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a b s t r a c t 

Geogenic arsenic (As) contamination of groundwater is a health threat to millions of people worldwide, 

particularly in alluvial regions of South and Southeast Asia. Mitigation measures are often hindered by 

high heterogeneities in As concentrations, the cause(s) of which are elusive. Here we used a comprehen- 

sive suite of stable isotope analyses and hydrogeochemical parameters to shed light on the mechanisms 

in a typical high-As Holocene aquifer near Hanoi where groundwater is advected to a low-As Pleistocene 

aquifer. Carbon isotope signatures ( δ13 C-CH 4 , δ
13 C-DOC, δ13 C-DIC) provided evidence that fermentation, 

methanogenesis and methanotrophy are actively contributing to the As heterogeneity. Methanogenesis 

occurred concurrently where As levels are high ( > 200 μg/L) and DOC-enriched aquitard pore water in- 

filtrates into the aquifer. Along the flowpath to the Holocene/Pleistocene aquifer transition, methane ox- 

idation causes a strong shift in δ13 C-CH 4 from -87 ‰ to + 47 ‰ , indicating high reactivity. These findings 

demonstrate a previously overlooked role of methane cycling and DOC infiltration in high-As aquifers. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The health of tens of millions of people worldwide is affected 

y chronic exposure to arsenic-polluted groundwater resources 

 WHO, 2011 ; Karagas et al., 2015 ; Podgorski and Berg, 2020 ). Dis-

ases caused by this exposure are particularly common in the 

oodplains and deltas of the large East and South Asian river sys- 

ems ( Smith et al., 20 0 0 ; Harvey et al., 20 02 ; McArthur et al.,

004 ; Berg et al., 2007 ; Fendorf et al., 2010 ; Zhang et al., 2017 ).
∗ Corresponding authors. 
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here, the natural abundance of bioavailable natural organic mat- 

er (OM) in geologically young Holocene depositions often leads 

o hydrogeochemical conditions under which the reductive disso- 

ution of As-bearing Fe(III) (oxyhydr)oxide minerals triggers As re- 

ease and widespread groundwater As pollution ( Smedley and Kin- 

iburgh, 2002 ; Islam et al., 2004 ; Stuckey et al., 2016 ). In contrast,

lder sediments of the Pleistocene period generally exhibit less re- 

ucing aquifer conditions, with As concentrations usually < 10 μg/L. 

A striking feature of As-affected aquifers is the high, local- 

cale spatial variability of As concentrations ( van Geen et al., 

0 06 ; Eiche et al., 20 08 ; Fendorf et al., 2010 ; Cozzarelli et al.,

016 ; Ziegler et al., 2017 ; Polya et al., 2019 ), which is thought

o be linked to hydrogeological heterogeneities and to associ- 

ted variations in dominating redox processes. Besides Fe(III) (oxy- 

ydr)oxides and other redox-sensitive mineral phases, the abun- 
under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Field site and sampling locations. A ) Regional setting of the Van Phuc field site in the vicinity of Hanoi. Groundwater withdrawal in Hanoi causes large cones of 

depression in the Pleistocene aquifer (black contour lines), inducing a fairly steady groundwater advection in the aquifers beneath Van Phuc ( Berg et al., 2008 ; van Geen 

et al., 2013 ). B ) Satellite image of the study site (Google Earth). The white arrow indicates the general groundwater flow direction towards Hanoi ( van Geen et al., 2013 ). The 

coloured dots depict the locations of the studied groundwater wells (numbers in white, red dots for As > 100 μg/L, orange dots for As 10–100 μg/L, blue dots for As < 10 μg/L, 

well depths ranging from 18 to 53 m b.g.l.). Sampling locations for river and riverbank water (light blue), and for pond water (light green) are also shown. Figure adapted 

from Stopelli et al. Stopelli et al. (2020) . 
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ance of dissolved sulphate (SO 4 
2 −) and the formation of As- 

ulphide minerals has also been recognised to impact the mobility 

f As ( Bostick and Fendorf, 2003 ; Buschmann and Berg, 2009 ). Fur-

hermore, the bioavailable OM in young riverbank deposits, ponds 

r channel infill plays an important role in creating hot spots of 

s mobilisation, while older sedimentary OM, which tends to be 

ore recalcitrant, is of lower significance ( Harvey et al., 2002 ; 

cArthur et al., 2004 ; Rowland et al., 2007 ; Polizzotto et al., 2008 ;

eumann et al., 2010 ; Postma et al., 2012 ; Lawson et al., 2016 ;

ulkarni et al., 2017 ; Richards et al., 2019 ; Glodowska et al., 2020a ;

allis et al., 2020 ). However, in that context the role of methane 

CH 4 ) cycling has rarely been considered, especially in natural 

ettings ( Polya et al., 2019 ), although several studies detected 

H 4 in As-contaminated aquifers ( Liu et al., 2009 ; Postma et al., 

012 , 2016 ; Sø et al., 2018 ) and indicated that elevated CH 4 and 

s concentrations might be related ( Buschmann and Berg, 2009 ; 

racek et al., 2018 ). 

On larger scales (100 m to kilometre) and based on the gen- 

sis and the resulting mineralogical characteristics of Pleistocene 

nd Holocene sediments, high and low As aquifers often show 

ighly contrasting redox conditions. They are found adjacent to 

ach other, separated by redox transition zones (RTZ). Generally, 

he formation and stability of RTZ is linked to a variety of factors, 

ncluding the interaction of transport processes, microbial activ- 

ty and the stability of As host mineral phases, mainly Fe-bearing 

hases. 

Here, we present a first detailed isotope study of CH 4 and C 

ycling and its potential impact on As mobility at the metre to 

ilometre scale. Our field site at Van Phuc near Hanoi (Vietnam) 

as previously been the subject of a wide range of comprehen- 

ive studies that investigated geological, hydrochemical, microbial, 

ithological and anthropogenic characteristics that are common at 

any As-polluted aquifers in Asia ( Berg et al., 2008 ; Eiche et al.,

008 ; van Geen et al., 2013 ; Stahl et al., 2016 ; Eiche et al., 2017 ;

ghiem et al., 2020 ; Stopelli et al., 2020 ). The Van Phuc site fea-

ures a relatively stable lateral groundwater flow induced by large- 

cale groundwater pumping in nearby Hanoi ( Berg et al., 2008 ; 

an Geen et al., 2013 ) ( Fig. 1 A). Surface water from the Red River

nfiltrates through OM-rich riverbed sediments, where As is mo- 

ilised by reductive dissolution, before migrating through a Fe- 
2 
educing high-As Holocene aquifer and across a redox transition 

one (RTZ) into an older, low-As aquifer of Pleistocene deposits 

 Fig. 1 B). 

Both aquifers are capped by a silty aquitard of 15–22 m 

hickness that contains sandy lenses and intercalations of OM 

 Berg et al., 2008 ; Eiche et al., 2008 ). The study site also hosts sev-

ral eutrophic ponds that are used for aquaculture. 

We use a comprehensive suite of isotopic analyses ( δ13 C-DOC, 
13 C-CH 4 , δ

13 C-DIC, plus stable water isotopes δ18 O and δ2 H) to 

dentify OM sources, as well as to elucidate processes of carbon 

ycling and the potential role of CH 4 cycling on As mobilisation. 

. Materials and methods 

.1. Experimental design 

Groundwater samples were collected in July 2018 and again in 

pril 2019 in the village of Van Phuc, which is located along a Red 

iver meander some 15 km southeast of Hanoi, Vietnam. Nine new 

onitoring wells were installed between the riverbank and the re- 

ox transition zone (RTZ) in December 2018, where previous hy- 

rochemical data were scarce, and an additional well was recov- 

red. Overall, a total of 29 groundwater samples (well depths 18 to 

3 m b.g.l., 1-metre well screen) and nine surface water samples 

Red River, riverbank pore water, ponds) were collected for analy- 

es. 

.2. Sample collection 

Groundwater samples were collected with an electric submer- 

ion pump after the stabilisation of pH, redox potential E h , oxy- 

en and conductivity; these were measured using a daily calibrated 

ortable multi-analyser (WTW 3630). The E h values were nor- 

alised to the standard hydrogen electrode (SHE). River and pond 

ater samples were collected in a bucket. Riverbank pore water 

as sampled by pushing a hollow stainless-steel rod (1 cm I.D.) 

ome 25–30 cm into the sediment. The hollow rod was screened at 

he tip and pore water was drawn with a syringe through a tube 

rom the inner part of the rod ( Stahl et al., 2016 ; Stopelli et al.,

020 ). The field parameters (O , pH, E , conductivity, temperature) 
2 h 
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2  
f the samples were immediately measured. Alkalinity was deter- 

ined directly in the field by titration as HCO 3 
− alkalinity (Merck 

colortest 11,109 test kit) and expressed as mg C/L. Because al- 

alinity may not solely depend on dissolved HCO 3 
−, dissolved in- 

rganic carbon DIC concentrations were calculated with PHREEQC 

v3.4.0) ( Parkhurst and Appelo, 2013 ) based on the measured hy- 

rochemical parameters. All values lower than the Limits of Quan- 

ification (LOQ) of each method were set as half of the LOQ for vi- 

ualisation in the graphs. Sample aliquots for hydrochemical anal- 

ses were all filtered through 0.45-μm cellulose acetate into pre- 

insed polypropylene bottles; three aliquots also underwent acidifi- 

ation to pH < 2 to improve their stability (one for metals and trace 

lements, NH 4 
+ and PO 4 

3 − acidified with 1% v/v HNO 3 , one for 

s(III) acidified with 1% v/v HNO 3 after passing the sample through 

n As(III)/As(V) separation cartridge (MetalSoft), and one for DOC 

cidified with 1% v/v HCl). Immediately after collection, all aliquots 

ere stored at 4 °C and protected from light until the analyses. 

etailed descriptions of the sampling technique and quality con- 

rol for the hydrochemical parameters are available in Stopelli et al. 

topelli et al. (2020) . 

.3. Hydrochemical analyses 

Major cations and trace elements were determined by Induc- 

ively Coupled Plasma Mass Spectrometry (ICP-MS, Agilent 7500 

nd 8900), dissolved nitrogen (DN) and dissolved organic carbon 

DOC, which does not include dissolved methane) with a total N 

nd C analyser (Shimadzu TOC-L CSH), NH 4 
+ and ortho-PO 4 

3 − with 

hotometry using the indophenol and molybdate methods, respec- 

ively, and anions by ion chromatography (Metrohm 761 Compact 

C). 

.4. Stable isotope analyses 

The water δ2 H and δ18 O ratios were determined from 8-mL 

amples collected in amber glass vials without headspace and were 

nalysed using a cavity ringdown spectrometer (Picarro). The repli- 

ate standard and sample measurements indicated reproducibility 

ithin 0.5 ‰ for δ18 O and 3 ‰ for δ2 H. The δ2 H and δ18 O ratios

ere normalised to Vienna Standard Mean Ocean Water (VSMOW). 

The samples for total methane determination were collected 

irectly from the pumping tube by inserting a needle into 5-mL 

vacuated glass vials (Labco819W). A headspace of half to two- 

hirds of the total volume was left, and the vials were immedi- 

tely frozen on dry ice in an upside-down position to trap the gas 

hase above the frozen water in the vial headspace and to ensure 

ample stabilisation. Methane concentrations were analysed after 

omplete sample thawing by gas chromatography (Shimadzu GC- 

014) via the headspace equilibration method following the pro- 

edure reported in Sø et al. Sø et al. (2018) . Samples for δ13 C- 

H 4 were collected in April 2019 in 120-mL serum bottles, filled 

noxically by water overflow, poisoned with 20 mg Cu(I)Cl, sealed 

ith butyl–rubber thick stoppers and aluminium crimps and pre- 

erved at + 4 °C until analysis. In the laboratory, a 20 mL nitrogen

N 2 ) headspace was inserted for overnight equilibration. First, the 

amples were injected and concentrated with a series of traps in 

 trace gas unit (T/GAS PRECON, Micromass UK Ltd). The purified 

as was then analysed with an isotope ratio mass spectrometer 

IRMS; GV Instruments, Isoprime). The replicate sample and stan- 

ard measurements were reproducible within 2 ‰ . The δ13 C-CH 4 

ata are normalised to the Vienna Pee Dee Belemnite (VPDB) ref- 

rence standard. 

Samples for δ13 C-DIC were collected in July 2018, filtered 

hrough pre-combusted 0.7- μm glass fibre mesh into 40-mL glass 

mber vials with black butyl septa, and stored at + 4 °C until anal-

sed. Samples for δ13 C-DOC were filtered through 0.7-μm glass fi- 
3 
res mesh into 40-mL glass amber vials with white silicon-Teflon 

epta and acidified to pH < 2 with HCl, analytical grade. Samples 

or δ13 C-DOC were collected in July 2018 and in April 2019 for 

he newly installed wells. Groundwater from six wells was col- 

ected both times to check for the comparability of isotopic val- 

es between the different sam pling cam paigns (double values in 

able S1). Isotopic ratios were determined with an elemental anal- 

ser coupled to an isotope ratio mass spectrometer (EA-IRMS, EA 

hermo Flash 20 0 0 and IRMS Thermo Delta V) at the Stable Iso- 

ope Ecology Laboratory, University of Georgia. Replicate sample 

easurements resulted in an analytical reproducibility of 0.5 ‰ , 

hile repeated sampling of the same well in two different field 

ampaigns yielded a slightly higher variability of up to 1 ‰ for DOC 

nd 2 ‰ for DIC. The δ13 C-DIC and δ13 C-DOC values are normalised 

o the Vienna Pee Dee Belemnite (VPDB) reference standard. 

Samples for δ15 N-NH 4 
+ were collected in July 2018, filtered 

hrough a 0.45-μm cellulose acetate filter into 250- and 500- mL 

ropylene bottles and immediately frozen at −20 °C until anal- 

sed. In the laboratory, N was concentrated on filters follow- 

ng the ammonia diffusion method as described in Holmes et al. 

 Holmes et al., 1998 ), and the filters were further analysed via EA- 

RMS at the Stable Isotope Ecology Laboratory, University of Geor- 

ia. The replicate standard measurements indicated an analytical 

eproducibility within 1 ‰ . The δ15 N-NH 4 
+ values are normalised 

o air reference. 

.5. Statistical analyses 

Statistical tests and probability calculations were carried out us- 

ng the PAST software, version 3.17 ( Hammer et al., 2001 ). 

. Results and discussion 

.1. Hydrology and hydrogeochemical evolution of As contamination 

A comprehensive set of stable isotope signatures and hydro- 

hemical parameters (see Methods) was determined from ground- 

ater and surface water samples collected along a 2-km long tran- 

ect that follows the average groundwater flow direction towards 

anoi, as inferred from previous hydrological, hydrochemical and 

umerical studies ( Fig. 1 ) ( van Geen et al., 2013 ; Stopelli et al.,

020 ; Wallis et al., 2020 ). River water infiltration is the main 

ource of groundwater recharge at the study site with young, 

M- and Fe(III)-rich riverbank sediments ( Fig. 2 ) creating a hot 

pot of arsenic release at the Red River – groundwater interface 

 Stahl et al., 2016 ; Stopelli et al., 2020 ; Wallis et al., 2020 ). Dis-

olved As is then advected into and within the Holocene aquifer 

here concentrations initially range between 20 and 200 μg/L 

 Fig. 2 , wells 2 to 5), hereafter indicated as flowpath 1. 

Further along the groundwater flow direction, dissolved As 

eaches up to 540 μg/L in the Holocene aquifer ( Fig. 2 , wells 6 to

). The highest dissolved As concentrations are found in the wells 

hat also show the largest concentrations of dissolved organic car- 

on (DOC), ammonium (NH 4 
+ ) and dissolved methane (CH 4 ), that 

s 5–7 mg DOC/L, 50–65 mg NH 4 -N/L and 40–58 mg CH 4 /L, respec-

ively ( Fig. 2 and Fig. S6 for NH 4 
+ ). The water isotope signatures in

hese wells ( δ18 O −6 ± 1 ‰ ) are indicative of evaporative water 

hat locally infiltrates from the aquitard into the aquifer ( Fig. 2 ), 

ather than of water originating from Red River bank infiltration. 

ediment coring revealed substantial lithological heterogeneity in 

he clayey aquitard deposits including sandy intercalations, caused 

y alternating riverine and marine depositions during the Holocene 

eriod ( Eiche et al., 2008 , 2017 ; Trung et al., 2020 ; Kontny et al.,

021 ). It was also shown that aquitard depositions contain up to 

 wt.% of sedimentary OM ( Eiche et al., 2008 ; Glodowska et al., 

020a ). The DOC-enriched pore water (5–7 mg C/L, see Fig. 2 ) that
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Fig. 2. Vertical cross-sections of groundwater parameters along the 2-km transect. Left and centre panels: Concentrations of As, CH 4 , DOC and DIC, as well as isotope 

signatures of δ13 C-DIC and δ18 O of groundwater, surface water and riverbank samples (n tot = 38) collected along the studied transect depicted in Fig. 1 . The black dots indicate 

the longitudinal positions and depths of the well screens with consecutive well numbers indicated above the x-axes. Sediment types are labelled in the As panel (top left), 

and shaded in different colours for the aquifers, with grey colour marking the Fe-reducing Holocene aquifer and beige colour marking the markedly less reducing Pleistocene 

aquifer. The colouring of the hydrochemical parameters is scaled to the maximum value in each panel (plotted with Ocean Data View, https://odv.awi.de ). Blue arrows 

indicate the dominant horizontal groundwater flow from the riverbank through the Holocene aquifer (flowpath 1) and the localised (comparatively slow) vertical infiltration 

of pore water aquitard/aquifer hydraulic connections (flowpath 2). The boundaries separating the aquifers and the aquitard are schematically indicated. Right panels: Bivariate 

plots of CH 4 /As, CH 4 / δ
18 O, and CH 4 /DOC for the wells along the transect ( n = 27), with the significance of Spearman’s correlation coefficient r s indicated. 
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volves as it percolates through the sandy intercalations, creates 

ocally highly reducing conditions as it egresses into the underly- 

ng aquifer, hereafter indicated as flowpath 2. Our mixing calcula- 

ions based on the water isotope ratios ( δ18 O and δ2 H) suggest that 

roundwater collected just below the aquitard (i.e., wells 6a and 

a in Fig. 2 ) consist of up to 92% aquitard pore water (see sup-

lementary section SI.1 for calculations along with aquitard pore 

ater compositions). 

At the RTZ that marks the interface between the Holocene and 

he Pleistocene aquifers, both dissolved As and Fe concentrations 

harply decrease ( Fig. 2 , wells 9 to 13, and Fig. S2) while Mn con-

entrations increase (Fig. S2). High-resolution mineralogical analy- 

es of a sediment core that was drilled through the RTZ, demon- 

trate the presence of newly formed As-bearing mixed-valent Fe 

xides ( Kontny et al., 2021 ). This finding suggests that Fe 2 + is 

dvected from the Holocene aquifer into the RTZ, where it in- 

uces the transformation of Fe(III)(oxyhydr)oxides into a sequence 

f Fe(II) or mixed-valence Fe(II/III) phases (siderite, pyrite, goethite 

nd haematite coatings, and magnetite; Kontny et al., 2021 ), ac- 

ompanied by net As sorption and incorporation. Further along 

he groundwater flowpaths into the Pleistocene aquifer, As sorption 

nto the abundant Fe(oxyhydr)oxides of the Pleistocene sands at- 

enuates the As concentrations to below 5 μg/L ( Eiche et al., 2008 ;

athi et al., 2017 ; Neidhardt et al., 2018 ) ( Fig. 2 , wells 14). 

.2. Sources of dissolved organic matter 

The isotopic signatures of dissolved organic carbon ( δ13 C-DOC, 

ig. 3 A) point to two distinct sources of OM, namely to (i) OM 

riginating from riverbank sediments ( δ13 C-DOC −28.0 ± 1 ‰ to 

27.5 ± 1 ‰ ), and (ii) sedimentary OM embedded in the aquitard 
4 
 δ13 C-TOC between −27 ±1 ‰ and −23 ±1 ‰ ) ( Eiche et al., 2017 ).

hese signatures are indicative of OM derived from higher plant 

aterial and freshwater algae ( Fry and Sherr, 1984 ; Campeau et al., 

017 ; Eiche et al., 2017 ). Additional DOC is possibly sourced 

rom within the aquifer itself where isolated intercalations of up 

o 1 wt.% of OM exist with δ13 C-TOC signatures around −25 ‰ 

 Eiche et al., 2017 ). However, the aquifer’s average TOC content is 

ery low ( < 0.03 wt.% ( Eiche et al., 2008 )) and therefore unlikely

o provide a sizeable contribution to driving biogeochemical trans- 

ormations. This is in agreement with a recent reactive transport 

odelling analysis of the Van Phuc site that suggested negligible 

M reactivity in the Holocene aquifer sands, while identifying the 

iverbank-groundwater interface as the dominant hotspot for OM 

urnover and associated As release ( Wallis et al., 2020 ). 

Overall, taking into account that (i) the highest DOC (5–7 mg/L) 

oncentrations are present below the aquitard/Holocene aquifer 

ydraulic connections and (ii) the water isotopes indicate pore wa- 

er infiltration from the aquitard, we conclude that the elevated 

OC concentrations and the corresponding δ13 C-DOC signatures in 

arts of the Holocene aquifer ( Fig. 2 and Fig. 3 A, wells 4, 6a, 8a)

re indicative of OM infiltrating from the aquitard. 

.3. Fermentation of dissolved organic carbon 

Compared to the aquitard sedimentary δ13 C-TOC signatures of 

20 ‰ to −27 ‰ at the site ( Eiche et al., 2008 ) (flowpath 2) and

o the δ13 C-DOC signatures of −27.5 ± 1 ‰ to −28 ±1 ‰ in river- 

ank porewater (flowpath 1), the δ13 C-DOC values in the studied 

roundwaters ( −28 ±1 ‰ to −31 ±1 ‰ ) were slightly lower ( Fig. 3 A).

his observation is consistent with the occurrence of anaerobic 

ermentation of OM to small molecules including, e.g., propionate 

https://odv.awi.de
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Fig. 3. Plots of carbon species and isotope signatures in the Holocene aquifer, at the redox transition and in the Pleistocene aquifer. A ) δ13 C-DOC and DOC conc.; B ) δ13 C-DIC 

and DIC conc.; C ) δ13 C-CH 4 and CH 4 conc., where the dot size is proportional to the corresponding As concentration. The data points are numbered by the progressive 

distance from the river and a letter for increasing depth in cases of nested multilevel wells (see Table S1 for original data). The flat rectangles indicate groundwater from 

just below the aquitard/aquifer connection. The brown shading in panel a) represents δ13 C-TOC values of OM in aquitard sediment cores drilled between the monitoring 

wells 6 and 8 ( Eiche et al., 2017 ), and of DOC concentrations in aquitard pore water extracted from cores at 16–18 m depth at well 6 (Supplementary material section SI.1). 

Whiskers represent standard deviation for each parameter, resulting from analytical uncertainty. 
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a

nd acetate, a process that is characterised by a generally very 

mall isotopic enrichment or even some depletion ( Botsch and 

onrad, 2011 ; Conrad et al., 2014 ). Moreover, our recent microbi- 

logical companion study ( Glodowska et al., 2021 ) identified ac- 

ive and abundant bacterial communities capable of fermentative 

etabolism in all groundwater samples. Fermentative metabolisms 

enerally produce CO 2 , H 2 and a broad range of short chain C com-

ounds from larger organic molecules and hence transform rather 

ecalcitrant OM to more bioavailable compounds ( McMahon and 

hapelle, 1991 ; Chapelle, 20 0 0 ). Subsequently, fermentation prod- 

cts may serve as substrates for both methanogenesis and the 

icrobial reduction of Fe(III) (oxyhydr)oxides ( Glodowska et al., 

020a ). 

.4. DIC-isotopes indicative of methanogenesis and methanotrophy 

Dissolved inorganic carbon (DIC) concentrations successively 

ise along the groundwater flowpath 1 from 18 mg C/L in the Red 

iver to 23–28 mg C/L in riverbank pore water, and generally reach 

0 0–20 0 mg C/L in the Holocene aquifer after a few hundred me- 

ers ( Fig. 2 and 3 B). This increase in DIC is attributed to both

he dissolution of carbonate minerals and the high biogeochem- 

cal turnover of the freshly deposited OM in the riverbank sedi- 

ents ( Stahl et al., 2016 ; Wallis et al., 2020 ), likely followed by

uch more slowly progressing fermentation reactions within the 

olocene aquifer ( Stopelli et al., 2020 ; Glodowska et al., 2021 ). 
5 
Our carbon isotope δ13 C-DIC data reveal a more complex pic- 

ure compared to the DIC concentrations alone ( Fig. 2 and Fig. 3 B).

he almost uniform isotopic DIC signatures of −8.6 ± 2 ‰ to 

11.1 ± 2 ‰ in river water, riverbank pore water and in Holocene 

roundwater close to the river ( Fig. 3 B, wells 1 and 2) reflect atmo-

pheric CO 2 ( −8 ‰ to −9 ‰ ) and dissolution of freshwater carbon- 

tes (CO 3 ²
−, + 5 ‰ to −15 ‰ ), while the influence of OM oxidation

 −10 ‰ to −25 ‰ ) ( Clark and Fritz, 1997 ; Campeau et al., 2017 ) in

he riverbank sediments is less obvious. 

Further along groundwater flowpaths 1 and 2, the δ13 C-DIC 

alues increase from −9 ± 2 ‰ to + 3 ± 2 ‰ with DIC becoming 

nriched in 

13 C in the Holocene aquifer ( Fig. 2 and Fig. 3 B). In

ontrast, while progressing towards the RTZ and the Pleistocene 

quifer, the decrease in δ13 C-DIC values to −17 ±2 ‰ indicates a 

referential enrichment of 12 C-DIC in groundwater prior to a fi- 

al increase to background values between −7 ± 2 ‰ and −13 ±2 ‰ 

n the Pleistocene wells most distant from the riverbank ( Fig. 3 B). 

hese contrasting δ13 C-DIC isotopic shifts are likely caused by the 

uccession of methanogenesis where CO 2 is consumed, followed by 

ethanotrophy where CO 2 is produced, respectively ( Murphy et al., 

989 ; Campeau et al., 2017 ). 

.5. Methane cycling 

Along the groundwater flowpaths, CH 4 locally reaches very 

igh concentrations of up to 58 mg/L, especially below the 

quitard/aquifer hydraulic connections ( Fig. 2 ). We suggest that the 
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Fig. 4. Conceptual model of organic matter sources and cycling in As-contaminated aquifers. River water enriched with DOC infiltrates into the aquifer from riverbank 

sediments, promoting reducing processes such as fermentation and Fe(III) reduction. At the aquitard/aquifer hydraulic connections, additional DOC-enriched aquitard pore 

water infiltrates into the aquifer, thereby promoting methanogenesis. At the transition between the Holocene (grey) and the Pleistocene aquifers (orange), methanotrophy 

occurs while the intruding redox conditions dissolve Fe and As from the Pleistocene sands that consequently turn grey. However, net As immobilisation dominates, as a 

product of biotic and abiotic reactions involving Fe. An accelerated advection induced by large-scale groundwater extraction from Pleistocene aquifers can exacerbate the 

advection of reducing conditions and hence promote As mobilisation in previously low-As aquifers. 
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roduction of CH 4 in the Holocene aquifer is attributed to a two- 

tep process involving (i) a substrate-producing fermentation step, 

nd (ii) methanogenesis ( Conrad et al., 2014 ; Glodowska et al., 

021 ). Furthermore, the decrease of methane concentrations across 

he RTZ and the enrichment in the DIC-isotopy is a strong indica- 

ion of methanotrophy. The indicated methane cycling is corrobo- 

ated by a recent microbial community analysis that showed the 

resence of both methanogenic and methanotrophic microorgan- 

sms in the Holocene aquifer and at the RTZ (i.e., Methyloparacocci, 

ethylomonaceae, Candidatus Methanoperdens ) ( Glodowska et al., 

020b , 2021 ). 

The carbon isotope signatures of CH 4 ( δ13 C-CH 4 ) span a re- 

arkably wide range from −87 ±2 ‰ to + 47 ±2 ‰ ( � 134 ‰ ). In the

olocene aquifer, the low δ13 C-CH 4 signatures between −87 ±2 ‰ 

nd −75 ±2 ‰ ( Fig. 3 C, grey dots) are typical for hydrogenotrophic

ethanogenesis, where the isotopically lighter 12 CO 2 is kinetically 

avoured over 13 CO 2 during transformation to CH 4 ( Whiticar, 1999 ; 

iu et al., 2009 ; Conrad et al., 2014 ; Campeau et al., 2017 ). Accord-

ngly, the preferred consumption of 12 CO 2 is reflected in the si- 

ultaneous increase of δ13 C in the bulk DIC ( Fig. 3 B and Fig. S3).

ote that the isotopic shift of DIC is much lower than that of CH 4 

ecause CO 2 has a high background concentration in the form of 

CO 3 
−. 

The δ13 C-CH 4 signatures in three wells located within the 

olocene aquifer along flowpath 2 ( Fig. 4 ) are somewhat less neg- 

tive ( −76 ±2 ‰ , wells 6a, 8a and 9a in Fig. 3 C), while the CH 4 con-

entrations are 40–58 mg/L, which is close to or even above satu- 

ation at the given temperature and hydraulic pressure conditions 

saturation approx. 43 to 63 mg/L for wells screened at 20 m and 

0 m, respectively, considering an average water table level of 8 m 

.g.l.). Therefore, and based on noble gas investigations in ground- 

ater of these wells, we hypothesise that an interstitial free CH 4 - 

as phase has formed, which now occupies part of the pore space 

 Lightfoot et al., 2020 ), accompanied by a slight isotopic enrich- 

ent of CH 4 in groundwater, as the lighter 12 CH 4 diffuses more 

asily into the gas phase than 

13 CH 4 ( Xia and Tang, 2012 ). 

Further along flowpath 2 into the RTZ and in the Pleistocene 

quifer ( Fig. 3 C, yellow and brown dots), dissolved CH decreases 
4 

6 
harply to below 0.5 mg/L (wells 12 and 13a), while δ13 C-CH 4 val- 

es increase from −87 ±2 ‰ up to + 47 ±2 ‰ ( �+ 134 ‰ ). This is a

trong indication of methane oxidation by methanotrophy, where 

he preferred consumption of the isotopically lighter 12 CH 4 causes 

his remarkable isotopic enrichment. In turn, the CO 2 produced 

rom methane oxidation is likely causing the observed decrease in 

13 C-DIC ( Fig. 3 B and Fig. S3). Finally, the resulting rise in HCO 3 
−

as most likely caused siderite (FeCO 3 ) oversaturation and precip- 

tation, explaining the presence of the latter within the RTZ sedi- 

ents ( Kontny et al., 2021 ). This hypothesised precipitation of car- 

onates can also explain the lower δ13 C-DIC signatures observed 

ithin the RTZ as a result of the preferential precipitation of 13 C- 

arbonate. 

. Conclusions 

As conceptually illustrated in Fig. 4 , our hydrochemical and sta- 

le carbon isotope analyses suggest that fermentation, methano- 

enesis and methanotrophy can significantly affect carbon cycling 

n high-As aquifers. In previous analyses of As-contaminated sites, 

ermentative processes have largely been overlooked, even though 

hese processes transform OM to small reactive molecules that can 

e utilized for methanogenesis and supply additional electron do- 

ating capacity for Fe(III) reduction. Therefore, fermentation likely 

as important implications for the mobilisation and subsequent 

ate of As. 

Our study demonstrates that OM-rich pore waters infiltrating 

rom aquitard sediments are accompanied by particularly high As 

oncentrations in the aquifer, consistent with recent findings from 

ther As-contaminated sites ( Erban et al., 2013 ; Mihajlov et al., 

020 ). While slowly percolating through the aquitard, pore waters 

ecome enriched in DOC and NH 4 
+ by the decomposition of sed- 

mentary OM. During this percolation and/or upon egress into the 

quifer, the DOC can locally promote methanogenesis and Fe(III) 

eduction, and thereby result in substantial As mobilisation in the 

ffected parts of the aquifers ( Fig. 4 ). Hence, such highly reducing, 

ethanogenic zones likely contribute to the widely observed het- 

rogeneity in groundwater As concentrations. At these locations, 
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versaturation of methane can lead to the formation of intersti- 

ial gas bubbles ( Lightfoot et al., 2020 ), which we hypothesize to 

ocally obstruct the groundwater flow, as reported previously for 

etroleum contaminated aquifers ( Amos et al., 2011 ), as well as for 

ites affected by denitrification and N 2 gas formation ( Ryan et al., 

0 0 0 ). At our study site the overall effect of slow transport pro-

esses, and accordingly sufficiently long reaction times for the de- 

elopment of highly reducing conditions, is reflected in particularly 

igh As concentrations > 200 μg/L (i.e., > 20 times the WHO guide- 

ine value) that are predominantly found under methanogenic con- 

itions. 

Furthermore, our new data provide for the first time field- 

ased hydrochemical and isotopic evidence for methanotrophy 

o occur where CH 4 -enriched groundwater infiltrating from the 

olocene aquifer comes in contact with the abundant Fe(III) (oxy- 

ydr)oxides contained in the Pleistocene sediments ( Fig. 4 , flow- 

ath 2). This field observation is consistent with recent results 

f laboratory incubation experiments with Pleistocene sediments 

rom the RTZ at our field site, which demonstrated the occurrence 

f CH 4 oxidation coupled with Fe(III) reduction and As mobilisa- 

ion ( Glodowska et al., 2020b ). Interestingly, this finding is also in 

ine with investigations carried out at a crude oil-contaminated 

ite in Minnesota (USA), where methanogenesis coupled to iron 

eduction in the anaerobic core of the plume was shown to be 

n important process ( Amos et al., 2011 , 2012 ). Consequently, the 

s retardation capacity, previously attributed to the high sorp- 

ion capacity of RTZ sediments, specifically that associated with 

e(II/III) and Fe(III)-minerals ( Eiche et al., 2008 ; Rathi et al., 2017 ;

eidhardt et al., 2018 ; Kontny et al., 2021 ), might be reduced un-

er methanotrophic conditions. 

Here we showed how methane cycling contributes to the patch- 

ness of redox conditions in aquifers and hence to the variability 

n groundwater of As concentrations, particularly in aquifer zones 

haracterized by slow advection (flowpath 2, Fig. 4 ). In contrast, 

n the more permeable aquifer sections where higher flow ve- 

ocities persist (flowpath 1, Fig. 4 ), methane cycling plays a mi- 

or role and As concentrations remain lower. Nevertheless, overall 

ass fluxes of As will be largely controlled by these more perme- 

ble zones. Eventually, both regimes (high As conc./small flux vs 

ower As conc./high flux) need to be understood and considered in 

ny risk assessment as well as in the development of groundwater 

anagement and remediation strategies. 
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