fe mineralogy are important factors in this process, influencing As partition
and therefore release into groundwater under stable geochemical conditions. Under reducing
conditions, As(V) species are reduced to As (111) species which bond less strongly to Fe(l11) oxides
at circumneutral pH condition. Consequently, desorption is susceptible to shifting geochemical
conditions such as groundwater flushing resulting from groundwater flow [10]. Furthermore, the
Fe-bearing phases in sediments have different reactivities and therefore show different adsorption
properties towards As. For example, poorly crystalline Fe(lll) oxides provide much more
adsorption sites for As than crystalline Fe(l11) oxides and are much more likely to undergo abiotic
and biotic reduction [11]. Characterizing the speciation and abundance of Fe(l1l) oxides and As in
the sediments is therefore helpful for understanding the potential for As release into the

groundwater.

Upon reduction of Fe(l11) oxides, the formation of secondary Fe(ll)-containing minerals can also
influence the partitioning of As between sediments and groundwater [7],[12,13]. With large
surface to volume ratios, Fe(ll)-bearing minerals such as Fe sulfides (pyrite, FeS2 or greigite,

FesS4), Fe-carbonates (siderite, FeCOs3), Fe-phosphates (vivianite, Fes(PO4)2.8H20), or Fe oxides

3
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(e.g., magnetite, Fe3Oa) are each also able to sorb As to varying degrees, and can therefore retard
As mobilization in groundwater [14-17]. For example, magnetite has been reported as the main
secondary oxide and As carrier in Bangladesh sediments [18]. The formation of secondary Fe(ll)-
bearing minerals largely depends on the redox conditions in subsurface sediments and these
influence the fate of heavy metals and metalloids [19-21]. It is necessary to develop a holistic
understanding of the differences in Fe solid phases between redox zones to better understand

heterogenous groundwater As contamination.

Recently, the influence of biogeochemical Fe-S-As cycling for As release and speciation in
subsurfaces settings have been increasingly studied [22—24],[19]. The reduction of SO+ and Fe(l11)
oxides can simultaneously occur at redox interfaces especially at neutral or slightly alkaline
groundwater pH conditions [25]. On the one hand, saturation of Fe(Il) and H2S cause precipitation
of Fe sulfides such as mackinawite (nominally FeS), pyrite (FeSz), which can incorporate or adsorb
As [26],[15],[27]. Furthermore, extra sulfide/S® may reduce poorly crystalline iron(l11) oxides or
produce As thiolations in porewaters, further increasing As mobilization potential in groundwater
[28,29]. To date, the majority of published studies on sediments collected from the flood
deltas/basins from South and Southeast of Asia focused on the relationship between Fe mineralogy
and As speciation. These high-As containing groundwater typically have extreme low or
undetectable SO42* concentrations. In contrast As contaminated groundwaters in inland basins,
especially those with arid/semi-arid climate e.g. Hetao Basin, have high SO4? concentrations [4].
Such inland basins therefore represent the most suitable location to develop understanding of the

interplay between Fe-S-As redox reactions and groundwater As concentration.

The Hetao Basin in North China is a typical alluvial-lacustrine inland basin draining the Yellow

River. Groundwater As concentrations vary between < 1 pg/L and 900 g/L, with 70% of analyzed
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groundwater samples being higher than 10 pg/L [30]. Groundwater SO4% concentration is up to
3000 mg/L with median values around 90 mg/L [29]. Previous isotopic and hydro-chemical studies
showed that As mobilization was closely linked to the reduction of Fe(lll) oxides and SO4*
[9],[29],[31]. However, there is so far no detailed mineralogical evidence about Fe-S-As coupled
reactions in the sediments. In this study, we analyzed sediments from the Hetao Basin with a range
of geochemical based techniques with spectroscopic (XAS, °'Fe Mdssbauer) and electron
microscopic techniques to (1) identify different redox zones along a sediment core depth profile
(2) examine vertical changes in the coupling between mineral phases and As, Fe and S speciation,

and (3) understand the influence of Fe-S-As coupled minerals on groundwater As concentrations.
2. Material and Methods
2.1 Field area

The Hetao Basin, covering an area of 13,000 km?, is one of the typical alluvial-lacustrine
Quaternary inland basins in northern China within the Yellow River catchment area. Groundwater
is mainly extracted from depths < 100 m for irrigation usage, with family-based drinking water
mainly obtained from depths of 20 to 30 m. Groundwater tables are vulnerable to irrigations, and
have been shown to drop as a result of extraction (from mid-April to early September) [32]. The
study area (Shahai) is located in the flat plain of the Hetao Basin, and it is one of the arcas’ most
seriously affected by groundwater As contamination. Further information about the study area is

detailed in [32,33].
2.2 Well installation, sediments sampling and groundwater sampling

A multi-level well (K1) was drilled by CUGB (China University of Geoscience, Beijing) in

October 2015 using a circulatory drilling method. After the core sections were brought to the
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surface, sediments were cut into 10 cm segments and immediately wrapped with tinfoil, and sealed
in N2-purged bags. Subsamples (5 cm segments) were transported to Karlsruhe Institute of
Technology (KIT) and stored at -80 °C. The physical parameters and chemical compositions of
the groundwater were monitored from April to November 2016 (six times during the non-irrigation
season and eleven times during irrigation season) by members of China University of Geosciences
(Beijing) (CUGB). Further details about sediment sampling, and groundwater monitoring as well

as water samples analyses are detailed in [32,33].

2.3 Bulk sediment characterization

Part of each sample was freeze-dried and ground into a powder. The basic characterization of the
sediments described in Wang et al.[33] was complemented in the current study with detailed
analyses. For this, iron content in the sediments was analyzed by wavelength dispersive X-ray
spectrometry (WDX, S4 Explorer, Bruker AXS) with measurement accuracy (within 35%) being
regularly controlled with a standard material (AGV-1, USGS). Total sulfur (TS) and organic
carbon (TOC) content were measured by carbon-sulfur-analyzer (CS-2000, Leybold Heraeus,
Germany) with TOC obtained after removing inorganic carbon by repeated addition of 20% HCI
(Superpure, Merke). The measurement accuracy and precision (100 £2%) was regularly checked
with a steel standard 92400-3050 (Eltra). Arsenic contents in the sediments was determined by
digestion prior to measurement by Hydride Generation Flow Injection Atomic Absorption
Spectroscopy (HG-FIAS). The details about acid digestion method is provided in Supplementary
text 1. The recovery (100 £5%) was regularly checked by including standards GXR-5 and RGM-

1 into the digestion workflow. The detection limit of the HG-FIAS analyses was 0.1 /L.

2.4 Sequential extractions for As and 2M HCI extractions
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A five-step sequential extraction was used to analyze As partitioning in the sediments. The
extraction procedure is shown in Table S1 and is based on Keon et al. [34] and Poulton and
Canfield [35]: (1) “ligand-displaceable” (1.0 M H2PO4", pH = 5.0, S1), (2) “AVS (acid volatile
sulfides), carbonates-precipitated” (1.0 M CHCOO', pH = 4.5, S2), (3) “amorphous Fe oxides and
magnetite-precipitated” (0.17 M oxalic acid, pH = 3.0, S3), (4) “crystalline Fe oxides-precipitated”
(citrate-bicarbonate-dithionite (CBD), S4), and (5) “Fe(Il) sulfides-precipitated nominally from
dissolution of pyrite” (12 M HNOs, S5). For the extraction, 0.5 g of fresh sediments was weighed
into centrifuge tubes and shaken at 300 rpm followed by addition of an appropriate amount of
deoxygenated chemical solution. After each extraction step, solutions were filtered using 0.45 pm
cellulose acetate filters (Whatman) followed by centrifugation at 4500 rpm for 15 min. Resulting,
samples were washed once using 50 mL ultrapure water. Arsenic and Fe concentrations were
measured by inductively coupled plasma mass spectrometry (ICP-MS, X-Series, Thermo Fisher),
and the resulting extracted As from each step was converted into As content in the dried bulk

sediments.

In a second extraction mode, we used HCI extraction with fresh sediments to obtain the reactive
Fe phases [36]. For this extraction, around 2 g sediments were weighed into centrifuge tubes,
mixed with 15 mL 2 M HCI (Superpure, Merck) and shaken. After 20 h, the solutions were filtered
through 0.45 pm cellulose acetate filters (Whatman). Total Fe concentration was measured by
inductively coupled plasma-optical emission spectrometry (ICP-OES, Spectro CirosCCD, Kleve,
Germany). The Fe(ll) concentration in the resulting extracts was measured by photometry at 562

nm using the ferrozine method [37].

2.5 Electron microscopy
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Parts of the sediment samples were separated from intact cores and embedded in an As free-resin
(Araldite, 2020) and dried in a glovebox (Jacomex, 100% Ar). Sections of 1-mm thickness were
cut and polished down to a thickness of 80 um. Thin sections were stored in the glovebox until
analysis. Carbon-coated thin sections were imaged and spectrally analyzed at the GFZ Research
Center for Geosciences in Potsdam, Germany, using field emission scanning electron microscope
(FE-SEM, Zeiss Ultra Plus) equipped with an energy dispersive X-ray (EDX) detector for
qualitative elemental analyses. Images were acquired at an acceleration voltage of 3 kV using a 10

mm aperture distance using an In-lens secondary electron detector.
2.6 5"Fe M&ssbauer spectroscopy

Selected sediments were analyzed using °’'Fe M&sshauer spectroscopy at the University of
Tibingen, Germany. Approximately 100 mg sediments were separated from each intact core for
analysis. Inside a glovebox (100% N2 atmosphere), dried sample powders were loaded into
Plexiglas holders (area 1 cm?), forming a thin disc. Samples were kept in airtight jars under anoxic
conditions at -20 <C until measurement. Holders were inserted into a closed-cycle exchange gas
cryostat (Janis cryogenics) under a backflow of He to minimize exposure to air. Spectra were
collected at 20 K using a constant acceleration drive system (WissEL) in transmission mode with
a °’Co/Rh source. All spectra were calibrated against a 7 pm thick o-°>"Fe foil that was measured
at room temperature. The analysis was carried out using Recoil (University of Ottawa) and the
Voigt Based Fitting (VBF) routine [38], with the half width at half maximum (HWHM)

constrained to 0.13 mm/s during fitting.

2.7 Bulk X-ray absorption spectroscopy
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The speciation of As, S and Fe in selected sediment samples were measured using X-ray absorption
spectroscopy (XAS) analysis at the SUL-X beamline at the synchrotron radiation facility of the
KIT. Samples were ground into powder after drying in a glovebox (Jacomex, 100% Ar) with O2
level less than 1 ppm). A sample mass for Fe K-edge XAS analysis, calculated by the program
XAFSmass, was mixed with boron nitride (Sigma-Aldrich) before analysis. For As and Fe K-edge
XAS analysis, powdered samples were suspended in deoxygenated water in the glovebox, drop-
casted onto Kapton tape, and sealed using a second piece of Kapton tape. For S K-edge XAS
measurements, dried samples were directly loaded onto the Kapton tape surface. Prepared samples
were stored in the Nz-filled bags to protect from Oz before transferring into the measurement
chamber. Samples are analyzed under ultra-vacuum conditions in the beam chamber. At least three
scans were collected per sample for each As, Fe and S K-edge XAS spectrum. During the data
collection, line shapes and peak positions were monitored, with no difference between scans for
each sample, indicating no redox change during analyses. Data reduction and analysis of the XAS
spectra were performed using the Athena software package [39]. Experimental and data analysis
procedures are outlined in the supplementary text 2. Besides the samples analyses here, we also
compared our data with XAS spectra and M&sbauer spectra for sample from another depth (80.5

m) that had been previously analyzed [33].
3. Results
3.1 Vertical profile of groundwater chemical compositions and As concentration

Groundwater monitoring data in the well are detailed in Zhang et al. [32]. The data shows that in
the shallow zone SO4* concentrations increased from 400 mg/L to 1000 mg/L from 15 - 16 m to
27 - 28 m, but that it stabilized at around 200 mg/L in the deeper zone. Arsenic concentration also

generally decreased with depths. Specifically, it increased from 90 Lg/L at depth of 15 - 16 m to
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120 g/l at depth of 20 - 21 m and slightly decreased to 90 Lg/L at depth of 27 - 28 m in the

shallow zone, while it was less than 50 pg/L in the deep zone (Fig. 1).

3.2 Sediments profile characterization

A ~ 2 m thick clay layer located at a depth of 39.5 m separated the shallow and deep groundwater
zone. Aquifer sediments were mainly composed of fine sand and silt, and the color varied from
gray to dark gray. In general, sediments from the deep zone had a darker color than the shallow
zone. A thin peat layer was identified at a depth of around 80 m with dark color (Fig. 1). Lithology

profile of the borehole presents general sedimentation textures in the Hetao Basin [29],[40].

Total organic carbon (TOC) contents ranged from 0.04% to 0.59% with lower TOC contents in
the aquifer sediments (~0.05%). Surface sediments had higher S content (~ 1000 mg/kg) than
aquifer sediments (average 285 mg/kg). Iron content in the sediments ranged from ~1 % to ~ 6%
with lower Fe content shown in silt/sand. Sediments had As contents ranging from 5 mg/kg to 46
mg/kg, while primary aquifer sand/silt contained 5 mg/kg to 9 mg/kg (Fig. 2). Highest As contents

were found in sediment samples from ~29 m (38 mg/kg) and 80 m (46 mg/Kkg).

3.3 Sediments mineralogy and iron speciation

Predominant minerals in the sediments included quartz, feldspars, mica and clay minerals [41].
Additional clastic trace minerals including hornblende, augite and ilmenite were qualitatively
identified by SEM-EDX analysis (data not shown). Iron oxides which might have different
morphologies were identified (Fig. 3a, b and c). In most cases, the Fe oxides were surrounded by
or coated on the surface of clay minerals. In addition, Fe sulfides nominally FeSz, pyrite as shown
in the EDX spectra) were identified in samples from 29 m (Fig. 3d). A previous study identified

the presence of greigite in the peats (at depth of 80 m) [33] (Fig. 3e).

10
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M&ssbauer spectroscopic analysis suggested that Fe was present in several phases including: Fe(ll),
silicate-bound Fe(l1l), or goethite/hematite (Fig. 4a and Table S3). The hyperfine parameters of
the Fe(ll) phase (isomer shift: 1.19-1.27 mm/s and quadrupole splitting: 2.34-2.85 mm/s) are
potentially indicative of the phyllosilicates shown in the sediments. A narrow doublet (isomer shift:
0.41-0.48 mm/s, quadrupole splitting: 0.77-1.16 mm/s) was also required for an accurate fit which
is indicative of ferric ions (Fe*) that could correspond to a phyllosilicates, though the presence of
short range ordered phases (e.g. ferrihydrite) or low spin ferrous ion (Fe?*) phases (e.g. pyrite)
cannot be ruled out [42]. From the Liner combination fitting (LCF) of the Fe K-edge EXAFS
spectra, it was revealed that goethite and hematite comprised 12% - 35% (mol %) of the Fe
speciation in the sediments (Fig. 4b and Table 1). The difference between the Fe K-edge EXAFS
fits and the M&sbauer fits in terms of Fe(l11) oxides contents was less than 10 % and which is
considered acceptable [43] (Table 1 and Table S3).

Iron sulfides were shown as mono FeS (mackinawite) in most aquifer sediments with primarily
low content indicated by Fe K-edge EXAFS fitting (Fig. 4b). However, pyrite was not detected at
the depth of 29 m as revealed by SEM-EDX, likely due to an abundance of pyrite is lower than the
detection limit of Fe EXAFS fits, which has been estimated to be 5% by fitting a set of mixed

standards with known fractions [44],[20].

The redox characteristics of Fe phases was deduced from the combined 2M HCI extractions and
Fe K-edge XANES. The reactive Fe extracted by 2M HCI included poorly crystalline Fe(lll)
oxides, acid volatile sulfides (AVS), carbonates as well as part of Fe adsorbed or incorporated in
the silicates [7],[45],[46]. This extractable Fe comprised 28% to 51% of total Fe in the sediments
(Table S5), while the Fe(ll) content ranged from 29% to 72% of total extractable Fe (except peat

layer) (Fig. 5a). Noticeably, the Fe(ll)/Fe ratio obtained from the 2M HCI extractions is not

11
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comparable to the M&sbauer result, as M&sbauer results showed all Fe in the sediments instead
of reactive Fe. Depth patterns of the leached Fe(ll)/Fetwtal Showed increasing trend with depth (R?
= 0.55, Fig. 6a), while it sharply increased from 30% to 50% at a depth of 7 m (Fig. 5a). In the Fe
K-edge XANES spectra, a peak at an energy of ~7120 keV suggests the presence of Fe(ll) phases
[44],[47], the intensity of these generally increased with depth, consistent with the results from the
2M HCI extractions. Furthermore, Fe K-edge EXAFS showed that the proportion of Fe(l11) oxides
decreased with depth (R? = 0.94) (Fig. 6b), comprising of 35 mol % of the Fe species in the top
sediments (~ 7 m), decreasing to 27 - 28% in the shallow zone and further decreasing to 22% - 12%
in the deep zone. Unfortunately, M&sbauer result cannot be used to indicate the redox profile,

when only few samples were analyzed.
3.4 Arsenic extractability

Desorbable (ligand-reducible) As (1.0 — 11 mg/kg) accounted for 23% - 56% of the total
extractable As in the sediments, while reducible As (sum of ammonium oxalate and CBD
extractable) (2.0 — 10.4 mg/kg) accounted for 32% - 65% of total extractable As (Table 2). Only
a limited amount of As was extracted by CHCOO" (< 1.2 mg/kg) and HNOs (< 1.4 mg/kg) (except
for peat layers). The contents of desorbable and reducible As were positively correlated to Fe(lll)
oxides (R? = 0.89, Fig. 6¢), showing a decreasing trend with depth. Noticeably, the extractable As
content at a depth of 29 m was much lower than 38 mg/kg, and no pyrite-associated As could be
extracted by HNOs, which further suggests that pyrite was low in abundance and heterogeneously

distributed in the sediments.

3.5 Arsenic and sulfur speciation
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The LCF of the As K-edge XANES spectra (Fig. 5c and Table 1) revealed that arsenate comprised
28% to 84% of the total As in the primary sediments, but that its abundance sharply declined from
84% at a depth of 4 m to 54% at a depth of 6 m, and further decreasing with depth (R? = 0.59, Fig.
6d). Conversely, the arsenite content increased with depth. At a depth of 29 m, 62% of As was
present as As sulfides (arsenian pyrite/arsenopyrite), consistent with the pyrite found in the
sediments. The As sulfides accounted for 41% of total As in the peat layer (Fig. 5¢ and Table 1).
Finally, sulfur K-edge XANES LCF showed that S mainly existed as SO4> (vary from 49% to
93%). Reduced sulfur (including S(-1) and S(-11)) and zero-valent sulfur (S°) was detected at most
depths except in the surface sediments at 4 m. The ratio of reduced sulfur was generally higher in

the deep zone than the shallow zone (Fig. 5d and Table 1).
4 Discussion
4.1 Sediment profile redox zonation

The surface sediments were dominated by oxidized phases including sulfates, As(V) species and
Fe(lll)-containing solid phases, due to oxygen penetration into sediments pores. Reduction of
As(V) species, Fe(l11), and SO4 is present near the groundwater table (6 - 7 m). The co-occurrence
of reduction reactions were independent of the thermodynamic redox ladder, which suggested the
electron accepting process followed the order of As(V) > Fe(lll) > SO4> [48,49]. These
observations are consistent with previous suggestions that Fe(111) and SO4? reduction co-occur in
near neutral or slightly alkaline subsurface environments [25]. Underlying the aquitard (~ 40 m),
SO4? reduction generally increases with relatively higher ratio of reduced sulfur species, which is
consistent with lower redox values in the groundwater of deep zone [32]. These results together
indicate that redox zones in the alluvial-lacustrine sediments of the Hetao Basin are generally

controlled by the physiographic properties, including the groundwater table and sediment depths.
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In contrast, the aquifer redox conditions in the floodplain of South and Southeast Asia such as the
Red River Delta, the Mekong River Delta are controlled by depositional environments with
reducing conditions widely developed in the Holocene fluvial sediments, while the Pleistocene

aquifer are characterized by sub-oxic conditions [50-52].

Noticeably, redox heterogeneities exist in the sediments. Even though the reduced Fe, As and S
species generally increase with depth, some sediment lenses show pronounced peaks, related to
the redox heterogeneities in the sediments. For example, organic carbon-rich lenses including clay
and peat layers have more reduced As, Fe and S species in comparison with surrounding sediments.
High amounts of organic matter in those layers stimulates the in-situ reduction of As, Fe and S and

therefore Fe sulfide formation.

4.2 Speciation and reactivity of Fe-S-As coupled minerals in the sediments profile

Dominant Fe(l11) oxides in the sediments of the Hetao Basin are goethite and hematite, similar to
sediments from the Red River Delta and the Mekong Delta [53],[12],[54,55]. In contrast to the
formation of secondary Fe(ll) or Fe(ll/111) solid phases such as siderite, vivianite, and magnetite
which is well-documented in the floodplains of South and Southeast of Asia, in the sediments of
the Hetao Basin [7],[56], only As containing Fe sulfides were detected. However, trace amounts
of Fe sulfides do not appear to be the major sink of Fe(ll), which is a consequence of reductive
dissolution of the ample present Fe(lll) oxides. This indicates that Fe(ll) is most likely
adsorbed/substituted back into clay minerals which can provide a large surface for Fe adsorption
[57,58]. The relatively higher adsorption affinity for Fe(ll) is probably due to slightly alkaline pH
conditions in the aquifers, in such adsorption of Fe(ll) to clay minerals is favored at pH above 6.0

[59]. This concept explains the lower average Fe concentration in the alluvial-lacustrine
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groundwater in the Yellow River catchment as well as decoupling of Fe and As concentration in

the groundwater under reducing conditions [60],[61].

Natural Fe(lll) oxides are impure and are typically highly variable in crystallinity, incorporation
or substitution of other elements in their structure is common, thus making predictions of their
reactivities challenging [56]. We used, a combination of quantification methods for our Fe(l1l)
oxides and combined with Fe EXAFS LCF and As reactivities by sequential extractions. This
enabled us to better understand of the As partition to Fe(l11) oxides in the sediments. Correlations
between Fe(l11) oxides and desorbable and reducible As suggests that Fe(l11) oxides are the main
As carrier in the sediments. These findings corroborates with previous studies that the adsorption
sites for As are limited and linked to the amount of Fe(l11) oxides in aquifer sediments [13],[62].
The adsorption coefficient of As to Fe(ll1) oxides in the sediments of Hetao Basin is around 0.9 x
1073, based on the assumption that desorbable and reducible As are totally carried by Fe(l11) oxides.
A similar partition coefficient of As in Fe(l11) oxides was documented for the Red River floodplain
by Postma et al. [13]. The calculated adsorption capabilities of Fe(l11) oxides for As provide the
fundamental knowledge for modeling As mobilization in the groundwater especially in the

alluvial-lacustrine aquifers draining the Yellow River and the Yangtze River.

Detection of mono Fe sulfides (mackinawite) in the primary sediments is consistent with the dark
gray color found in the aquifer sediments, which is caused by Fe sulfides coating the sand particles
[63]. Arsenic can form poorly crystalline arsenic sulfides that could adsorb to mackinawite [64].
However, the adsorption efficiency of mackinawite for As is limited as indicated by As XANES
analysis. This could be linked to the formation and stability of FeS in the groundwaters [65]. The
further transformation of FeS to pyritie or greigite is a more likely process that provides the

adsorption/incorporation sites and stable sinks for As. This was identified by the higher As content
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in the corresponding sediments than near-by layers and the existence of large proportions of As

sulfides.

4.3 Significance of Fe-S-As coupled mineralization for geogenic groundwater As

contamination

Redox cycling of Fe minerals in the redox front influences the partition of As. In the Hetao Basin,
the groundwater table decreases during the irrigation season, allowing penetration of O2 to cause
the temporary formation of Fe(lll) oxides by oxidation of Fe(ll), therefore providing adsorption
surfaces for dissolved As. Conversely, raising of the groundwater table and ensuing anoxic
conditions will causes As release into groundwater via Fe(lll) oxide reduction. Underlying the
redox front, stable Fe and As reduction occurs simultaneously. Generally higher groundwater As
concentrations are present in the shallow zone and less in the deep zone, even though the deep
zone is more reducing. This can be due to lower abundance of Fe(ll1) oxides and desorbable and
reducible As in the deep zone. The lower As concentration in the groundwater with less solid phase
desorbable As and reducible As in the corresponding sediments intervals (R? = 0.65) (Fig. 7)
further provides solid evidence that in-situ desorption of As from Fe(lll) oxides causes
groundwater As contamination. The decrease of Fe(lll) oxide abundance and corresponding
desorb-able/reducible As with depth can be related to the longer sediments reduction and flushing
history. Sediments from deeper depths have longer exposure to reducing conditions than overlying
sediments, corresponding to the accumulation of reduced phases (Fe(ll), As(lll)) and partial

release of out of the system.

Redox heterogeneities in the sediment profile hinders the effort to estimate the redox reactions in
the aquifer and thereby model groundwater As concentration. For example, localized formation of

greigite and pyrite can very well provide a stable sink for As. Furthermore, S° detected in the
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sediments especially in the clay samples could lead to thiolation via the reaction between H2S/S°
and As species in the reduced sulfidic aquifer, which in turn can promote further As mobilization
[24],[66,67], Whether thioarsenate species exist in the groundwater and to what degree influences
As mobility may also be related to the ratio of Fe, S and As in the sediments, which needs further

investigation.
5. Conclusions

In this study, we have defined the redox profile of Fe-S-As in an alluvial-lacustrine inland Hetao
basin. The sediment redox profile is generally controlled by physiographic features (e.g.
groundwater table and sediment depths). Underlying the groundwater table, reduction of SO4>, Fe
and As co-occurs, while SO4? reduction ratio is generally higher in the deep zone. Iron oxides
seem to be the major carrier of As. The As mobilizes into groundwater mainly via in-situ
desorption from Fe(l11) oxides (goethite and hematite). The abundance of desorbable and reducible
As content exhibited a decreasing trend with depth, which is most probably due to longer flushing
history, during which part of As is flushed out of the system followed by reductive release into the
groundwater. Iron sulfides are the main secondary minerals formed in the aquifer following
changing redox and Fe(ll) production. Among them, mackinawite was evidenced as having a
limited adsorption/incorporating ability for As, while greigite and pyrite provide a more stable sink
for As under reducing conditions. The heterogenous distribution and low contents of Fe sulfides
formed in sediment lenses might contribute to the lower groundwater As concentrations under
reducing conditions. The influences of such small-scale redox heterogeneity and their role for

large-scale groundwater As pollution need further research.
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Fig. 1 Plots of sediments lithologies (A), depths of screens, difference in reflectance at 530 nm
and 520 nm for the sediments (B), and monitoring data for groundwater As concentration (C).
Difference in reflectance between 530 nm and 520 nm indicated the color of collected sediments
[7]. The center circle showed the median value of As concentration in each screen, while the edge
of bars showed the min and max values. The reflectance data and groundwater As monitoring data

are previously shown in Zhang et al. [32].
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632  Fig. 2 Depth profile of As, total organic carbon (TOC), total sulfur (TS) and Fe content in the

633  sediments. The data is referred to Wang et al., [33].
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636  Fig. 3 Iron oxides/Fe sulfides characterized by SEM-EDX. The Fe oxides shown in primary
637 sediments (a, b, ¢), Fe sulfides shown at depth of 29 m and 80 m (d, e). The EDX spectra
638  corresponded to chemical compositions of minerals marked with the red square in the SEM images

639  and the EDX data was shown in Table S2. The scale bar in each image represents 40 pm.
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Fig. 4 The >"Fe M&ssbauer spectra was collected at 20 K for sediments (a), ph: phyllosilicates; py:
pyrite; M: mackinawite; Goe: goethite; Hem: hematite. Liner combination fitting (LCF) results of
Fe K-edge EXAFS spectra (b), black lines represented experimental data for samples and model
compound spectra used for fitting, and gray dashed lines represented LCF. Fe K-edge EXAFS
reference spectra are shown in Fig. S1. M&sbauer and Fe K-edge EXAFS spectra for sediments

from depth of 80.5 m are referred from Wang et al., [33].
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Fig. 5 Depth patterns of ferric fraction from 2 M HCI extraction, arsenate fraction (mol %)
resulting from As K-edge derivative XANES fitting, and sulfate fraction (mol %) from S K-edge
XANES fitting (a). 1% derivative of Fe K-edge XANES data (b), 1% derivative of As K-edge
XANES data and fits (c), sulfur K-edge XANES data and fits (d), vertical dashed lines
corresponded to peak positions of respective speciation/reference spectra. The reference spectra
are shown in Fig. S1. The As K-edge derivative XANES data and sulfur K-edge XANES data for

sample from depth of 80.5 are cited from previous study [33].
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Fig. 6 Bivariate correlation between sample depth and ratio of Fe(l1)/Fe from 2 M HCI extractions
(a), bivariate correlation between sample depth and abundance of Fe(lll) oxides (hematite and
goethite) characterized by LCF in the Fe K-edge EXAFS range, correlation between sum of
desorb-able(ligand-displaceable) and reducible As content and sum of goethite and hematite
(calculated as Fe content) characterized by Fe K-edge EXAFS fitting (c), correlation between

depth and arsenate fraction resulting from As K-edge derivative XANES LCF (d).
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Table 1 Summary of S, Fe and As K-edge XANES or EXAFS LCF fitting results
Depth (m) Mineralogical composition (% mol Fe)
EXAFS
illite biotite /chlorite hematite goethite Fe sulfide R?
4.1 53 (0.4) 10 (2.0) 12 (1.9) 24 (5.8) - 0.0521
5.7 56 (4.4) 10 (2.2) 10 (2.0) 25 (5.7) - 0.0471
11.6 30 (6.2) 34 (4.7) 10 (2.9) 18 (10.3) 8 (4.9) 0.1219
19.9 24 (4.8) 41 (3.6) 11 (2.3) 16 (4.2) 10 (3.8) 0.0809
29.6 18 (3.2) 55 (4.7) 7 (1.5 20 (2.9) - 0.0467
40.1 31(4.8) 42 (1.3) 9 (1.0) 15 (2.3) - 0.0240
43.4 26 (2.9) 43 (2.2) 5(1.4) 17 (4.5) - 0.0305
58.1 23 (7.9) 46 (3.3) - 14 (3.9) 15 (3.5) 0.0743
68.4 31(7.2) 49 (13) - 12 (6.3) 5(5.7) 0.1711
80.5 37 (4.4) 19 (2.4) - - 39 (3.3) 0.0911
Depth (m) Mineralogical composition (% mol As) Mineralogical composition (% mol S)
XANES first-derivative XANES
realgar | arsenop | As (Il)- As (V)- R? sulfates | sulfides So R
yrite Fh Fh
4.1 - - 16 (2.5) 84 (0) 0 - - - -
5.7 - - 46 (0.6) | 54(0.6) 0.0057 | 87(1.6) - 13 (1.6) 0.0575
11.6 - - 38 (4.5) 62 (1.0) 0.0170 | 61(7.7) | 23(5.4) | 16(5.4) 0.0416
19.9 7(0.9) - 44 (1.4) | 49(0.6) 0.0074 | 89(0.8) | 11(1.3) - 0.0160
29.6 - 62 (3.7) | 21(0.7) 17 (0.5) 0.0102 | 93(1.8) | 7.3(0.9) - 0.0185
40.1 - - 76 (0.6) 24 (0.8) 0.0072 | 70(1.5) | 6.5(8.3) | 23(8) 0.0710
43.4 - - 70(3.4) | 30(1.0) 0.0213 | 79(2.0) - 21 (1.4) 0.0534
58.1 9(L.5) - 63 (1.3) 28 (0.8) 0.0123 | 49(0.8) | 51(7.6) - 0.0368
68.4 - - 60 (0.9) | 40(0.9) 0.0195 | 56(9.4) | 23(7) 21 (7) 0.0680
80.5 40 (5.0) 50 (1.8) 10 (1.1) 0.0197 2(0.7) | 92(0.7) | 6(0.6) 0.0058
--: samples not measured, -: not detected or abundance lower than 5%. Values within brackets
indicate standard deviation, Fe sulfide exists as FeS, except it shows as greigite in the depth of
80.4 m. Results for samples from depth of 80.5m are referred to Wang et al., [33].
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Table 2 Summary of extracted As contents (mg/kg) from each sequential step.

Depth (m) S1 S2 S3 S4 S3+54 S5 As extracted Total As
4.1 7.0 0.6 6.4 3.6 10 2.4 20.0 22
5.7 108 1.2 6.6 2.7 9.3 1.0 22.3 15
6.7 25 0.3 2.2 5.0 7.2 11 11.1 11
11.6 2.8 0.4 1.8 2.8 4.6 0.4 8.2 9
19.9 2.2 0.3 1.4 1.6 3 0.6 6.1 8
25.1 2.2 0.3 11 14 25 0.4 5.4 6
29.6 3.0 0.5 14 25 3.9 0.8 8.3 9
35.6 9.9 11 3.0 5.2 8.2 14 20.6 40
40.1 110 11 3.1 3.2 6.3 14 19.8 23
43.6 8.1 0.8 3.0 1.6 4.6 0.9 14.4 21
48.3 1.6 0.3 1.0 15 25 0.7 5.1 7
50.5 4.8 1.2 4.4 6.0 10.4 0.9 17.3 21
58.1 15 0.4 0.8 0.8 1.6 0.6 4.1 6.1
68.4 1.8 0.3 0.9 0.8 1.7 0.5 4.3 5.7
70.1 1.9 0.3 0.8 1.2 2 0.5 4.7 5.4
75.5 1.0 0.3 14 0.9 2.3 0.5 4.1 4.9
80.4 319 129 3.2 2.4 5.6 3.9 54.3 46
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