Fermentation, methanotrophy and methanogenesis influence sedimentary

Fe and As dynamics in As-affected aquifers in Vietnam

Authors: Martyna Glodowska™**", Magnus Schneider*, Elisabeth Eiche®, Agnes Kontny*,
Thomas Neumann®, Daniel Straub®®, Michael Berg’, Henning Prommer®®, Benjamin C.
Bostick™, Athena A. Nghiem™, AdvectAs project members*!, Sara Kleindienst?, Andreas

Kappler!

Affiliations:

'Geomicrobiology, Center for Applied Geoscier ces, University of Tubingen, Germany,
Microbial Ecology, Center for Applied r:eos ciences, University of Tiibingen, Germany,
¥ Department of Microbiology, IWWR, *adboud University, The Netherlands
*Karlsruhe Institute of Technolony, 1. stitute of Applied Geosciences, Germany
>Technical University of Berlin, Institute for Applied Geosciences, Berlin, Germany
®Quantitative Biolog* “e.*er (QBiC), University of Tubingen, Germany

"Eawag, Swiss Federal Institute of Aquatic Science and Technology, Diibendorf, Switzerland,
8School of Earth Sciences, University of Western Australia, Perth, WA, Australia
CSIRO Land and Water, Floreat, WA, Australia

19 amont-Doherty Earth Observatory, Columbia University, USA

1 AdvectAs project members—listed in the SI

*Correspondence to: m.glodowska@science.ru.nl

This document is the accepted manuscript version of the following article:
Glodowska, M., Schneider, M., Eiche, E., Kontny, A., Neumann, T., Straub, D.,
Kappler, A. (2021). Fermentation, methanotrophy and methanogenesis influence
sed1mentary Fe and As dynamics in As-affected aquifers in vietnam. Science of the
Total Environment, 779, 146501 (15 pp.).

https://doi. org/lO 1016/J scitotenv. 2021 146501

This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/



ABSTRACT

High arsenic (As) concentrations in groundwater are a worldwide problem threatening the
health of millions of people. Microbial processes are central in the (trans)formation of the As-
bearing ferric and ferrous minerals, and thus regulate dissolved As levels in many aquifers.
Mineralogy, microbiology and dissolved As levels can vary sharply within aquifers, making
high-resolution measurements particularly valuable in understanding the linkages between
them. We conducted a high spatial resolution geomicrobiological study in combination with
analysis of sediment chemistry and mineralogy in an allu* ias aquifer system affected by
geogenic As in the Red River delta in Vietnam. Microk ial «ommunity analysis revealed a
dominance of fermenters, methanogens and methar.u.9pns whereas sediment mineralogy
along a 46 m deep core showed a diversity of Fe nine.als including poorly crystalline Fe
(n/nmy and Fe(l) (oxyhydr)oxides such as ‘toeuute, hematite, and magnetite, but also the
presence of Fe(ll)-bearing carbonates «nu sulfides which likely formed as a result of
microbially driven organic carbon (OC, -egradation. A potential important role of methane
(CH,) as electron donor for redur,u.e ~e mineral (trans)formation was supported by the high
abundance of Candidatus Metha.~aperedens, a known Fe(l11)-reducing methanotroph. Overall,
these results imply tha* JC wrnover including fermentation, methanogenesis and CH,
oxidation are important \ vechanisms leading to Fe mineral (trans)formation, dissolution and

precipitation, and thus indirectly affecting As mobility by changing the Fe-mineral inventory.
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1. Introduction

Exposure to arsenic (As) is considered a major public health concern due to its toxic effects
on human health (Muehe and Kappler, 2014; Water et al., 1999). The International Agency
for Research on Cancer (IARC) defines As as a group | human carcinogen and the U.S.
Agency for Toxic Substances and Disease Registry (ATSDR) placed it at the highest position
on the priority list (Naujokas et al., 2013). Geogenic As in drinking water from groundwater
resources is the major source of As to most people (WHO). In many areas, As is fairly
prevalent in shallow groundwater (Smedley and Kinniburrn, 20J2a). Up to 220 million
people are potentially exposed to As concentrations in grunc vater above the WHO limit of
10 pg/L, with the majority of exceedances (94%) ccu'niing in Asia (Podgorski and Berg,
2020). This is particularly concerning since manv csmmunities from developing countries of
South and Southeast Asia lack access to water weatment facilities and thus, still largely

depend on untreated groundwater from snic!ow wells.

It is widely accepted that As in sha’i. v yroundwater bodies in South and Southeast Asia is
mainly of geogenic origin. Arsenic-loaded sediments washed down the slopes of the
Himalayan Mountains were -anJported in the past and still continue being deposited in
floodplains of the Red Five: Mekong, Ganges and Indus Deltas as well as in West Bengal.
Subsequent release of As from these young sediments to groundwater occurs through several

mechanisms.

Most As mobilization is attributed the microbially mediated reductive dissolution of As-
bearing Fe(l1l) (oxyhydr)oxide minerals (Chatain et al., 2005; Harvey et al., 2002; Islam et
al., 2004; Neumann et al., 2014; Zhu et al., 2017), a process that is coupled to the oxidation of
organic carbon (OC) co-deposited with As-bearing sediment. Oxidation of As-rich sulfides
(mainly pyrites), competitive sorption and exchange of As with phosphate (PO4>) or changes

in sorption capacities of As-bearing Fe(lll) (oxyhydr)oxides also can be important in some



environments (Chowdhury et al., 1999; Smedley and Kinniburgh, 2002b). These processes,
however, can be relevant only under specific conditions, e.g., when As-rich iron sulfides are

abundant in sediments or when high PO,* input to the aquifer occurs.

Microorganisms can affect the fate of As in aquifers in many different ways, but most
importantly through their role in Fe mineral (trans)formation, given that poorly crystalline
Fe(lll) (oxyhydr)oxides such as ferrihydrite (Fh), are important As-hosting phases in As-
contaminated aquifers (Ravenscroft et al.,, 2011). Ferrihvdrite or nanoparticulate Fe
(oxyhydr)oxides form via abiotic or microbial Fe(ll) oxidatior. (Cornell and Schwertmann,
2003), and are preferentially used as a terminal elecron acceptor by Fe(lll)-reducing
microorganisms (Lovley et al., 1991). Moreover, Fh ’5 ¢ oiacursor of more crystalline Fe(l11)

oxides like goethite or hematite (Zachara et al., 2002;.

Various microorganisms such as Geobacter spp. (Islam et al., 2005), Shewanella spp.
(Cummings et al., 1999) and Geothrix spp. ‘Islam et al., 2005a) were found to be capable of
reducing Fe(I1l) minerals while oxiri. 1o sedimentary or dissolved organic matter (OM). In
addition, several recent studies < emcnstrated that anaerobic CHy4-oxidizing archaea are also
able to use Fe(lll) as electron c~ceptor (Aromokeye et al., 2020; Cai et al., 2018; Egger et al.,
2015; Ettwig et al., 2015). "he prevalence and specific role of CH, as a carbon donor for

Fe(I11) reduction, howeve , requires further study.

Microbially mediated anaerobic oxidation of CH, is often associated with a clear
mineralogical signature of carbonate precipitation (Reitner et al., 2005). This occurs through
two steps. First, anaerobic oxidation of CH,, either coupled to SO,%, NO3, NOy, Fe(lll) or

Mn(IV) reduction, can increase water bicarbonate alkalinity according to:

CH4+ S04~ — HCO3 + HS™ + H,0 (1)
5CHy4 + 8NOs + 3H" — 5HCO3 + 4N, + 9H,0 (2)
3CH, + 8NO, + 5H" — 3HCO5 + 8N, + 7H,0 (3)



CH, + 8Fe(OH); + 15H" — HCO5™ + 8Fe®* + 21H,0 (4)
CH, + 4MnO, + 7TH" — HCO3 + 4Mn** + H,0 (5)

The second step, i.e., the increase in bicarbonate alkalinity, often triggers the precipitation of
carbonate minerals as the joint release of cations like Fe®* and Mn?* produced by anaerobic
microbial oxidation of CH, leads to carbonate mineral supersaturation (Aloisi et al., 2002). In
reduced sediments, authigenic carbonate formation can be promoted by the presence of
additional bicarbonate or carbon dioxide (CO,) produced duri ¢ anaerobic decomposition of
organic matter (Lein et al., 2002). In the case of Fe(lll) reduc ton 'reaction 4) the precipitation

may consume the majority of the Fe?* that is produced or c:her cations from the aquifer, e.g.:
Fe?* + HCO3 — FeCO3 + H* (6)

The overall process (reactions 4 + 6), thus i: slightly less pH dependent, and produces
extensive carbonate minerals. We thuc expect extensive Fe carbonates in zones where

anaerobic oxidation of CHy, is prevale:.*

Some previous studies indicated t-2t C2.CO3 might play a role in As immobilization via CO5*
— AsO3> substitution (Barde:'i et al., 2011). It was also shown that As(V), which is the
thermodynamically favor~d :xecies under oxic conditions, strongly adsorbs on calcite
surfaces, thereby signn.-antly decreasing its mobility (Sg et al., 2008). However, As(lll),
which is typically the dominating species under reducing conditions, does not sorb on calcite.
It has therefore been concluded that sorption of As on calcite is of little relevance under
reducing conditions where As(IIl) is the dominating species (Yokoyama et al., 2012).
Competitive displacement of As by carbonate on Fe(l1l) (oxyhydr)oxides, was also proposed
as a potential mechanism of As mobilization from Fe-rich sediments (Appelo et al., 2002).
However, it was shown that although carbonate anions do compete with As for adsorption to

Fe(I1l) (oxyhydr)oxide-coated sand, the competitive effect was relatively small with regard to



the total concentration of adsorbed As and relative to the potentially much more pronounced

competitive effects of PO,> (Radu et al., 2005).

In many As-contaminated subsurface environments, including reducing aquifers across South
and Southeast Asia, both dissolved carbonate and dissolved Fe** are commonly present at
relatively high concentrations. These conditions favor the formation of Fe carbonate
complexes (King, 1998) and the precipitation of Fe carbonate minerals (FeCOs). Although,
some studies suggested that FeCO3 (siderite) might sorb significant amounts of As(lIl) and
As(V) (Guo et al., 2007), this is mainly the case for As(V) (0 et al., 2010; Jonsson and
Sherman, 2008a). Yet, As(lll) accounts for the majoritv o dissolved As under reducing
condition, therefore this process is likely less relevar.. 't 1, therefore evident that the role of
carbonate minerals that are ubiquitous in areas whe’e ancerobic CH,4 oxidation occurs, needs

to be critically evaluated in order to better unc'»rsiaiid As cycling under these conditions.

Sulfur cycling, and in particular sulfate re "iction, often also plays an important role in As
mobility. Sulfide (S*) produced via ic.cobially mediated sulfate (S04%) reduction under
strongly reducing conditions, can precipitate Fe and thereby co-precipitate As. Various Fe(ll)
sulfides such as pyrite, macki.>aw.te and troilite show a remarkable sorption affinity towards
As (Bostick et al., 2004 Bo.tick and Fendorf, 2003; Kirk et al., 2004; Lowers et al., 2007).
Additionally, As can also form pure phases (e.g., realgar (AsS), orpiment (As,S3) or metal-As
sulfides (e.g., arsenopyrite (FeAsS) (Newman et al., 1997). Although Fe(ll) sulfides are
usually less abundant in delta aquifer sediments compared to Fe(l11) (oxyhydr)oxides due to a
limited supply of sulfur in freshwater environments, SO,* reduction is generally linked to a
decrease of As concentrations in water (Buschmann & Berg, 2009; Kirk et al., 2004; Rittle et
al., 1995) and precipitation of As with Fe sulfides has been proposed as remediation strategy

for As contaminated groundwater (Keimowitz et al., 2007; Omoregie et al., 2013; Pi et al.,



2017). Various adsorbed, coprecipitated and specific mineral phases in reducing sediments,

however, are seldom investigated in relation to microbial processes.

Therefore, the objectives of this study were to investigate the microbial communities and their
involvement in biogeochemical cycles of CH,, Fe, As, and to lower extent S. We aimed to
identify the relevant microbial processes in the aquifer sediments and their potential direct or
indirect impact on Fe mineralogy and As mobility. Our study highlights the importance of
CH; which can be a relevant intermediate in microhially mediated Fe mineral

(trans)formation at the redox transition zone (RTZ).

2. Materials and methods

2.1 Study area and sample collection

Van Phuc is a village located within a n.:arder of the Red River (20°55'18.8"N,
105°53'38.3"E) about 15 km Southeast ror Hanoi, Vietnam. The groundwater below Van
Phuc is characterized by varying As ~oncentrations that locally exceed 500 pg/L in the
strongly reducing Holocene secticns f .he aquifer, while generally remaining below 10 pg/L
in the less reducing Pleistoce. @ sections of the aquifer. The transition between these two
aquifers is characterized hv s ply changing redox conditions (Fig. 1). Detailed descriptions
of the study site, incluliny its key geological, mineralogical, lithologic and hydrochemical
characteristics were provided previously (Eiche et al., 2008a, 2017; Nghiem et al., 2020;
Stopelli et al., 2020). An interesting feature of this site is a nearly flammable concentration of
CH, (over 50 mg/L) in some of the groundwater wells (Glodowska et al., 2020c). Similarly to
many other As-contaminated sites, the CH,4 concentration in VVan Phuc is positively correlated

with high dissolved Fe and As concentrations (Stopelli et al., 2020).

Sediment samples from Van Phuc were taken by rotary drilling at the redox transition zone
(RTZ), which divides the As-contaminated (high As concentration in groundwater) from the

uncontaminated part of the aquifer (low As concentration in groundwater). At its top, the
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aquifer is overlain with a silty clay aquitard of ~20 m thickness, which is organic-rich in some
layers (Fig. 1 and 2). In the upper part of the aquifer (at 20-30 m depth below ground), the
groundwater is most reducing and has the highest As (up to 400 pg/L), Fe (13 mg/L) and CH4
concentrations (up to 51 mg/L) (Glodowska et al., 2020c). This part consists predominantly of
gray sediments, thus implying that at least a partial reduction of Fe(I1l) minerals occurred. On
the contrary, groundwater in the lower part of the RTZ (30-42.5 m) is characterized by As
concentration below 10 pg/L, trace concentration of Fe and no CH,4. Sediments in the lower
part of the RTZ are predominantly yellow to brown, indicatin® th.* reduction of these Fe(lll)
minerals has not occurred at this depth. Below 42.5 n qepth, an underlying aquitard
consisting of silty clay but poorer in total C compared to \"e upper aquitard has a thickness of

nearly 4 m. It is underlain by a gravel layer at 46 m d~pu- (Fig. 1).

In October 2018, sediment cores (10 cm in di®mew; each individual piece ca. 3 m long) were
collected using a rotary drilling technique t, a depth of up to 46 m below ground level. Core
characterization for sediment litholrny, colour, grain size, magnetic susceptibility and a
photographic documentation war, .~riurmed in the field directly after core segments were
opened. Each sediment core wec= halved using a ceramic knife. After core characterization,
subsamples were collectru ruin the central part of the core to minimize contamination with
drilling fluids. For miciobial community analysis, sediments were collected with ethanol
sterilized spatula into sterile 15 mL Falcon tubes. Collected sediments were immediately
immersed in LifeGuard Soil Preservation Solution (Qiagen) in order to stabilize the microbial
DNA and RNA. Samples were stored on dry ice during transport and placed in a -80°C
freezer upon arrival at the laboratory until analysis. For the geochemical and mineralogical
analysis, bulk sediments flushed with N in the field were collected (n=69). All samples were
cooled immediately after sampling and during transport to minimize microbial activity and

alteration of the Fe mineralogy. Water- and air-tight pouches with zip (PET/PE-



LD/Aluminium stand-up pouches LamiZip, (DAKLAPACK)) preventing oxygen, vapour and

UV radiation were used to minimize sample alteration.

2.2 Microbial Community Analysis

DNA extraction, 16S rRNA gene sequence analysis and quantitative PCR

DNA was extracted using a phenol-chloroform method following a protocol from Lueders et
al. (Lueders et al., 2004). DNA was eluted in 50 uL of a 10mM Tris buffer. DNA
concentrations was determined using a Qubit® 2.0 Fluorome er with DNA HS kits (Life
Technologies, Carlsbad, CA, USA). Bacterial and archaeal 13S 'RNA genes were amplified
using universal primers 515f: GTGYCAGCMGCCGCG:51 /.~ (Parada et al., 2016) and 806r:
GGACTACNVGGGTWTCTAAT (Apprill et al., .11%) fused to Illumina adapters. The
PCR cycling conditions were as follows: 95°C for 3 min, 25 cycles of 95°C for 30s, 55°C for
30 s, and 75°C for 30 s. This was followru 'y « final elongation step at 72°C for 3 min. The
quality and quantity of the purified an.plicons were determined using agarose gel
electrophoresis and NanoDrop (Naco p 1000, Thermo Scientific, Waltham, MA, USA).
Subsequent library preparation s.~ns and Illumina MiSeq sequencing (lllumina, San Diego,
CA, USA) using the 2 x 250 by MiSeq Reagent Kit v2 (500 cycles kit) were performed at
Microsynth AG (Ba'aach, >witzerland). Between 38,425 and 172,443 read pairs were

obtained for each sampl:.

Sequencing data was analyzed with nf-core/ampliseq v1.0.0, which includes all analysis steps
and software and is publicly available (Ewels et al., 2020; Straub et al., 2019). Primers were
trimmed, and untrimmed sequences were discarded (<10% per sample) with Cutadapt version
1.16 (Martin, 2011). Adapter and primer-free sequences were imported into QIIME2 version
2018.06 (Bolyen et al, 2018), their quality was checked with demux
(https://github.com/giime2/g2-demux), and they were processed with DADAZ2 version 1.6.0

(Callahan et al., 2016) to eliminate PhiX contamination, trim reads (before median quality
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drops below 35; forward reads were trimmed at 230 bp and reverse reads at 200 bp), correct
errors, merge read pairs, and remove PCR chimeras; ultimately, 18510 amplicon sequencing
variants (ASVs) were obtained across all samples. Alpha rarefaction curves were produced
with the QIIME2 diversity alpha-rarefaction plugin, which indicated that the richness of the
samples had been fully observed. A Naive Bayes classifier was fitted with 16S rRNA (gene)
sequences extracted from the SILVA version 132 SSU Ref NR 99 database (Pruesse et al.,
2007), using the PCR primer sequences. ASVs were classified by taxon using the fitted
classifier (https://github.com/qiime2/q2-feature-classifier). AS‘/s  'assified as chloroplasts or
mitochondria were removed. The number of removed ASY s vas 60, totaling to <2% relative
abundance per sample, and the remaining ASVs had tn.fr abundances extracted by feature
table (Pruesse et al., 2007). The abundance table was ra, ~fied with a sampling depth of 26162
- the number of minimum counts across s¢im, tee, - and Bray-Curtis dissimilarities were
calculated with g2-diversity (https://githt 2.c.m/qiime2/g2-diversity).

Pathways, i.e. MetaCyc ontology preu.-tions, were inferred with PICRUSt2 version 2.2.0-b
(Phylogenetic Investigation of Cor.munities by Reconstruction of Unobserved States)
(Langille et al., 2013) and M::*Pati, (Minimal set of Pathways) (Ye and Doak, 2009) using
ASVs and their abundance c~wats. Inferring metabolic pathways from 16S rRNA amplicon
sequencing data is nut «~ accurate as measuring genes by shotgun metagenomics, but it yields
helpful approximations to support hypotheses driven by additional microbiological and

biogeochemical analyses (Langille et al., 2013).

Raw sequencing data have been deposited at GenBank under BioProject accession number
PRINA669416 (https://www.ncbi.nim.nih.gov/bioproject/PRINA669416) and the sample at
39.7 m depth was previously deposited as SRR10590531, BioSample SAMN13483907 in

BioProject PRINA593718.
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Quantitative PCRs specific for 16S rRNA genes of bacteria and archaea, methyl-coenzyme M
reductase subunit alpha (mcrA) genes, particulate methane monooxygenase (pmoA) genes,
anaerobic arsenite oxidase (arxA) genes were performed. The gPCR primer sequences, gene-
specific plasmid standards, and details on the thermal programs are given in Table S1.
Quantitative PCRs on DNA extracts obtained as described above were performed in triplicate
using SybrGreen® Supermix (Bio-Rad Laboratories GmbH, Munich, Germany) on the C1000
Touch thermal cycler (CFX96™ real time system). Each quantitative PCR assay was repeated
three times, with triplicate measurements calculated for each <arn.nle per run. Data analysis

was done using the Bio-Rad CFX Maestro 1.1 software versiu 4.1 (Bio-Rad, 2017).

2.3 Geochemical and mineralogical analysis

Total bulk concentrations (n=69) of selected ma or e'’ements given as oxide (K0, CaO, MnO,
Fe,03), and As were quantified in homog~.m.ea cediment material using energy dispersive X-
ray fluorescence analysis (XRF) (SpsilonZ, PANalytical) with approximately 1 mg/kg
detection limit for As. Total carbo:' 71 C) and total sulphur (TS) contents were determined
with a carbon-sulfur analyser (A CS-2000, ELTRA). Volume magnetic susceptibility was
measured with a handheld SM-?0 Kappameter (ZH Instruments) in 10 cm intervals (n=374)

along the halved corer diact)y in the field.

Iron and As X-ray absorption spectroscopy (XAS) was performed on glycerol-preserved
sediment samples at Stanford Synchrotron Radiation Lightsource (SSRL) on beamline 4-1.
Eighteen samples were analyzed for Fe, while 22 were analyzed for As. For these
measurements, 2 to 3 g of fresh sediment material were taken from the core directly in the
field. Blotting paper was used to quickly remove entrained water. Samples were then
saturated with an equal volume of glycerol (bidistilled 99.5%, VWR Chemicals) in
centrifugation tubes, sealed with parafilm and stored under nitrogen atmosphere to avoid

oxidation. The samples were cooled during subsequent storage and transport to 8-12°C. These
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samples were then stored in anaerobic bags and frozen (-20°C) until measurement. Just before
measurement, samples were transferred from storage and prepared as thin films sealed in
Kapton tape. Each measurement used a Si (220) monochromator, configured with a phi-angle
of 90°. Iron K-edge extended X-ray absorption fine structure (EXAFS) was measured with a
32-element Ge detector or passivated implanted planar silicon (PIPS) detector using Soller
slits and a 3ux Mn filter as previously described (Nghiem et al., 2020). Iron EXAFS spectra
were calibrated with Fe foil (7112.0 eV for the edge inflection point); typically, Soller slits
with Mn filter were used with the beam signal detuned to 50% Ai.~nic X ray absorption near
edge structure (XANES) spectra were collected with the e “etector using Soller slits and a
Ge filter, using spectra calibrated with the Au L edge (11219 eV). All samples were collected
in fluorescence mode with a calibration foil present, yviu: the Fe foil for Fe EXAFS and an Au

foil for As XANES in series to permit sample 7a.’ar=tion on each scan if needed.

Averaging, background subtraction and nc-nalization of samples spectra for Fe EXAFS was
done in SIXPACK; chi files were se'~a .ith k-range from 1 to 12. The fraction of different
mineral components of Fe were uewcmined from processed spectra using linear combination
fitting (LCF) using ferrihyd:te, qoethite, hematite, green rust sulfate, magnetite, Fe(ll/I11)
silicate (modeled with hrriclende), biotite, pyrite and mackinawite, typically with fractional
errors of about 0.08-0.1. Following fitting, the fits were normalized to 1 for comparison.
These minerals represent mineral groups in some cases rather than specific minerals, in part
because structures are often too similar to differentiate minerals based on EXAFS alone. Key
to this work, fits may not differentiate ferrinydrite from nanogoethite (Sun et al., 2018). Fe
within many silicates also represents a challenge in that there are many Fe-bearing silicates,
including many clays, amphiboles and other minerals, many of which contain both Fe(Il) and
Fe(l11). Our fits effectively combine those minerals with a single amphibole, hornblende. The
mineral standard green rust sulfate is used to represent green rust, but other green rusts and

layered double hydroxides also have similar structures that are difficult to distinguish in
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mixtures. The fraction of Fe(ll) was calculated as fraction of Fe(ll) over total Fe using the
fraction of each mineral present based on Fe(ll) content; hornblende is a variable oxidation
state mineral but the reference material we used contains 65% Fe(ll) based on previous

measurements (Nghiem et al., 2020).

3. Results and discussion

3.1 Sediment geochemistry and mineralogy

Top aquitard section (AT-1 and AT-2)

The sediment geochemistry varies greatly between the uni>rent lithologies and is clearly
related to sediment color (Fig. 2). In the upper aquitar? u>wn to a depth of approximately 18
m, average concentrations of TC (1.85£2.30 wt%), TS (¢ 20£0.29 wt%), Fe,O3 (5.8+4.6 wt%)
and As (136 mg/kg) are highest but with a cu.'<iJerable standard deviation, reflecting the
geochemical heterogeneity. The aquitar. ce.1 be clearly separated into two distinct sections
(Fig. 2), i.e., an upper section of 12 1.~ thickness (AT-1) and a lower section (AT-2). The
upper section contains two times highzr As, more than 10 times higher TC and 40 times
higher TS concentrations. Ear. er swdies showed that most of the TC is present as organic
carbon throughout the sedu,ert profile (Kontny et al., 2021). The differentiation is also
evident from the difrercces in magnetic susceptibility, which indicates variations in the Fe
mineralogy despite a similar Fe,O3 content in these two sections of the aquitard. At 17.1 m,
directly at the transition of gray and brown sediments and close to the aquitard-aquifer
interface, Fe,O3 and As concentrations were the highest within the entire sediment profile

with 23.7 wt% and 17 mg/kg, respectively.

Highly reduced aquifer section consisting of gray sand (AF-1)
The aquifer can be separated into an upper, mainly gray section (AF-1; 19.7-30.1 m) and a
lower, mainly yellow-brown section (AF-2; 30.3-42 m). Interestingly, despite the differences

in sediment color, the geochemical composition (TC, TS, MnO, Fe,O3 As) is relatively
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similar for both sections. Peaking Fe,O3 (6.5 wt%) and As concentrations (14 mg/kg) occur at
the transition between gray and yellow-brown sands (30.7 m). Elevated TC (1.7 wt%), TS

(0.15 wt%) and As (12 mg/kg) occur at the lower aquitard-aquifer interface (IF-2; 42.7 m).

There are clear differences regarding magnetic susceptibility, Fe mineralogy and As
speciation between the two aquifer sections (Fig. 2 and 3). In general, the gray upper aquifer
(AF-1) section has little goethite (mainly <10% of total Fe). The corresponding groundwater
in this section of the aquifer is highly reducing with high conrentrations of dissolved Fe, As
and CH,; (Glodowska et al., 2020c; Stopelli et al., 202C). his could explain the low
proportion of goethite, which is likely dissolved in respcnse 0 intrusion of reducing water.
Although ferrihydrite content is highly variable and o1.°n low, at some depths it represents
more than 30% of total Fe in the gray aquifer sedimernts. The presence of ferrihydrite in
anoxic sediments suggests that ferrihydrite is :ither also being produced through anaerobic Fe
cycling , or is stabilized (Sun et al., 202> The reduced portion of the aquifer (AF-1) also
contains more elevated fractions of re“uccd Fe minerals, including Fe sulfides, green rust and
magnetite. These minerals are muc,. more abundant in some AF-1 sections of the gray part
compared to the AF-2 lowor cawifer, which is in agreement with the higher magnetic
susceptibility (Fig. 2 and s,. Hornemann et al. ( 2004) previously described that As release is
predominantly coupled tc the transformation of Fe(lll) (oxyhydr)oxide coatings to Fe(ll) or
mixed (Fe(1l/111) phases. Moreover, Nghiem et al. (2020) by statistically grouping sediments
from aquifer in As affected areas found that gray sediments are generally lower in reactive
ferrinydrite but enriched in secondary Fe(ll) minerals such as siderite and sulfides which
overlaps with our observations. The relatively high content of Fe(lll) minerals, especially
ferrihydrite, in the gray part of the aquifer (AF-1) could also be related to the reprecipitation
of Fe(l11) minerals in a coupled process with Mn(1V) reduction as indicated by high resolution

investigations in a core that was taken at the same location (Kontny et al., 2021). This is
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further supported by high concentration of dissolved Mn in the groundwater (Stopelli et al.,

2020).

Despite the high groundwater CH, content and alkalinity in the highly reducing section of the
aquifer (AF-1; 20-30 m), Fe carbonates are only present at the upper aquitard-aquifer
interface (IF-1; 19.7 m) and at the transition from gray to yellow-brown colored sediments
(28.1 m). The absence of siderite could be explained by diverse interactions of carbonate ions
with Fe?* and Fe minerals. Chen et al. (2020) showed that joethite tends to aggregate to
larger particles in the presence of Fe** and high alkalinity, v.nic could explain the elevated
goethite content in the reduced AF-1 aquifer at 22.2 and 2.7 ni (Fig. 3). It is also conceivable
that carbonate minerals are not detectable in bul'. scmples due to their relatively low
abundance and their mixed nature (Fe-Mn-Ca carhcaates, (Kontny et al., 2021). In the upper
part of the aquifer at 20.4 m depth (AF-1), :ne 1ow proportion of goethite, the presence of
green rust, siderite and the dominance v As(lll) indicate reducing conditions despite the
clearly orange sediment color. We a2~ur.» that sediment color shows a delayed response to
the intrusion of reducing water rar.~ularly because it takes many pore volumes in order to
change the sediment redox stote. “onsequently, sediment color alone may not be sufficient to

define the redox state of */1c ~euiment.

As(I11) is mainly domir=.ing (61-85%) in the gray part of the aquifer (AF-1) supporting the
predominance of reducing processes in this part (Fig. 3). The proportion of As(lll) is
gradually decreasing from 27 m towards the transition to yellow brown sand. Furthermore,
sulfate reduction appears to play a role in the gray part as indicated by the presence of As
bearing sulfides in addition to Fe bearing sulfides. At 28.1 m, FeAsS has a contribution of
approximately 30% to the total As speciation. At this depths, also secondary formed Fe(ll)
minerals such as green rust, siderite, Fe sulfides and magnetite have a relatively high

abundance (Fig. 3). The slightly higher As content in many of the gray aquifer samples
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compared to the less reduced lower aquifer section (AF-2) indicates that Fe minerals
precipitation or transformation in this part could be an important sink for dissolved As that is

transported from upstream (Fig.1).

Less reduced aquifer consisting of yellow-brown sand (AF-2)

In the less reduced, yellow-brown aquifer (AF-2; approximately 30-40 m), goethite is the
clearly dominating Fe(l11) mineral while the abundance of hematite is much lower (<5%) and
the content of ferrihydrite is highly variable (Fig. 3). The higher proportion of goethite is
expected due to the suboxic nature of the groundwater (little dis~oived Fe, As, no SO* and
CH,) at this depth (Glodowska et al., 2020c; Stopelli et al., 2020). This also explains why
reduced Fe minerals like Fe sulfides or green rust «re nenerally absent. The dominance of
Fe(I1l) (oxyhydr)oxide minerals is in agreement wit.1 the much lower magnetic susceptibility
in the yellow-brown part (AF-2). Nghiem et al. (2020) already observed this general trend
where a high abundance of ferrihydrite anu 10ethite and a low abundance of Fe(ll) minerals is
characteristic for aquifer sediments 12'wv > dissolved As. The presence of magnetite in some
layers (Fig. 3), where magnetic susceptibility is also high (Fig. 2), could be indicative of a
transition towards a more rec'ice state (Nghiem et al., 2020), which would also explain the
yellow-brown rather thar. u,2nge color typical for low As aquifers. The suboxic state of this
part of the aquifer is als) visible in the As speciation where As(V) is mainly present and
represents >50% of the As pool down to a depth of 40 m and no As bearing sulfides are
detectable. At 31 m depth, siderite shows its highest abundance (15% of Fe minerals) within
the investigated core segments. This is in contrast to the yellow-brown color, the absence of
other reduced Fe species, and the dominance of As(V). Siderite can be formed straight after
the onset of reducing conditions (Kontny et al., 2021). Thus, the presence of siderite could be
an early indicator for the intrusion of reducing water preferentially drawn in from the
Holocene aquifer at this depth. Despite the absence of measurable CH, in the groundwater in

this part of the aquifer, methanogens and methanotrophs represent the majority of the
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sedimentary microbial community (Fig. 4), suggesting a rapid consumption of CH,; and
biomass build-up, typical for a cryptic methane cycle similar to other cryptic biogeochemical

cycles (Kappler and Bryce, 2017).

The situation is different below approximately 42 m, i.e., at the aquifer section located above
the bottom aquitard (AT-3). Despite the fact that the groundwater is suboxic even with traces
of sulfate, the Fe mineralogy (decreasing proportion of goethite, presence of green rust, Fe
sulfides and carbonates) and As speciation (dominance of As(lll); high abundance of As
bearing sulfides) clearly points towards strongly reducing proce.ses. At the transition to the
lower aquitard (AT-3; 42.9 m), strongly reducing condit.ans accur, as indicated by the low
abundance of goethite but the presence of siderite, a .ei.tively high abundance of Fe sulfides
and reduced As species, with arsenopyrite as mainr As mineral (Fig. 2 and 3). The formation
of Fe and As sulfides seems to be an importa 't imimobilization mechanism for As, as shown
by the high concentration of Fe, (6.1 w.> Fe;O3) and As (11 mg/kg). Overall, the entire
transition zone seems to be highly re~cti e, Siderite, green rust and arsenopyrite are mainly

present here, indicating an in-situ ro, Mation as response to the intruding reducing water.

3.2 Effect of fermentation, mewianogenesis and methanotrophy on Fe redox dynamics

Link between fermeiit.*ioi, and Fe cycling

The top aquitard (AT-1 and AT-2) consisting of silty clays seems to be hydraulically
connected with the underlying sandy aquifers via sand lenses that are locally present (Stopelli
et al., 2020). The aquitard, rich in total carbon (TC) (Fig. 2), supports the presence of various
groups of microorganisms involved in C turnover, such as fermenters, methanogens and
methanotrophs (Fig. 4 and 5). Among known fermenters Chloroflexi, Firmicutes and
Aminicenantales (Gupta et al., 2014; Kampmann et al., 2012) were the most abundant taxa in
the aquitard as well as in the aquifer (Fig. 4) with Aminicenantales being clearly more

abundant in the gray reduced sediments (AF-1) compared to the yellow-brown sediments

17



(AF-2) further below. Moreover, fermentation was predicted as the most abundant
environmentally relevant pathway in the microbial community along the whole core (Fig. 5).
The fermenters might play a particularly important role in the aquitard as key organic matter
degraders. A variety of organic acids such as acetate, lactate, propionate or formate can be
produced as a result of fermentation (Chapelle, 2000; McMahon and Chapelle, 1991). These
compounds can be transported from the hydraulically connected aquitard to the aquifer,
providing bioavailable OC to further fuel reductive dissolution or transformation of Fe(lll)
minerals and As mobilization. The transport of organic carbrn via these connections could
explain why the upper gray aquifer (AF-1), to which bizav uable OC can likely percolate
from the carbon-rich aquitard (AT-1), is already rediiced (20-30 m depth), while the lower
aquifer (30-42.5 m), where the OC transport was lim‘tev, is not reduced yet. The volatile fatty
acids analysis from sediment porewater col’ac’2d at the same site indeed confirmed the
presence of acetate, lactate and propior ate at the depth between 24 and 27 m (Table S2),
although at rather low concentrations (.5-200 puM).

Although, not fully confirmed in ~ur ~t.dy, fermentation may also be directly involved in Fe
and As release to groundwater. Several studies showed that significant amounts of As may be
associated with natural orna~ic matter (NOM) such as humic substances through covalent
binding (Buschmanii c* a., 2006; Warwick et al., 2005) or via ternary metal bridging
complexes with Fe and OM (Lin et al., 2004; Redman et al., 2002; Sharma et al., 2010;
ThomasArrigo et al., 2014; Tipping et al., 2002). During C degradation and fermentation,
these complexes may break up and release As and Fe into water. We hypothesize that the
presence of binary and ternary complexes may explain generally higher As and Fe
concentrations in C rich top and bottom aquitards (AT-1 and AT-22; Fig. 2) in our field site.
Iron and As mobilized via fermentation could move further down the aquitard and migrate to
the sandy aquifer (AF-1), overall contributing to the upper aquifer contamination, as

discussed earlier (Glodowska et al., 2020c; Stopelli et al., 2020).
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Methane production across sediment profile

Based on 16S rRNA gene sequences analysis (Fig. 4), Bathyarchaeota appeared to be the
most abundant and omnipresent group of microorganisms across the whole vertical sediment
profile, but particularly enriched in the aquitards over- (AT-1 and AT-2) and underlying (AT-
3) the aquifer (64% of relative abundance at 9 m depth). Moreover, these archaea seem to be
more abundant in the yellow-brown part of the aquifer (AF-2; 30-42.5 m) compared to the
overlying gray part (AF-1; 20-30 m). Most members of Bathva, ~haeota are considered as
acetogens gaining energy through the reductive acetyl-Cou, pathway and fermentation of
various organic substrates (Feng et al., 2019; He et al. 2u"6). However, archaea belonging to
this group were also shown to be capable of methvlo.aphic methanogenesis, feeding on a
wide variety of methylated compounds, possess. '@ an additional ability to ferment peptides,
glucose and fatty acids (Evans et al., Z915,. The identification of key genes of the MCR
complex (mcrA, mcrB and mcrG), ana e presence of hdrABC and mcvhADG responsible for
the cycling of coenzyme M (CoM) ard coenzyme B (CoB), further suggest their role in
methanogenesis (Evans et al., ?015). This is in line with our qPCR analysis which showed
that the mcrA gene is much Mee abundant in the top aquitard (AT-1 and AT-2; Fig. 6) and
generally mirrors tie “isuibution of Bathyarchaeota along the whole profile (Fig. 7).
Therefore, it is very likely that Bathyarchaeota that are abundantly present at our field site are
responsible for the very high CH4 concentrations, reaching up to 51 mg/L in the AF-1 upper

aquifer (Stopelli et al., 2020).

Methane oxidation linked to Fe and As cycling
As a consequence of the high concentrations of CH,4 in groundwater, methanotrophs also
appear to be quite abundant in the sediment (Fig. 4). Among know CH,-oxidizers, the phyla

related to NC10 bacteria were the most represented, followed by a diverse group of anaerobic
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methane-oxidizing archaea (ANME) such as Methanomicrobia with dominance of
Candidatus Methanoperedens (Fig. 4). Despite the absence of measurable CH, in the
groundwater in the yellow-brown part of the aquifer (AF-2), methanogens and methanotrophs
represent the majority of the sedimentary microbial community in this section (Fig. 4). In fact,
methanotrophs and methanogens appeared to be more abundant in the lower suboxic aquifer
(AF-2) compared to the upper gray, highly reduced aquifer (AF-1) where CH4 was present at
high concentration (Stopelli et al., 2020). This might suggest a rapid CH, turnover and justify

intensive biomass build-up.

Numerous studies showed that anaerobic CH, oxidaticy ce1 be coupled to reduction of
various electron acceptors such as SO,* (Boetius €¢ ', 2000; Knittel and Boetius, 2009;
Milucka et al., 2012; Orphan et al., 2001; Scheller :t al., 2016), NO3™ (Haroon et al., 2013),
NO, (Ettwig et al., 2010), Mn(IV) (Leu et ai 20£0) or Fe(l1l) (Aromokeye et al., 2020; Cai
et al., 2018; Ettwig et al., 2016). At our sw.".y site, the concentrations of NO3” and NO;" in the
groundwater were below their respe-tive detection limits; SO,% was detected only in the
deepest section of the aquifer (tele* 35 m) and at relatively low concentrations (max. 4.3
mg/L) (Glodowska et al., -2720c) (Table S2). Furthermore, although Mn(IV) is
thermodynamically a mure tavorable electron acceptor than Fe(lll), Mn(IV/1Il) was less
abundant in the aquifer scdiments (Fig. 2; Table S4). Therefore, Fe(lll), that is ample present
across the entire depth profile, seems to be the most probable electron acceptor for anaerobic

CH, oxidation in Van Phuc.

Our previous study (Glodowska et al., 2020b) confirmed that oxidation of CH4 was indeed
coupled to Fe(lll) reduction within the yellow-brown sediments, mediated by Ca.
Methanoperedens, a type of archaea that was previously shown to be capable of reducing
Fe(ll) (Cai et al., 2018). High resolution 16S rRNA gene sequence analysis revealed that this

microorganism was present across both aquifers and sporadically also in the aquitard, with
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particularly high abundance at 17.2 m depth (AT-2) where it represented nearly 13% of the
microbial community and at 31 m (AF-2) where it accounted for 11%. This increased
abundance of Ca. Methanoperedens closely coincided with two major Fe and As peaks in
sediments along vertical profile (Fig. 3). At 31 m depth, the high abundance of Ca.
Methanoperedens is accompanied by the maximum siderite content (15%). The relatively low
Fe concentration (2.8 wt%) indicates that this Fe(lll) may be reduced by Ca.
Methanoperedens but instantly precipitated as siderite. The relatively high sedimentary As
concentration could be related to the sorption of released As/*/) > remaining goethite or its
incorporation into siderite (Guo et al., 2007). Furthermorr.,, v 'r previous studies (Glodowska
et al., 2020c, 2020b) also revealed the presence and hiai, abundance of this archaea in some
groundwater wells, particularly in those where CH, cucentrations were elevated. A recent
study by (Shi et al., 2020) showed that a similer ¢ -0r.p of ANME archaea was also involved in
the reduction of As(V) in contaminated < ils and sediments implying that As(V) might also be
used as electron accepter. Currently, v.= Methanoperedens taxon is the only known Fe(l1)-
reducing methanotroph, but it is v.ery V'kely that there are other microorganisms among the
diverse group of methanotropi.~ found in the sediment as well as in the groundwater of Van

Phuc that are able to use FetiI" as electron acceptor and potentially affect the fate of As.

3.3 Microbially mediate =e (trans)formation

As previously shown in batch experiments with Fe(lll)-reducing bacteria, oxidizing short-
chained fatty acids, ferrihydrite might be completely reduced or transformed to secondary
Fe(Il)-containing minerals, such as siderite (in buffered medium), magnetite or green rust
(Fredrickson et al., 1998). This is in line with our observations, where sediments with a
relatively low content of ferrihydrite (<10-20%) in our core are often accompanied by
magnetite and partly also green rust, but not by siderite (Fig. 3). It was also shown that more

crystalline Fe(lll) minerals such as goethite and hematite were incubated with Fe(lll)-
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reducing bacteria, Fe(lll) was only partially reduced (Zachara et al., 2001, 1998). This could
explain the residual content of hematite in the gray sediments, despite clear signs of strong
reduction (Fig. 3). Based on our previous studies where we incubated orange sediments from
Van Phuc either with NOM (Glodowska et al., 2020a) or CH,4 (Glodowska et al., 2020b),
Fe(lll) reduction mediated by Geobacter sp. and Ca. Methanoperedens, respectively, were
accompanied by changes in sediment color from orange to dark brown/gray (Fig.S1). Most of
the samples in the more suboxic part of our core have a yellow brown color indicating a
partial reduction of Fe(lll) minerals. Although in both cases, with NOM and with CH, as
electron donor, some of the formed Fe(Il) was released as ;-J*aq to groundwater, the majority
of it remained in the sediments. Therefore, the incomnle:= reduction of Fe(lll) minerals and
sorption of Fe(ll) onto remaining Fe(l1l) mineral ph#se. likely led to the formation of Fe(ll)-
bearing or mixed-valence Fe minerals such as i -acaetite, siderite or/and green rust. Similar
processes probably occur at our field si’» ir Van Phuc as these minerals were also found at
different depths across the aquifer, where the Fe(ll)-bearing phases were generally more
abundant in the reduced gray sedimcn’, particularly at a depth of 26.9 m (Fig. 3). Fe(lll)
reduction and formation of minerals containing Fe(ll) and Fe(lll) cations is usually
accompanied by As mobu.zat,on to the groundwater and therefore the Holocene gray
sediments (AF-1) are y~neially associated with As-rich groundwater (Eiche et al., 2008a).
This is exactly what we observed in the reduced gray aquifer (AF-1) where As groundwater
concentration overpassed 370 pug/L while in the deepest part of the Pleistocene aquifer (AF-2)
it was below 10 pg/L (Table S3). Moreover, As(l11) strongly dominates the upper Holocene
aquifer sediment (AF-1). We hypothesize that a fraction of the As(lll) is derived from the

reduction of As(V) coupled to anaerobic CH,4 oxidation (Shi et al., 2020)

Methane oxidation and carbon degradation support carbonates formation
Microbially mediated CH, oxidation and C degradation (e.g., via fermentation) that are

obviously important processes in Van Phuc, both increase the HCOj3 anion concentration. In
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consequence, groundwater C-alkalinity in the redox transition zone is generally high,
particularly in the upper gray sediments where it is between 9.2 and 12 mmol HCOg3/L (Table
S3). In carbonate- and Fe?*-rich environments such as the Holocene aquifer (AF-1) at our
study site, carbonate green rust might form (Guilbaud et al., 2013). Green rust was identified
at several depths, especially in the upper, gray aquitard (Fig. 3) with >10% at 26.7 m depth.
Because of the presence of ferrous iron in the structure, green rusts possess reducing
capabilities. Yet, it was shown that this is not the case for As(V), which is not reduced to
As(I1l) in the presence of green rust (Jonsson and Sherman 2ul8b; Randall et al., 2001).
However, the same studies also showed that As(V) rem-an. adsorbed on the green rust as
(HAsO4)*" forms inner-sphere surface complexes, which ~as also the case for magnetite and
siderite. Besides, As(l1l) could be oxidized by Fe(l)}-activated goethite as it was previously
reported (Amstaetter et al., 2010). This could ¢xy. -ai*, the presence of As(V) accounting for up
to 20% in the reduced sediments (Fig. 3} M st importantly, it was demonstrated that As(ll1),
which is predominant in the gray pan ~f the sediment core, also forms inner-sphere surface
complexes on green rust and magreati.= (Jonsson and Sherman, 2008b). Therefore, green rust
and magnetite, which were p-eseni across the whole profile (Fig. 3), may also play an
important role as host phas> ‘or As, despite their lower abundance compared to Fe(lll)
(oxyhydr)oxides. In rac® e highest sedimentary As concentrations were detected at depths
between 30 and 31 m which is where an increased abundance of magnetite, green rust and

siderite was observed (Fig. 2 and 3).

Groundwater hydrogeochemistry can assist in understanding the mineralogical composition of
the aquifer sediments. Bicarbonate likely originates from C degradation (e.g., via
fermentation) and/or anaerobic CH, oxidation (Reeburgh, 2007; Zhu and Dittrich, 2016), but
it can also result from the dissolution of carbonates already present in the sediments. Either
way, HCOj is the most relevant anion in the groundwater and based on saturation index

calculations, the high alkalinity together with relatively high Ca concentrations (96-101
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mg/L) (Stopelli et al., 2020) supports the hypothesized precipitation of carbonate minerals
such as siderite or calcite. Calcite was not found in our study, however, it was detected in the
aquitard of a core that was previously collected in close vicinity (Kontny et al., 2021).
Therefore, Fe carbonates seem to be most relevant in this context. Uptake of As by siderite is
in general less favorable than adsorption or incorporation to Fe(l11) (oxyhydr)oxides (Bardelli
et al., 2011). This process, however, could become environmentally relevant whenever the
adsorption onto Fe(lll) (oxyhydr)oxides is compromised, i.e. due to decreasing availability of
sorption sites and ongoing reduction as in the gray part of the seu'ment (AF-1). The surface
available for As sorption gradually decrease during the t-anctormation of poorly crystalline
and high-surface area minerals such as ferrihydrite towa4s more crystalline phases such as
goethite, in addition to the change in sorption cepac'ty and bioavailability of the more
crystalline phases compared to ferrinydrite (C-arek et al., 2018). Moreover, secondary
minerals such as calcite or siderite that ¢ ‘e redicted to form at our study site (Stopelli et al.,
2020) may coat the surface of highly reactive Fe(lll) (oxyhydr)oxides further limiting the
reductive dissolution (Vencelides ot »1, 2007), and at the same time reduce their sorption
capacity and affinity toward: As. It was recently shown that the reactivity of Fe(lll)
(oxyhydr)oxides such as nocthite decreases in the presence of dissolved carbonate due to
changes in the surface Jhaiye and aggregation (decrease of sorption sites) (Chen et al., 2020).
In this scenario, carbonates, especially siderite, may play an important role is As sorption and

immobilization.

The bicarbonate that is abundant in the redox transition zone might also act as a competitor
for sorption sites on the Fe(lll) (oxyhydr)oxides, although it has a lower affinity for
adsorption than As species. The sorption affinity was shown to decrease in the following
order: As(V) > PO,* > As(I11) > SiO, > HCO3™ (Bang et al., 2004). It is important, however,
to bear in mind that HCOg3 is the most abundant ion present in the groundwater, typically at

level of hundreds of mg/L compared to several mg/L of PO, or SiO, or to pg/L

24



concentration of As(V) and As(lll) (see Table S3), highlighting its potential importance as
competitor for sorption sites. Indeed, previous laboratory studies indicated that bicarbonate
ions can cause the release of As bound to sediment material (Anawar et al., 2004; Gao et al.,
2013), but generally this process is believed to be rather marginal. Yet, in many aquifers
(Anawar et al., 2003; Garcia-Sanchez et al., 2005; Swartz et al., 2004), including the aquifer
studied in Van Phuc (Stopelli et al., 2020), a positive correlation between dissolved As and
HCO3" was found. This correlation, however, might rather be an effect of As release via
microbially mediated reductive processes during which bicarb~na.> is produced as organic C
or CH, are oxidized. Although the efficiency of HCZ3 1n replacing As from Fe(lll)
(oxyhydr)oxides is not fully conclusive, it appears that t1.> oresence of Ca and Mg, which are
often abundant in groundwater aquifers, may fnnonce the As release from Fe(lll)
(oxyhydr)oxides (Saalfield and Bostick, 2010C}. = he mechanism of this process, however, is
which are similar to the one in Van Phu- calcium- and bicarbonate-promoted As mobilization
may take place, as As concentratirn tons to be highest in bicarbonate-buffered (pH 7.2-7.8),
calcite-saturated waters. A pre-licted precipitation of dolomite in the wells with elevated As
concentration (Stopelli et al., 2C20) further highlights the implications of Ca, Mg and HCO3

for As mobility.

3.4 Abundance of unexplored putative Fe(l11)-reducing microorganisms

It is well known that microorganisms can change the Fe redox state and by this indirectly
affect the fate of As in groundwater. Geobacter (Islam et al., 2005a, 2005b, 2004) and
Shewanella species (Cummings et al., 1999) are the most studied Fe(l11)-reducers. Yet, many
other microorganisms have been shown to be capable of dissimilatory Fe(lll) reduction
(Esther et al., 2015). Most of known Fe(lll)-reducing bacteria and archaea require either

organic C (e.g., short chain fatty acids, CH,4) or hydrogen (H) as electron donor (Esther et al.,
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2015). Interestingly, fermenters are extremely versatile organisms that can use a wide range of
different organic substrates but also various electron acceptors such as Fe(ll1), Mn (1V), NOs’
and NO;". Representatives of the Firmicutes phylum, abundantly present at our field site (Fig.
4), were previously shown to use Fe(ll1) as electron acceptor (Esther et al., 2015). Therefore,
it is possible that many fermenters present among sedimentary microbial communities across
redox transition zone (Fig. 4 and 5) are in fact also involved in Fe(ll1) reduction and influence

sediment mineralogy.

Members of the Acidobacteria phylum present across the enfire .ecaiment profile (Fig. 4.) are
physiologically diverse and ubiquitous, especially in soils, sea ment, freshwater, and polluted
environments (Barns et al., 1999). Acidobacteria are v~rsatile heterotrophs; therefore, it is
difficult to classify them to specific functional oroups. hHowever, genomic and culture-based
studies indicate the use of various carbon :ources from simple sugars to more complex
substrates such as hemicellulose, cellulose, 4nd chitin (Ward et al., 2009). There is increasing
evidence that Acidobacteria play an mportant role in Fe redox reactions. Not only because
members of this phylum were founu to be dominant in iron-rich environments (Bl6the et al.,
2008; Kleinsteuber et al., 270¢) but also because these bacteria seem to be genetically
equipped to reduce Fe(’11), aithough Acidobacteria do not use a pathway for ferric iron
reduction similar to that 2f either Shewanella or Geobacter (Ward et al., 2009). Moreover,
genome analysis revealed that members of Acidobacteria contained feoAB genes which
encode a high-affinity ferrous (Fe?*) iron transporter. Finally, this group of bacteria appears to
be able to scavenge Fe via siderophores, although they are not equipped to biosynthesize them
(Ward et al., 2009). All of these findings strongly imply that Acidobacteria are involved in C
degradation and Fe (trans)formation but due to the lack of a pure culture this hypothesis still

remains to be confirmed through future laboratory studies.
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Only a few taxa such as Geobacter sp., Geothrix sp. (Islam et al., 2005b) or Shewanella
(Cummings et al., 1999) have previously been shown to use Fe(l11) as electron acceptor in As-
contaminated environments. However, the microbial community present in groundwater
under Fe(lll)-reducing conditions (Glodowska et al., 2020c) and in sediments (Fig. 4),
consists of diverse microorganisms of unexplored metabolic potential, allowing for the
possibility that many of these unknown taxa can in fact also reduce Fe(lll). Based on 16S
rRNA gene sequencing it is quite clear that specific taxa are generally more abundant in the
gray reduced sediments (AF-1), whereas others are dominatina .~ the lower yellow-brown
sediments (AF-2) (Fig. 7). Acidobacteria were generally 'nu.2 abundant at the lower part of
the aquifer at the depth between 30 and 42.5 m (AF-2) and bacteria belonging to
Dehalococcoidia were dominating in the aquitard (AT-. and AT-2; 30% at 11.7 m), although
this group was generally more abundant in t.: \ellow-brawn sediments (AF-2) (7-19%)
compared to the gray sediments (AF 1) ,0.7-4.5%). On the other hand, taxa such as
Actinobacteria, Aminicenantales, or C.. Endomicrobium were clearly dominating in the gray
sediments (AF-1) (Fig. 7). There i< a <.bstantial difference between gray reduced sediments
where mixed-valence Fe(Il/11l; minerals dominate and the groundwater is high in As versus
yellow-brown sands undernecth, where Fe(l11) oxides prevail and groundwater has no or very
little As (Eiche et al., 2z2%uw). These features create the niche for microorganisms that can not
only adapt to these specific conditions but also take advantage of it. Following alpha diversity
indices, the sediment in the yellow-brown suboxic aquifer (AF-2; 30-42.5 m depth) appeared
to be microbially more diverse (Table S5) compared to gray reduced sediment (AF-1). Also
amplicon sequencing variants (ASV) were highest in this zone, suggesting that conditions
with high abundance of Fe(lll) and low As concentration supports growth of more diverse
microbial community, although mineralogically this zone was less diverse. Ultimately, this
preferential distribution of some microorganisms across the RTZ is related to the availability

of electron donors and acceptors that can support their metabolism and lifestyle.
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3.5 Indication of active S-cycling

When Fe(lll) reduction is taking place and sulfide is available, different Fe(ll) sulfides
minerals can form, including mackinawite (FeS) or pyrite (FeS;). Iron sulfides can be found
in the gray reduced part (Fig. 3), although at rather low abundance compared to other Fe
minerals. One exception is at 22.2 m depth where Fe sulfides represented >20% and realgar is
present. However, As (<1.5 mg/kg) and Fe,O3; (1.6 wt%) concentrations are particularly low
at this depth. Arsenic bearing sulfides were found in the depth ranging from 21 to 28 m and
again below 42 m. The presence of these minerals and detectruic but rather low concentration
of SO4* in groundwater (Table S3) as well as the preser e 6* microorganisms known to be
involved in sulfate reduction (Fig. 4) and sulfur oxid«uon (Glodowska et al., 2020c), suggest
that active S-cycling takes place in the aquifers. Th's is iurther supported by predicted SO,*
reduction and assimilation, as inferred from 1~S r~iNA amplicon sequences (Fig. 5). Although
Fe(ll) sulfides are much less abundant 1. *ne sediments compared to Fe(lll) minerals, they
have a very high affinity for As (Bosticn t al., 2004; Bostick and Fendorf, 2003; Kirk et al.,
2004). This is in line with the prescnee of arsenopyrite (21-28.1 m, Fig. 3) and the high As
content that was found in framu2idal pyrite (up to 5800 mg As/kg) at 30 m depth just a few
meters away from the cc.c nusition (Kontny et al., 2021). Goethite, magnetite and hematite
that are often considerea s the main sorbents for As are generally more abundant at the RTZ
of our field site yet these minerals contain approximately 20 times less As (up to 270 ug As/g)

(Kontny et al., 2021).
4. Conclusions

The high-resolution data collected in our study illustrate how challenging it is to link the
activity of specific microorganisms to the mineralogical composition of the sediments and use

the combined data to explain the observed As partitioning and As mobility. However,
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characterizing the dominant microbial groups can still be very useful to explain how specific

microbial processes may affect the dynamics of Fe and As.

In our study we identified the main microbial processes in the sediments of the redox
transition zone that are affecting Fe mineral (trans)formation and in consequence As
dynamics. Fermentation of organic carbon seems to be a key process to increase the mobility
of Fe and As in several ways. Firstly, many fermenters appear to be able to use Fe(lll) as
electron acceptor. Secondly, in the course of organic carbon degradation, fermenters produce
more bioavailable organic compounds that can fuel the activiy 2t Fe(lll)-reducing and thus
mineral-dissolving bacteria, thereby increasing As mobilit . T, irdly, fermenting bacteria very
likely can break binary As-OM and ternary As-Fe-O’vi “n.dings releasing both As and Fe to
groundwater. Finally, fermenters together with mewanotrophs increase groundwater
alkalinity, and as a consequence, the biolog’aliy produced bicarbonate can either compete
with As for sorption sites onto Fe(lll) (o~ ydr)oxides or precipitate as carbonates, cover Fe
minerals and, associated with this, reduc~ As sorption onto highly reactive minerals such as
Fe(ll1) (oxyhydr)oxides. At the same time, carbonates to some extent also possess some
affinity towards As, therefore ou*entially playing an important role in As sorption particularly
when sorption sites of F..'l)/~e(ll/111) minerals become limited. Overall, our study clearly
shows that OC turnover 1. the main fuel leading to reductive dissolution and transformation of
As-bearing Fe(l1l) minerals. Further studies should focus on characterizing these OC pools

and on identifying the potential input of OC to the aquifer.
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Fig. 2. Vertical profiles of the

cedcx transition zone including changes in magnetic

susceptibility (k) as well as Fe, A., Mn, total carbon (TC), total sulfur (TS) and P. Note that

MnO, TC and TS have a Ic~arit .mic scale for better visibility, and k is cut off at 1200 x 10°®

Sl for scale issues. The -~er.ment profile consists of top aquitard (AT-1 and AT-2), grey

Holocene aquifer (AF-1,, yellow-brown Pleistocene aquifer (AF-2) and bottom aquitard (AT-

3).
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Fig. 3. Heat map showing ‘he relative abundance of Fe minerals and As species in the

sediments across the grav Holcene aquifer (AF-1) and yellow-brown Pleistocen aquifer (AF-

2) with Fe content given in wt% and As in mg/kg. Fe mineral fractionion based on Fe

Extended X-ray Absorption Fine Structure (EXAFS) analysis was calculated based on the

total Fe content in the given sample. The As species was determined based on X-ray

absorption near edge structure (XANES).
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Gene copy number/gram sediments

Fig. 6. Gene copy numbers (log'®) of archaeal and bacterial 165 rRNA genes, pmoA (particulate methane monooxygenase — characteristic for
aerobic methane-oxidizing bacteria, also used for nitrate dependent methane oxidation) genes, mcrA (methyl-coenzyme M — typically used to target
methanogens and anaerobic methane-oxidizing Archaea) genes, arxA (arsenite oxidase) genes and nirK (nitrite reductase) genes. Top aquitard (AT-

1 and AT-2), grey Holocene aquifer (AF-1), yellow-brown Pleistocene aquifer (AF-2) and bottom aquitard (AT-3).
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Graphical abstract
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Highlights

Fermentation, methanogenesis and methanotrophy prevail at the As-contaminated site

Reducing aquifer consists of grey sediment and is dominated by Fe(l1l) (oxyhydr)oxides and
As(111)

Less reducing aquifer consists of yellow-brown sediment and is dominated by goethite and As(V)
Anaerobic CH, oxidation likely supports carbonate mineral formation

Methanotrophic Fe(lIl)-reducer Ca. Methanoperedens coincides with As and Fe peaks in

sediments
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