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Summary

Arsenic (As) is a toxic metalloiof geogenic originghat can leadto seriousgroundwater
contamination in many placesrldwide. Arseniecontaminated waters can be relativeasily
treated, thereforthepresence of As in drinking water is not a threat for the developed countries.
However,inhabitants of developing countries, particularly in South and Southeast Asia, the
most populated regisrof theworld, areparticularlyaffected as the access to wateatment
facilities is limited and many peoplmainly in rural areas still rely on shallogroundwater
wells. Moreovermany aquifers along the prime river deltas of South and Southeast Asia, such
asthose inthe Red River, Mekon@nd West Bengal, are atacterized by reducing conditions
what triggers reductive dissolutions of As from Fe(lll) minerals abundantly present i
sedimentsAs aconsequence, the release of As from sediments to groundwatemedt has

been describedst he o6 wor st ngmofdhels u man spopul afthabhas i n  hi
discriminately affected the poorer populations

Various mechanisms of As release to the groundwater have been suggested to date. Besides
reductive dissaltion,changes towards high pH valuasnobilization of sorbed As by sorption
competition with phosphagéntroduced through intensive fertilizer applicati@amdoxidation

of arseniebearing sulfidanineralshave alsobeen proposed Changes ithe sorption capeity

of Fe(lll) (oxyhydr)oxides wrealso suggested to play a role in As mobilization. Yet, the most
commonly accepted mechanism that As is released from aquifer sediments during
microbially-mediated reductive dissolution of Agaring Fe(lll) (oxyhydoxide minerals

This process, however, requires the presence of bioavailable carbon (C), e-ghaimofatty

acids, that Fe(lllreducing bacteria such @eobactespp.need as energy, electron and carbon
sourca for their activity and growth.

Although our understanding dhe biogeochemical processes involved in As cyclhmaps
improved inthe past two decades, there are still many questions that remained unanswered
specifically about the role of biological processes anthe involvement of valus
microorganisms that can affect the fate of As in groundwatesrefore, in this PhD project
focusing on Ascontaminated aquifein Van Phuc near Hanoi (Viethansgveral experiments
were conducted in order to understand how differentstygfeorganic carbon affect As
mobilization from sediments, what is the role of 4H As cycling andhow the indigene

microbial communitycaninfluence As concentration in groundwater.



In the second chapter of my thesis we explore the effect of natuealiongatter (NOM) on

As mobilization.Natural organic matter can contribute to As mobilization as electron donor for

a microbially-mediated reductive dissolution of Agaring Fe(lll) (oxyhydr)oxides. Most
laboratory studies, however, used simfddty acids or sugars, often at relatively high
concentrations, instead of naturatlgcurring OM. We therefore extractedsitu OM from the

upper aquitard (clayey silt) and lower sandy aquifer sediments in Van Phuc (Hanoi/Vietham),
characterized its conggition using various methods (FTIR, NMR, EEM and Pyrolysis
GC/MS), and used 10@0ay microcosm experiments with aquifer material to determine the
effect ofin-situ OM on Fe(lll) mineral reduction, As mobilization atidmicrobial community
composition. Wefound that OM extracted from the clayey silt (OMC) aquitard resembles
young, not fully degraded plantlated material, while OM frondeepersandy sediments

(OMS) contains more carboxyl groups stemming from amino and fatty acids. Although all
microcosms wre amended with the same amount of C (12 mg C/L), the extent of Fe(lll)
reduction after 100 daysvas highest with acetate/lactate 4 3 N 3 folbwedl by OMS
(28RP. 8nd OM®). IO dodirbish altBough initially more As was mobilized in the
acetated ct at e setups, after 100 days, similar (
8. 8My. 8As/ g sedi ment) were mobilized by OMC
lactate/acetata mended setups (6.3N0.7 Og As/ g sedim
analy®s revealed that acetate/lactate mainly enrié¢beabacteywhile in-situ OM supported

growth and activity of a more diverse microbial community. Our results suggest that although

the in-situ OM is less efficient in stimulating microbial Fe(lll) reductidhan highly
bioavailable acetate/lactate, it ultimately has the potential to mobilize the same amount or even

more AS.

In the third chapter | present methai@Hs) as a driver for As mobilizatiorin many As
contaminated aquifers, higloncentrations of CHwere reported, yet the role of Gbr As
mobilizationremained completely unexplorddere we demonstrate that GHunctions asan
electron donor for methanotrophic microorganisms and triggers the reductive dissolutien of As
bearingFe(lll) (oxyhydr)oxide mineraldeading to As mobilization. In microcosms with-As
bearing sediments from the Red River Delta amended with environmentally relevant
concentrations of CHwe found that CHl triggers Fe(lll) mineral reduction, supports the
growth and activityof type-1 aerobic methanotrophs and archaea affiliating Waindidatus
Methanoperedensncreases the abundance of methane oxidaticnA and pmoAgenes, and

ultimately mobilizes signi€ant amourd of As into the waterTherefore, our study provides



evidence for a completely new mechanism of As mobilization and suggests thdtiGh As

mobilization may occur worldwide contributing to As groundwater contamination.

In the fourth chapter of my thesis we evaluate a role of various microbial processes that can
affect As groundwater concentrationhe fate of As in groundwater can be influenced by
multiple microbial and abiotic processes that can lead to its mobilizatiaommobilization.

Yet, most studies to dafecused on individual process particularly those that lead to As
mobilization such as microbially mediated Fe(lll) mineral reduction. However, microbially
driven As immobilization processes were often owsed. In this study we combined
microbial community analysis with groundwater hydrogeochemical data in order to explain the
behavior of As along a 2 km transect across acdgaminated Holocene aquifer, through the
redox transition zone (RTZ) where As nmobilization occurs, and further in a pristine
Pleistocene aquifer. Our analyses revealed fermentation and methanogenesis as important
processe$avoring As mobilization As a consequence of the high £¢bncentration in the

RTZ, anaerobic methanotrophsatttanpotentiallycouple CH oxidation to Fe(lll), Mn(IV),

and S@* reduction, are abundant. Finally, our results underline the role 8f-&@ucing and
putative Fe(lDoxidizing bacteria that form poorly soluble minerals as a sink for As. In
summary,our results suggest that a complex network of biogeochemical processes has to be

consideredo fully understand the environmental behavior of As.

Overall, the findings of this PhD thesis briagiew light on the As cycling and highligtite
role of microbal processes as important factor efiieg fate of As in groundwateOur study
has revealed that not ontlye quantity, but also thequality and bioavailability of carbon plays
a key role in microbiallymediated As mobilizatiorWe congler the work focusing on Ckt-
drivenAs mobilization as particularly important as it relsea completely new pathway that is
relevant formany aquifers similato this in Vietnam, where Abearing Fe(lll) minerals are
abundant and CHis present.Finally, our study higlights that complex biogeochemical
interactiors that can lead either tarelease oanimmobilization of As ultimately control its

concentration in groundwater.



Zusammenfassung

Arsen (As) ist ein toxisches Metalloid geogenen Ursprungs, das an vielen Orten weltweit zu
schwer wiegenden Grundwasserkontaminationen f
kann relativ leicht behandelt werdeveshalbdas Vorhandensein von As im fikwasser keine
Bedrohung f¢r di e seeltt wiEkErktewitceknl uLmgnsdle?rn-ddearr, [
und S¢iddstua@einerb,ev®l kerungsr ei zitsilseadnjedBohgi on e |
besonders betroffen, da der Zugang zu Wasseraufbereitungsarniagrenzt ist und viele
Menschen, vor allem in | 2ndlichen Gebieten,
angewi esen sind. Dar ¢ber hi naus sind vi el e
Fl ussdebhds Sgddst as i desRed Rive, iMekong urBl Westbéngalen,

dadurch gekennzeichnet, dass sidduzierendeBedingungeneinstellen was zu einer
redukti ven Aufl °sung d ehaltigen &4(lit)-Mindgraée hn deno r h an d
Sedi me nt Bie Freisggzung tvon As aus d&edimenterund die Anreicherungm
Grundwassefr ¢ hzu deen, was als "dig r °© NMassenvergiftung der Geschichte" beschrieben

wurde.

Bis heute wurden verschiedene Mechanisnzen Freisetzung von As in Grundwasser
vermutet Neben der r evboMineialensimaushupHWEtY e ngnder unger
sowiedie Mobilisierung vonadsorbiertem As durch Sorptionskonkurrenz mit Phosphat, das
durch intensive D¢gnger gab e mineraleeimgeb@esht wirad, i on  a
vorgeschlagerworden Dar ¢ ber hi naus wur dige auwWeh umge mu tde
Sor pti ons k ap a(axyhydf)axidemza As-MbBbdigietuhglbditragen kannDer am

hauf iaggenommend®e c hani smus i st jedoch, dass As a
der mikrobielenredu k't i ven Auf |-halsgend¢ll)-(Oayhydr)axsdMineralen
freigesetzt wird. Di eser Prozess erfordert
Kohlenstoff (C),wie z . B. kur zketti ge -rddeierende® Baktexien,wied i e |
Geobacterspp. als Energie ElektroneAund Kohl enstof fquell e f¢r

Wachstum ben®°tigen.

Obwohl sich unser Verstandni sdideer z ubri odelmiclhi
Verteilung von Arsem derUmweltb e i t r a devergaggbnerrzwei Jaktmnte verbessert

hat, bleibendemoch viele Fragemffen. Insbesondere wenn es um die Rolle biologischer
Prozesse und die Beteiligung verschiedener Mikroorganismen geht, @ed( | m)vwowo b i | i t
As im Grundwasser beei nf | usrdDekioratbeitmitBeckauf De s h a
den mitAs kontaminierta Aquifer in Van Phuc bei Hanoi (Viethapthehrere Experimente



durchgef ¢hrt, um zu ver st ehennKohensoftdieeAss c hi ed
Mobilisierung ausAquifersedimenternbeeinflusserkann welche RolleCHs im As-Kreislauf
einnimmt und wie die vorhandene Mikrobengemeinschaft die ASonzentration im

Grundwasser beeinflusst.

Nat ¢rl i ches or gani, als Bleksoneryla ¢ ke r € a |fFredgzidrérde( | | | )
Mikroorganismen, kann indirekzur Mobilisierung von As aus As-haltigen Fe(lll)-

(oxyhydr)oxiden beitragen. Die meisten Labors
oder Zucker, oft in relativ hohen Konzentrat

Wir extrahierten daher gitu OM aus dem oberen Aquitard (tonhaltiger Schlamm) und den
unteren sandigen Aquif&@edimenten in Van Phuc (Hanoi/Vietham), charakterisieté=msen
Zusammensetzung und verwendeten Mikrokesixperimente, ber eine I nkubat
von 100 Tagemit in-situ Aquifermaterial Darin wurderdie Wirkung von irsitu OM auf die

Reduktion von Fe(lIlMineralien bestimmy sowie die As Mobilisierung und
Zusammensetzung der Mikrobengemeinscluhtifiziert Wir fanden heraus, dass OM, das

aus dem tonigen Schlieckqui t ar d (OMC) extrahiert wur de,
abgebaut em, pflanzlichem Materi al ahnelt, W
(OMS) me hr Car b o x vy bkiach rauf mas eVorhardesie lvon IArhino- uddi e

Fet t sz2uurr¢gecnk f ¢ h@beahl alle Mikrekesmen mit der gleichen Menge C (12 mg

C/L) angereichetvur den, war das-RAdeskhaCodena€hbhd 00) Ta
am h°d¢ms tAa s 2AcetadlktatngefolgtvonOMS@NO, 3 %) und OMC ( 1¢
I m Gegensat z dazu wur den zwar anAne gt izeh I
mobilisiert, doch nach 100 Tagen wurden 2hnl
und 8, 8N0, 8 Og /OMChpw BKSImobilsiartverglictiamruic hAn snk t z e n
LaktatAc et at (6, 3N0, 7 Og AMmplikpnsSgeahiamalysert zpigten, &S r RN
Acet at/ Lact aGeobacespp.ea® e hkt h e ht-sitr-OMvahWaehstdm i n
und die Aktivit2at einer vielfaltigeren Mikr«
deuten darauf hin, dass dassitu OM zwar weniger effizient bei der Stimulation der
mikrobiellen Fe(lll}Reduktion i$ verglichen mitdem h o c h bi overf ¢s¢gbare £

Gemisch aber letztlich das Potenzial hat, die gleiche oder sogar mehr As zu mobilisieren.

In vielen mit As kontaminierten Aquiferen wurden hohe KonzentratiareMethan (CH)

gemesserjedochistdieRollevonCHf ¢r di e Mo bi tlerzeitv ® Iruobelgainntv on  A's
In der vorliegenden Studieeigen wir, dass CHals Elektronequelle f ¢ r met hanotr c
Mikroorganismendienen kannu n d di e redukt i valtigeruRe(lll-s ung \

(oxyhydr)oxidMi ner al i n ausMd@bsitl,i swaesr uznigr fAshr t-. I n N
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haltigenSedimenten aus deBelta des Red Rivedie mit umweltrelevanten Konzentrationen
von CH: inkubiertwurden, fanden wir heraus, dass £tk Reduktion von Fe(ll#Mineraken
ausl °st, das Wachstum und die Aktivit?at VO

Archaeav er s.t 2 r1r k t

Die ( I m) mo bon IA$ tm? Grundwasser kann dur@ine Vielzahl mikrobieller und

abiotische Prozesse beeinflusst werden, die zu seiner Mobilisge oder Immobilisierung
f¢éhren k°nnen. Die meisten Studien konzentr.i
i nsbesondere auf solche, di e zur Nuodzierdei si er
Reduktion vonAs-haltigen Fe(lll)-Mineralen. Allerdings wurden mikrobiell bedingte sA

| mmobilisierungsprozesse oft ¢bersehen. I n
mikrobiellen Gemeinschaften mit hydrogeochemischen Grundwasserdaten, um das Verhalten
vonAsentlangeine km | angen Transekts durch einen Ac
zu er k|l @ wade.eineRedox] her g angs zidemtdizier( R Tdér)die As
Immobilisierung statdnd die weiter in ein@unber ¢ hrten plebetr.gehhen
Unsere Anyysen ergaben, dagermentatiorund Methanogenese wichtige Prozesse sind, die
zueineRedukti on des R ewasletzendtichza dinerdMbldisiefupgvoAs n

f ¢ hr e nAulgrand mohe CHs-Konzentration in der RTZ sind anaerobe Methargitsy

die die CH-Oxidation an dieReduktion vonFe(lll), Mn(IV) und SO koppel n k°nne
reichlich vorhanden. SchlieClich un®®&rstrei
reduzi erenden uncidiereodemBakidriencdie sdhwe(® Isll )i ¢ hee Mi ne
bilden,dieal s SenKea nfg¢ e r &Busakmenfassemd legen unsere Ergebnisse

nahe, dass ein komplexes Netzwerk biogeochemischer Promessdalb des Aquifers
ber¢cksichtigt werden muss, ugzudasteshebmwel t ver

Insgesamt werfen die Ergebnisse dieser Doktorarbeit ein neues Licht auf-Hesig\auf und

heben die Rolle mikrobieller Prozesse als wichtigen Faktor hervor, der das Schicksal von As

im Grundwasser beeinflusst. Unsere Studie hat gezeigt, dass nicht eurdQuant i t 28 t | ¢
auch di esowigdalki tBitoverf sgbarkeidt von Kohl enst
mikrobiell induziertenMobilisierung von As spielen. Wir erachten die Arbeit, die sich auf die

CHs-a b h @ mMAg-Mabiksierung konzentriert,alssbs onder s wi chti g, da si
Weg aufzeigt, der fer v i e | ie deregAs-haftige Fe£lll)-2 hnl i ¢
Mi nerale im | berfl ubs overidi, glguhr@ainkannn Schhh d eCH i
hebt unsere Studie hervor, dass komplexe biogeochemische Wechselwirkungen, die entweder
zur Freisetzung oder | mmobi | ideKezeatnatprvonon As

As im Grundwasser kontrollieren



Chapter 1

Chapter 1: Introduction and objectives of this study

Arsenic (As) is the 20th most abundant element iretlréh's crust and it is broadly distributed

in the environment(Lenoble et al., 2004)This toxic metalloid is characterized byits
intermediatechemical and physicaropertieetween a metal and nometal(Humans, 2012)

In reducing environmentsnore mobile more solubleand therefore generally more toxic
arsenite (As(lll))s predominantArsenate (As(V)) dominasunder oxygenated conditioasad

it is known to bdessmobile specie that is more prone to sorption onto minerals and less toxic
(Ng et al., 2001; Smedley & Kinniburgh, 2002)senic can form various complexes with other
elementsforming bothorganic and inorganicompoundsOn the one handy@ong inorganic
arsenic trivalent compoundsich asarsenic trioxide, sodium arsenite and arsenic trichloride
are the most common while arsenic pentoxide, arsenic acid and arsenates are the most common
pertavalent compounds. On the other haptevalentorganic arsenic compounds include
arsanilic acid, methylarsonic acid, difgfarsinic acid and arsenobetain@umans, 2012;
WHO, 2001) There are many potential sees of As in the environment.dan be mitted &

result of volcanicor industrial activities such asimng, smelting of noferrous metaland
burning of fossil fuels leading toontamination of air, water, and soih&inly asarsenic
trioxide). Moreover,arseniecontaining pesticidegsommonly used in the pastave left large
amount of As in agricultural lands until these sldPeryea, 1991)Furthermore, As is
ubiquitous in many rocks being a main constituent of over 200 minerals, of which 60% are
arsenats, 20% sulfides and sulfosajtwhereatheremaining 20% include arsenidessenites

oxides, silicates and elemental @ornton, 1996)

1.1Arsenic exposure and its health consequences

Exposure to As and its compounds is considerea major public health concern due to its
toxic effect on human health artglclear carcinogenic potential (Water et al., 1998 World
Health Organization (WHO) estimated that over 140 million people worldwide might be
chronically exposed to As in theidking water ata concentration overpassing WHO safety
standar ds (WHD, 2009. Ar€eqi¢ holds the highest ranking on the current U.S.
Agency for Toxic Substares and Disease Registry (ATSPRiority list and due to its toxicity,

the InternationaAgency for Research on Cancer (IARC) defines arsenic as a Group | human
carcinogen (Naujokas et al., 2013lthough As contaminates mainly surfaeeter and
groundwater, ultimately it enters intbe food chainas the water is used for cooking and

irrigation, leading to its accumulatian vegetables, rice arftsh (Arain et al., 2009; Molin et

7



Chapter 1

al., 2015; Muhammad et al., 201®ecause As isinvisibleo (it does not affecthe taste or

smell of the water and fopdmany people have been unconsciously consuming it over years.
Arsenical skin lesions are the first hallmark of chronic As poisofftiagmi et al., 2009; Karagas

et al., 2015)Ingestion of Ascontaminated water and foeder prolongdtime subsequently
canlead tomoresevee health consequences includjmgstrictivelung disease, cardiovascular

and central nervous systeatiseaseand increased risk ofarious forns of cancer(Chen et al.,

2011; Smith A H et al., 1992Bo0uth and Southeast Asia, which Iscathe mosidensely
populated part of th&/orld (Smedley & Kinniburgh, 2002; Smith et al., 20@®particularly

prone to this problerdue to insufficient access to water treatment facilities, wéniehvailable
mainly to bigger citieslnhabitants ofmostrural areas still rely m shallow groundwater wells

for drinking watersupply, that is often treated with simple sand filtetisat are often not
maintaired appropriatelyto fulfill its function (Nitzsche et al., 2015As aconsequence, more
than 20% of all deaths in highly affected areas of Bangladesh were linked to As poisoning
(Ravenscroft P et al.,, 2009\though awareness regarding potential risissociatedvith
consumption of untreated watkeasincreased substantially ovére last years, many people
from rural areas simply anoacessto safe water or cannot afford to purchase commercially
availabe filters. Moreover,while household sand filters might be very efficient to remove As
from Ferich water such as in Vietham, natufé concentrations in Bangladesis ware er s

usuallytoo low for passive removal or simple sand filtrat{beupin et al. 2005)

1.2 Source of As in South and Southeast Asia

It is widely accepted that As in South and Southeast Asia is mainly of geogenic @&figsisn

and weatheringgf metamorphic rocks athe HimalayanMountains released sedimettitsit

were washed down theogles transported with viers and deposited along the major rivers and
river deltas of South and Southeast Asia (McArthur et al., 2001; Mukherjee et al., 2009;
Polizzotto et al., 2008)During this geological procesgon-loaded rocks eroded into iron
(oxyhydr)oxidescoated silty and sandy sediments with high affestfor As. Particles coated

with Fe and adsorbed As were washed transported downstream (Figurg) ITherefore, As

was brought to the river deltasorbedto solids and deposited in the soil with the settling
sediments. Suspended solid particles were preferentially deposited in flat floodptaeRed

River, Mekong, West Bengabangesnd InduDeltas.For thousands of years, the process of
sediment degpsition, that was particularly pronounced ihe Holoceneperiod (last 10,000
12,000 yearsjTanabe et al., 2006¢reated the soil layers (sediments) that formed the deltas
as we knowthemtoday. These sediments reach more than a hundred meters below today's



Chapter 1

topsoil layer burying in their compositiohs and crateswhat are now aquiferg\lthough a
large amount of As was deposited over geological time, it appears that fresh riversdeposit
replenish new supplies of As (Wallis et 2020)

N A / Sediment particles  Adsorbed

\\ \ _|with iron(hydr)oxide arsenic

g — | coatings . /
Cristalline bedrock = ’
\
N - > —_— =
) \\ 1 _Adsorptuon gfarsemc Transport of —_—
Topsoil \ to iron(hydr)oxide

. 2 sediment particles to the delta
(young sediments) . o ——

~
~

coatings on particle

Aquifer
(sand & gravel)

River delta

Sediment layers -
(clay and silt)

3. Arsenic release ter y
microbial activity & dissolution £
of iron(hydr)oxide

Peat layers ——

Figure 11 Deposition of Fe and As containing sediments along river deltas of South and Southeast Asia. Source:
Berg, 2007

1.3 Mechanisms of As mobilization to groundwater

Release of geogenic As from sediments to groundwater can happen through several different
meclanisms. Although many pathways of As mobilizatiovénbeen proposed to datin

reality this process strongly depends on local hydrology, geology, geochemistry as well as
anthropogenic activities (Bhattacharya et al., 2010) theanicrobial community mediating
biogeochemical processadoreover, rate and extehof As mobilization likely depend ora
combination of thesmteractingfactors rather thatneeffect ofa singleprocessTheintensive
groundwater abstraction and irrigatibileading to oxic conditions by decreasivgter leves

i and theoxidation ofAs-rich sulfides (nainly pyrites) presenin aquifer sedimentsas been
proposed as one possitgathway (Chowdhury et al., 1999; Das et al., 1996; Mandal et al.,
1996).This mechanismhoweverwas largely dismissed, particularly time Bengal Basin and

other similar aquérs where As-bearingpyrite was found only sporadically at rather low
abundanceavhich could notreleasethe significant amount oflissolvedAs (Acharyya et al.,

2000; Umitsu, 1993)Additional evidence consefrom the observatiothat only very low
concentration of dissolved sulfatevere detectedwhich is producedduring pyrite oxidation,
(Acharyya et al., 2005) anstrongly reducing conditions in Asontaminated aquifer&/on

Br ©° mssen dhat wauld suppreBsoRidatjve processes
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Another proposed mechanisuggestethat As is mobilize@s a result of competitivaorption

and exchange of As witbhosphorusK) supplied with fertilizeronto Fe(lll) mineralsurfaces
(Chowdhury et al., 1999). However, the quantity of P needed to mobilize As concentrations
observedn the fieldis unrealistic considering the depthglué aquifers and low mobility of P
(Bose & Sharma, 2002)s well aghelow permeability ofaquitardsefficiently preventinghe
percolation of waterA similar mechanisnof competitive sorptioetween As and carbonates
(Appelo et al., 2002)was also proposed. Changes in sorption capacaf Fe(lll)
(oxyhdr)oxidestriggered by the development afhigh pH (>8.5) due to mineral weathering
and high evaporation ratesrealso shown to mobilize As. The increased pH einerlead

to the desorption of adsorbed As, or prevent it from being adsorbed to Fe(lll) minerals (Smedley
& Kinniburgh, 2002).

Oneof the prevailing theaesfor As mobilization is througheductive dissolution ofs-rich
Fe(lll) (oxyhydnoxidesunder anoxic conditionfHarvey et al., 2002; Nickson et al., 1998;
Smedley & Kinniburgh, 2002). Presence of buried organic matter (ofterre@ to as peat
lenses) at different depths of aquifepsomotes strongly reducing conditian due to
biodegradation and fermentationarfaniccarbon(Postma et al., 2007; Quicksall et al., 2008)
Moreover,slow or completely limited diffusion of Ohrough sediment layerparticularly
through clay silt aquitards, effectively prevettteentrance of @to aquifers further decreasing
their redox potential.This encourages the reductiof As(V) and desorptin from Fe(lll)
(oxyhydroxides, as well ashe reductive dissolution ofe(lll) minerals (Datta, 2015)
Additionally, organic matter is known tweate complexesith As and Fe (Sharma et al., 2010)
leading toa significant accumulation of As within pebinsesthus representing a potential
sourceof As (Shotyk et al., 1996 herefore, biodegradation of organic mattey not only
initiate reducing conditiosby decreasing théocal redox potential, buit can directly release
As from OM-Fe-As complexedy reductive dissolution

Undoubtedly acombination of abiotic and biotic processes described above may contribute to
As mobilization, yet it is commonly accepted that microorganism play a decisive role in
catalyzing reductive dissolution of AgaringFe(lll) minerals presenih aquifer sediments and
ultimately releasingf As to groundwate(Farhana S. Islam et al., 2004) is clear that
microbially mediated reduction of Fe(lll) (oxyhydr)oxides is coupled to C oxidéGhatain

etal., 2006 H®rvy, M. et al., 2010; F. S. | saidam,
various micr@rganisnssuch asseobactespp. (F. S. Islam, Pederick, et al., 2008hewanella

spp. (Cummings et al., 19999nd Geothrix sp. (F. S. Islam, Boothman, et al., 2005) can

mediate this reactionThis processhowever,requiressufficient quantities obioavailable
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organicC, which might be a limiting factolor As mobilizationin some aquifersihile past
studies have probed thefexfts of different quanigs and identiies of C sources in As

mobilization (Duan et al., 2008; Lawson et al., 2013; Mailloux et al., 2013; Solaiman et al.,

2009),those studies tend to usasily bioavailable sherhain fatty acidsvhichdoesnot reflect

naturalconditiors, potentially leadingp anoverestimabn of the amount of As released

These are some of the mecharsshat received the most attentiofet, thereis anincreasing
number of studies that show new unexplored pathwaysAs remobilization as well as

immobilizationthat will be further discussed in Chas8r4 and 5

1.4 Field site descriptionand sampling campaigns

The study siteYan Phuc villageis located isidethe Red Rivemeanderabout 15 km

Southeast r om Hanoi (20A55' (E@ueI2). N, 105A53' 37.

China Hanoi
Province

N 21°10
'

Van Phuc village |¢

arsenic (ug/L)
@ <10

@ 10-50
O 50-150

| @ 150-300
@ >300

N 21°00

fkm

E 105°50 E 106°00"

Figure 1.2 Left: map of Hanoi province with the zoom to Van Phuc villdgght). The map of Van Phuc
demonstratethe distribution ofmonitoring wells and As groundwater concentrations. Sounoglified based on
Eiche et al., 2017

Studiesinvestigating the Agontaminatiorin and around Van Phuwave been conducted for
over two decade Therefoe, asubstantial number gfublicatiors is available that describe in
detail the mineralogy, hydrology, lithology and geology the Van Phuc aquife(Berg et al.,
2008; Eiche et al., 2008, 2017; Stopelli et al., 2020; van Geen et al., BoiEd)y, due toa
numberof sedimentation processesetlithology of this deltaic sedimenin Van Phucvary
considerably within short distanc@dathers & Zalasiewicz, 1999; Tanabe et al., 2006k
NorthrWestern area is characterized byange sands dating back fleistoceneand

9" E)

groundwater with As concentrat i.thrcentrabithé ow t

aquifer of the Soutitastern part isompiledof (young) Holocengray sedimenta/hereAs in
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thegr oundwat er exceeds t he-50(Hche@gl/ 2008)Aithoigh by
sedimentary As concentratidm orange and gray sediments is rather similarnjggkg on
averagg in the Holocene sedimenfss is mainly associated with mixed valence Fe(ll/Ill)
minerals, while in Pleistocene sandésis not adsorbed but more tightly bound mogty
orangebrown Fe(lll) oxides (Eiche et al., 200@)igure 13).

ray reduced sediments:

Amorphous Fe phases

mixed-valent Fe(II)/Fe(I1I)
Figure 1.3. Sedimentcores collected during 2017 sampling campaign. Each core was 1 m long and 10 cm
diameterChanges in redox conditions are distinguishable

The transition between the contaminated and uncontaminated zones is characterized by
changing edox conditionsThe edox transition zone ahé¢ boundary of the two aquifers is
wherea change from highly tasmoderately reducing conditions was observed and where As rich
water from the Holocene aquifer migrates into the Pleistocene affsiidgrelli etal., 2020; van
Geen et al., 2013). However, As penetration th@®uncontaminated Pleistocene aquifer is
retardeddue toenhanced sorptioof As onto Fe(lll) (oxyhydr)oxides, whiclmave a high
surface areandaremore abundant in Pleistocene safiiath et al., 2017)But alsoauthigenic
minerals produced by redahangesn the transition zone (Rawson et al., 2016) and other
potential reactions efficiently prevethte spreading of As contaminated water into pris{ie

bel ow hduifeg TheRleistocene anHolocene aquifers are mainly rechardpgdvater
from the river An extensivegroundwater abstractian Hanoi city caused a depression cone
and reversal of the naturgtoundwateiflow directionthat flow towards the capital with an
estimaed velocity of 40 m/year (van Geen et al., 2013¢nerally, theaquifer consis of
organierich clayey silt aquitard of variable thicknesserlyingloose bedding of gy Holocene

and orange Pleistocene sandy sediments (both containingpéions) reachingver 40 m
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depth (Berg et al., 2008; Eiche et al., 2017). The fesbiésin Van Phuc areaonsisting of
organic river mud are mainly used for agriculturaliposeqcultivation of maize pananas,
citrus, vegetables) that are supglieith NPK fertilizers often in uncontrolled way. In Van Phuc
and itssurroundingnumepus pondsoftenused forfish and duck productigmrecommonas

well as dens network of irrigation channels and small water reservoirs. Until recently,
groundwatemwasthe main source of drinking water \ftan Phuc and duseholdsand filters
have beerfficiently used to remove Fe and Merg et al., 2006; Nitzsche et al., 2015)

Waterabstraction from lowAs Pleistoceneaquifersbecamea main mitigation strategy This,
however, distured groundwater flonand canpotentially draw highAs groundwateinto to
low-As aquifers.In fact, due tothe constantlyincreasing water demand and groundwater
pumping,currently pristineaquifers are atigh risk of becoming AsontaminateqBerg et al.,
2008; van Geen et al., 2013; Winkel et al., 20Un)derstanding As dynamic in aquifers is of
great importance in ordéo prevent new cases 8§ exposure and reduce a health threat of
local communities.To investigateAs dissolution, advection and retardation across redox
gradientsand ultimatelypredict the largescale and longerm mobility of As undeenhanced
hydraulic forcinga multidisciplinarycollaborationwas established.hUs, his PhD thesiss a

part of a jointinternationalproject entitlediRetardation and mobilization of arsenic at redox
fronts under advective flow conditiors concerted multidispil i nary appr oach ( /
Further information about the AdvectAs project is providedSiatement of Personal

Contribution

Two sampling campaigntook place invan Phucto collectsamplesnecessary for this PhD
project In October 2017thefirst sampling campaign was performé&lring this campaign
rotary drilling (Figure 1.4)was carriecutto collect sediment samples as well as groundwater
sampledrom severaimonitoring wellswithin Van Phuc villageThe overarching goals of this
first field campaignwere the collection of aquifersediments to conduct microcosm
experimend, to obtainpreliminary information abouheabundance atdistribution of Fe(ll1}
reducing bacteria, antd characterize microbial commui@s in selected samplescross the
vertical profile ofthe aquifer. Groundwater samples were collected from selectedswel|
gather preliminary information about microbia o mmu n icamipasisod Data on
groundwatehydrogeochensitry, solid phase chemistrynineralogy and dissolved gasesre
collected by projectollaborators. Baskon the results athe first sampling campaigranew
hypothesigegarding role of Ckin As mobilizationwasformulated In order b validate this
new hypothesis, sediment samples were collected dthhengecond sampling campaitirat

took place in November 201Buring the 2018 sampling campaign, another rotary drilling was

13



Chapter 1

performed (3 m away from the 2017 drilling location). Aqugediment samples were collected
in order to set up another microcosm experiment. Furthermore, all available monitoring wells

were sampled and biomass was collectednfiocrobial community analysis across the transect

] ! ! -- !
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Figure 1.4 Location of drilling site and images from 2017 sampling campaigluding sediment cores and
groundwater collection. Picture courtesfyProf. Dr. A. Kappler and Monique Patzner.

1.5 Objectives of this study

Although several mechanisnfisr a mobilization of As from aquifer sedimentsave been
proposedSubchapter 1.3most of them focused on abiotic processes. Except for microbially
mediatedrFe(lll) reduction not much of attention has been given to biotiocesses that can
affect the fate of As in groundwater. Moreovenany studes were conducted to identify
microorganisms involved in Fe(lll) reduction and to estimate how much As can be mobilized
To date the role oforganic mattewhich is essentiato fuel this processwas not investigated

in detail Therefore, in order to improve opuwknowledge and understandingn how
microorganism can influenadbe behavior of Asn groundwater aquifershe objective of this

study are:
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1 To evaluate themportanceand properties of natural organic matter (NOM) fueling
microbially mediated reductivdissolution of Asbearing Fe(lll) minerals present in
aquifer sediments and to appraitepotential to mobilize As compared to commonly
used and easily bioavailabtgganic carbon (C) sources such as acetate and lactate
(Chapter 2).

1 To demonstrate the importardle of methane (CH that is abundantly present in Van
Phuc but also in other similar A®ntaminated aquifein South and Southeast Asia, as
electron donor for microbially mediated Fe(lll) reduction. Until todays@ts not
corsidered as important C source and haver been linked to As mobilizatian
aquifers(Chapter 3).

1 To assess functioand influenceof various microbialgroupspresent in groundwater
across different geochemical zones As (im)mobilization To date most studies
concentrated on Fe(Ileducing microorganism, althougknown Fe(lll}reducersare
not very abundant in aquifers. At the same time, other groups of microorganism
as fermenters, methanotrophs, methanogendfatesreducing bacteridominatan As-
contaminated aquifers such as Van Phet, they were largely overlooked arlar
role in As cycling is nofully understood Chapter 4).

1 To propose new and unexplored mechanisms of As mobilizatiomandbilization,
evaluate their importance, potential occurrence and contribution to As behEvi®r
chapter aim tasummarizethe role of multiple biological processes that importantly
influence As in groundwater amyerallwater quality Chapter 5).
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Chapter 27 Personal contribution

The sampling campaigned in Vietnam was organizgdProf. Michael Bergand jointly
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were collected by myself. The hypothesis was formulatechipself andProf. Dr. Andreas
Kappler Experimentavere conceptualized, setup and conducted by myldedfdata collection
wascarried out by myselfThe ICRMS analysis was performed by Dr. Emiliano Stopelli. The
organic matter analysis was performed by Beike Knicker (*3C-NMR) and Dr. Julie Tolu
(PyrolysisGC/MS). The discussion and analysis of the obtained results were done by myself
and Prof. A. Kappler.The manuscript was written by myselith the support oProf. A.
Kapplerand revised by all cauthors.
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2.1 Abstract

Natural organic matter (NOM) can contribute to arsenic (As) mobilization as an electron donor
for microbially-mediated reductive dissolution of Aearing Fe(lll) (oxyhydr)oxides.
However, to investigate this process, iasteof using NOM, most laboratory studies used
simple fatty acids or sugars, often at relatively high concentrations. To investigate the role of
relevant C sources, we therefore extradteditu NOM from the upper aquitard (clayey silt)

and lower sandy aquifer sediments in Van Phuc (Hanoi area, Vietnam), characterized its
composition, and used 14y microcosm experiments to determine the effeat-sftu OM

on Fe(lll) mineral reduction, As mdization and microbial community composition. We found

that OM extracted from the clayey silt (OMC) aquitard resembles young, not fully degraded
plantrelated material, while OM from the sandy sediments (OMS) is more bioavailable and
related to microbidbiomass. Although all microcosms were amended with the same amount of

C (12 mg C/L), the extent of Fe(lll) reduction after 100 days was highest with acetate/lactate

(43N3.5% of tot al Fe present i n the sedi me

( 1 9 N O InigaPFE(ll) reduction rates were also higher with acetate/lactate (0.53 mg Fe(ll)

in 6 days) than with OMS and OMC (0.18 and 0.08 mg Fe(ll) in 6 days, respectively). Although
initially more dissolved As was detected in the acetate/lactate setupsl@itelays, higher
concentrations of As (8.3N0.3 and 8.8NO. 8
respectively, compared to lactate/acetame nded setups (6. 3NO0. 7
amplicon sequence analyses revealed that acetate/lactate mainly eGectedtemhile in-

situ OM supported growth and activity of a more diverse microbial community. Our results
suggest that although tiresituNOM is less efficient in stimulating microbial Fe(lIl) reduction

than highly bioavailable acetate/lactate, iimétely has the potential to mobilize the same

amount or even more As.

2.2 Introduction

Arsenic (As) is a toxic metalloid that causes serious health issues suatsemscosis,
cardiovascular disease and increased risk of cd@t@mn et al., 2011; Smith A et al., 1992)

It is estimated that over 140 million people from 50 countries are at risk of consuming water

|

O

with As concentrations exceed(RavensciofhReet al.e c o mmi

2009) Southeast Asia is a particuladyfected part of the worl(Berg et al., 2001)Due to
insufficient access to central water supplies and water treatment facilities, many people still
rely on shallow groundwater wells. As a consequence, more than 20% of all deaths in highly

affected areasf Bangladesh were linked to As poison{Ravenscroft P et al., 200$Ithough
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our knowledge about processes affecting As mobilization has increased substantially in recent
years(Muehe & Kappler, 2014; Zhu et al., 201Many questions still remain r&gling the
identity and mechanisms of microbial and abiotic processes responsible for As release from As
bearing minerals.

It is generally accepted that the mobilization of As from the aquifer sediments into groundwater
is mainly due to microbialynediatel reductive dissolution of Abearing Fe(lll)
(oxyhydr)oxide mineral¢Lear et al., 2007; Polizzotto et al., 2006; Sutton et al., 2009; A. van
Geen et al., 2004Drganic matter (OM) plays a key role in this process, in particular as electron
donor for micoorganismgAkai et al., 2004; H. M. Anawar et al., 2006; F. S. Islam et al., 2005;
Lapworth et al., 2008)It has been demonstrated both in microcosms as well assitu
experiments that high concentrations5(®mM) of easily bioavailable carbon sources such as
acetate, lactate, glucose, polypepton or urea stimulate microbial activity and trigger the
reductive dissolution of Fe(lll) minerals, with the subsequent mobdizaof As that was
associated with the minergskai et al., 2004; Duan et al., 2008; Gault et al., 2016; Neidhardt
et al., 2014; Radloff et al., 2007, 2007; Rowland et al., 2¢0aever, only a few studies have
investigated the effect of environmemyaielevant organic C (e.g. DOfich water from paddy

soil or ponds) on As mobilization without amendment of labif@kai et al., 2004; Neumann

et al., 2014)Additional organic compounds that have been tested in such studies are humic
substances or watérom a drainage tub@auer & Blodau, 2006and plant material such as
ground bean leaves, barley straw or pine saw@aaiman et al., 2009puch carbon sources,
however, are mostly relevant for shallow aquifers where potential leaching or percty@atio

the surface could happen, and not for the OM that is present in deeper aquifer layers. T
knowledge, no studies have explicitly extracted naturally occurringsit() OM from
sediments and used it in sediment microcosms. There is still a laekable, quantitative
Fe(lll) reduction and As mobilization data with environmentally relevant sources and
concentrations of carbon. Furthermore, there is no detailed information about microbial taxa
directly involved in the Fe(lll) mineral reductionqmesses using this-situ C as electron

donor.

The OM present in Asontaminated aquifers can have different origins. It can be introduced
from anthropogenic (wastewater, fertilizers, oil spills) or natural sources (rivers, ponds) through
waterrecharge from the surface or liberated from the sediments (e.g. previously buried peat
layers) (Akai et al., 2004; Ghosh et al., 2015; McArthur et al., 2004ese C sources can
contain complex plaAbased OM which is considered rather resistant to clanaind

biological degradatiof Mar schner et al ., 200 8agswdlasilabile Duef a
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low-molecularweight C such as amino acids, carbohydrates and carboxylic acids that can be
easily used by microorganisms to fuel microbially mediatedilfFeéduction leading to As
release(Hossain Md. Anawar et al., 2013; Berggren et al., 2010; Rowland et al.,. 2007)
Therefore, the identity and bioavailability of the C present in the aquifer is key to understanding

its potential role in As mobilization.

For the present study, we chose an aquifer in the village of Van Phuc, about 15 km SE of Hanoi,
which shows a largegariability in dissolved As concentratiofgan Geen et al., 201.3An
organicrich clayey silt aquitard of variable thickness overlies loose beddings of grey Holocene
and orange Pleistocene sandy sediments (both containing OM inclusions) reachingraver 40
depth(Berg et al., 2008; Alexander van Geen et al., 2013; Weinman, .ZDi@)dominating

type of C present in the aquitard and aquifer was derived frascular G vegetation,
freshwater and marine C such as phytoplankton, terrestrial plants an(Eatdeeeet al., 2017)

It is unknown, however, to which extent this OM can be utilized by microorgafsrie(l11)
reduction and As mobilizatio herefore, we chose a novel approach of using extractatl

NOM as a source of C in our incubation experiment. We extracted and characterized OM from
the clayey/silty and sandy sediments in Van Phuc. We then used this OM in batch microcosms
to assess the rates and the extent of Fe(lll) reduction and As releasenparison to
microcosms with commonly used easily bioavailable C sources (acetate/lactate). Finally, we

identified the microorganisms mediating these processes over the course of the experiment.

2.3Materials and Methods

2.3.1Study area and sample collection

The sampling site is situated close to Van Phuc village, about 15 km SE from Hanoi, inside a
meander of the Red River (20A55'18.7"N, 105A
and information about OM composition and distribution were describmdopsly (Eiche et

al., 2008, 2017; Alexander van Geen et al., 2013; Weinman, . 2B46€fly, the NorthWestern

area is characterized by Pleistocene aquifer sands and groundwater with As concentrations
bel ow the WHO gui del i neofthdSbutlasterhpartis ofi(fyoringe as t |
Hol ocene age where groundwater e&Q(Eieheatsl, t he 1
2008) The transition between the contaminated and uncontaminated zones is characterized by
changing redox conditions. ®ct ober 2017, we coll ected a s
individual piece ca. 3 m long) up to 46 m below ground level at this redox transition zone using

rotary drilling. For OM extraction, clayey silt orgafich aquitard sediments from 11 m depth
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thatcontained some plant residues and orange sandy ofgamicediments with dark patches

from 21 m depth were used (the OM extracted from these layers is termed OMC and OMS).
We chose these sediments for OM extractions because they were expected toOlease
fueling microbial Fe(lll) mineral reduction. For the microcosm setups we chose the orange
sediments from 30 m depth because our preliminary data showed that they had high As and Fe
contents, they were the most homogenous regarding lithology and cdlwh (allowed to

obtain enough representative material for all microcosms), and these sediments are expected to
be responsible for the As release observed at that field site. All sediments were stored anoxically
at 4AC in the dar krdento evallate wrether §cétatenandnacthts yere | n
present in the aquifer, pore water from sandy sediments was collected by centrifugation and
subjected to volatile fatty acid (VFA) analy
previously (Laufer et al., 2016) The total Fe and As contents of therBOsediment were
determined by XRF (Bruker, AXS S4 Explorer).

2.3.20rganic Matter Extraction and Characterization

The dominating type of C present in the aquifer originates from vascular C3 (rreaitdy
mangroves)Eiche et al., 2017)Percolation of organidch anthropogenic water from the
surface is efficiently reduced due to an up to 20 m thick clayey silt layer with low permeability.
In order to obtain the potentially bioavailable OM, i.ee tmobile fraction of OM, water
extraction was applied. For OM extraction, 100 g of sediments were mixed with 1 L anoxic
MilliQ water (bubbled with N for 60 min), shaken (72 h, 20 rpm) in the dark, and centrifuged
(30 min; 10,000 rpm). The supernatant was | t ered (0.22 Om, PES,
Millipore). The filtrate was collected and freedaed. Samples of the freedeied material and

bulk sediments from which OM was extracted were used for total organic carbon (TOC)
analysis, Fourieransform Infared Spectroscopy (FTIRYC-Nuclear Magnetic Resonance
(**C-NMR), ExcitationEmission Matrix (EEM) fluorescence spectroscopy, and Pyrolysis Gas
Chromatography/Mass Spectrometry (PyrohGiS/MS) analyses as described in Tolu et al.
(see SI)(Tolu et al.,2015) The freezedried material was rdissolved completely (no particles
remaining) in sterile anoxic MilliQ water. Microwave Plas@mic Emission Spectrometer
(MP-AES) analysis (4200, Agilent Technologies, USA) of the solutions was used to quantify
the inorganic ions present in the extracted material (Tdblg 8nd the DOC of these solutions
was quantified by a DOC analyzer (highTOC; Elementar, Germany). 15 mM C stock solutions

were prepared and used for preparation of the medium for the microcosms.
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2.3.3 Microcosm Setup

Sacrificial microcosms were set up by mixing 1 g of sediment from 30 m depth (orange sandy
Fe and Asbearing sediments that were suggested to be susceptible to As mobilization when
exposed to mobile carbdfrendorf S et al., 201Pyith 5 mL (final volume) sterile synthetic
groundwater medium supplementeith C (modified fromRathi et al., 2017)without As and

Fe in the medium) in glass vials (total volumen20). Prior to the preparation of the
microcosms, the pH of the mediunasvadjusted to a pH of 7.2 by bubbling withCThe pH

was monitored along the experiment and it stayed in the range-Gf5/.Eive different C
treatments (all containing sediment) were prepared (see T28)e B biotic control (CON+),

no amendments; 2) abiotic control (CQNamended with 160 mM sodium azide (Naiind

1 mM carbon (12 mg C/L) as acetate/lactate mix (half of the C from acetate, half from lactate);
3) amended with 1 mM carbon as OMC; 4) amended wittMLcarbon as OMS; 5) aended

with 1 mM C as acetate/lactate mix. It has to be noted that the amount of carbon added was
three times the amount of carbon (DOC) that was determined in the groundwater of the drilling
site (E. Stopelli, unpublished data). All microcosms were prelparean anoxic glovebox
(100% N), closed with rubber stoppers and aluminum caps and flushed W&EION9/1) in
order to maintain anoxic conditions. Afterwa
analysis (without shaking). At each time pdiday O, 2, 6, 10, 23, 44, 63, 80, 100) 3 vials of
each treatment were sacrificed for geochemical analysis and analyzed in triplicate. Six vials

were collected for molecular studies at 3 time points (day 0, 10 and 100).

2.3.4 Geochemical Analysis

Vialswo |l | ected for geochemical anal yses were ce
the supernatant were stabilized in 1M HCI (to avoid oxidation of Fe(ll)) and diluted with HCI

if necessary for dissolved Fequantification using the Ferrozine assay eting on the Fe
concentration the samples were diluted eithe
HCI concentration of 0.2 or 0.1MBchaedler et al., 201.8pne mL of the supernatant was
filtered (0.22 Om) darAs asdysa by ICRMS €8800, iAgilentl % H N C
Technologies, USA)The remaining liquid phase was used for HPLC quantification of lactate

and acetatgDippon, U. et al.,, 2017)One g of sediment (wet weight) obtained after
centrifugation was digested for 1 h with 2 miedfi HCI. 2 mL of the digests were centrifuged

(5 min, 14000 rpm) and 100 OL of the superna
in triplicate using the Ferrozine Ass&$chaedler et al.,, 2018pifferences in As and Fe
concentration in the diffent microcosm setups were analyzed with single factor ANOVA and

statistical differences in Fe and As at selected time points between pairs of treatments were
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determined using th8tudent'd-test. ThePhreeqC v3 andinteq.v4 databaseere used in
order to calculate saturation indices (SlI) and potential Fe(ll) mineral formation at given time

points based on the available geochemical data.

2.3.5Microbial Community Analysis and quantitative PCR

Samples were collected at the beginnifigh® experiment, after 10 days (when maximum
Fe(lll) reduction and As release were observed) and at the end of the experiment (100 days).
DNA extraction was performed following a protocol from Lueders dLakders et al., 2004)
Bacterial and archaed6S rRNA genes were amplified using universal primers 515f:
GTGYCAGCMGCCGCGGTAA  (Parada et al., 2016) and 806r:
GGACTACNVGGGTWTCTAAT (Apprill et al., 2015¥fused to lllumina adapters. Subsequent
library preparation steps (Nextera, lllumina) and 250 bpep&nd sequencing with MiSeq
(Nlumina, San Diego, CA, USA) using v2 chemistry were performed by Microsynth AG
(Switzerland) and between 49,000 and 75,000 read pairs were obtained for each sample.
Sequence analysis was performed as described in the Skdgaencing data can be found at

the NCBI Sequence Read Archive (SRA); accession number PRJNA542106
(https://www.ncbi.nlm.nih.gov/sra/PRINA542306

Quantitative PCR (gPCR) specific for the 16 DIAR(genes) of bacteria and archaea well as

for arsenate reductasarfA) and anaerobic arsenite oxidasex@) geneswere performed
using an iQ5 rediime PCR system (iQ5 optical system software, version 2.0RBn).qPCR
primer sequences, gespecific plasmid standards, and details of the thermal programs are
given in the Sl (Table B3).

2.4 Results and Discussion

2.4.11dentity and characterization of extracted organic mater

TOC analysis of the 45 m drilling core showed that the Van Phuc aquitard contains-organic

rich clayey silt whereas the aquifer consists of rather orgaoc sandy sediments with
heterogeneously distributed orgamclusions(Eiche et al., 2008, 2017$%ediments at 11 and

21 m depth were selected for OM extraction as representative samples for the organic matter
intercalations within the clayey silt aquitard and the sandy aquifers (Figure The TOC of

the clayey silt materi al was 9.5N0.15 wt % wh
wt% of TOC.

The two extracted OM fractions were analyzed by FTHG-NMR and fluorescence

spectroscopy (excitatieemission matrices, EEM). The FTEpectra of both, OM from clay
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(OMC) and OM from sand (OMS) (FiguelA) were generally similar to each other (a certain
similarity between OMC and OMS was also confirnbgdsimilar EEM spectra, Figuig2.2),

with a few specific differences. In both OM@daOMS, we identified prominent FTIR peaks
between 1300 and 900 dimcorresponding to thetretching modes of alcoholic-G, ether G

O-C or OH deformation(Coates, 2006)characteristic for polysaccharidd$e peak at 1616

cmt, specific foraromatic C=C (alkene) and conjugated C=0 or {Sbates, 2006vas more
pronounced in the OMC spectrum, suggesting the preseligaiatderivativesBoeriu et al.,
2004)or other aromatics that are also present but less abundant in the OMS. FurtheMtre,
showed a stronger absorption between 33300 cm'. This region is typical foDH stretching
modes that can be related to ptaased molecules such as cellulose as well as-4drddénds

of amines, including amino acid€oates, 2006)in OMS, a shgr carboxylic peak (COQ
appeared at 1383 cinmost likely related to the presence of amino and fatty acids, pointing
towards microbially related (Kelly & Scheibling, 2012)

In addition to FTIR, soliestate™>C-NMR was applied to characterize the chemhiproperties

of both types of extracted OM (Figu2el B). Overall,**C-NMR analysis also showed a similar
presence of the main carbon functional groups in OMC and OMS with alkyl C-alid/IGC
(stemming from carbohydrates) being the most abunddémh@onal groups in both extracted
OMs. The Nalkyl C as well as the aryl C, which indicate aromatic compounds and phenols
(e.g. lignin or lignin degradation produc{s)Sc h° ni n g , were alad present th ®dd@thb )
OMC and OMS. Bulk sediments fromhich OMC and OMS were extracted, were also
analyzed by NMR and FTIR in order to evaluate whether the extracted OMs were representative
for the sedimentary OM. Although the abundance of some functional groups changed as a result
of the extraction process$*C-NMR spectra; Figure 33), generally, the NMR intensity
distribution of different Gunctional groups in both extracted OMs and in the two bulk
sediments (Figur2.1B) showed similar patterns. FTIR spectra of the bulk sediments compared
to the spectraf the extracted OMC and OMS showed that the extracted OM is representative
for the OM in the sediment but due to the polar nature of extractant (water) the OM is enriched
in the more easily extractable OM, including carbohydrates and patgeiatives.

Additionally, theclayey bulk sediment and extracted OMC were also analyzed by Pyrolysis
GC-MS (for the OMS samples the C content in bulk sediments and the amount of extracted OM
were too low). In total, 76 and 59 pyrolytic organic compounds were icehifibulk sediment

and extracted OMC, respectively. These compounds were grouped into 13 classes (e.qg.,
carbohydrates, N compounds, (alkyl)benzeneakanes, lignin, etc.) (Table2®) (Ninnes et

al., 2017; Tolu et al., 2017)n addition to the decreasn the number of identified organic
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compounds (from 76 to 59) in the water extract that was also forexk resuspended and
filtered, the PyrolysisSC/MS data showed, similarly to th%-NMR and FTIR findings, that
carbohydrates, N compounds (originating from proteins and degradation products of proteins
and chlorophylls) and carboxylic acids got enriched during the extraction, whereas the
abundance of more complex molecules such asapamtyatic compounds, (alkyl)benzenes,
alkanes,n-alkenes, and lignin decreasebhis is probably a result of the differences in

extractability of more polar vs. less polar (more hydrophobic) compounds.
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Figure 2.1. Characterization and comparison of @l extracted from the Van Phuc aquitard (clayey silt) and
aquifer (sandy) sediments, i.e. OMC and OMS. A) FTIR spectra with assigned peaks and potential C
compounds: €, GO-C, O-H (polysaccharides), CO@amino/fatty acids), OH (cellulose), C=C, C=Qy(lin-
derivatives), and B) shows the distribution et@ntaining structural components quantified'#-NMR
analysis.
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However, although the relative abundance of some compounds changed during the extraction,
the OM obtained by anoxic water extraction yields OM that is representative for the OM present
in the bulk sediments justifying its use in the microcosms as envirdaftyerelevantin-situ

OM.

Our spectroscopic analyses as well as our visual evaluation of the sediments (EijGde S
showed the presence of some plant residues, suggesting a higher presence-cdrdynin
celluloserelated compounds in OMC compared @d1S. Previous analysis of clayey silt
sediments from the same site identified compounds suchd€s&n-alkanes, @i Czs n-
alkanoic acids, & Cs1 ¥- hydroxy alkanoic acids andi6L Cs1 n-alkanols(Al Lawati et al.,

2012) also indicating the presenceméntderived OM(Xing et al., 2011)Overall this implies

that more lignin and cellulose related compounds were present in OMC than in OMS. In
combination with our visual observation of the material (where remaininggéaivied organic
structures were observed) this suggests that OMC is more immaturedeglzed OM
compared to OMS. Overall, on the one hand the abundance of OM is higher in the upper clayey
silt, but the bioavailability of this C seems to be lower duthéopresence of more complex
molecules and not fully degraded plant material. On the other hand, the sandy sediments are
characterized by a very low organic C content. However, this C potentially has a higher
bioavailability resulting from its more advaett degradation stage and the presence of amino
acids and carboxylic acids which points towards a microbial sign@@erggren et al., 2010;
Rowland et al., 2007)

2.4.2Effect of different C sources on Fe(lll) minerd reduction and As mobilization

To ddermine the effect of different C sources on As mobilization we set up microcosms with
oxidized Asbearing sediments. We were particularly interested in the effect of the OM from

the overlaying clayey silt sediments (OMC) that was suggested to be tradsgownwards

into the OMpoor sandy sediments to drive Fe(lll) reduction and As mobilization in these layers
(Lawson et al., 2013)The Fe and As contents in these sediments used for the microcosm

i ncubations were det er mi ngdg redpactivelyRhilethe TGCe 1. 6
was rat her l ow (0. 15KNK0. 002 way%iffracioM{XR®r al o g i
revealed goethite, hematiend siderite as the main Fe minerals and to a smaller extent
magnetite and greigite (M. Schneider, unpublistiaich).

All our microbially-active microcosms showed Fe(lll) reduction while biologically inactive
microcosms (treated with sodium azide) that were supplied with acetate/lactate €bONed

no significant changes in dissolved Fe, Fe(ll) in sediments, and dids&dvever 100 days of
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incubation demonstrating that OM was fueling microbially ratsti Fe(lll) reduction (Figure
2.2). However, the extent and rates of Fe(lll) reduction and As mobilization differed between

various C sources supplied.
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Figure 2.2 Change®f Fe(ll) in the sediment, dissolved¥and dissolved As over 100 days of incubation of
As-bearing sediments in microcosms supplied with different C sources. A) concentration of Fe(ll) in the
sediment quantified by 1 h digestion with 6 M HCI, B) concentration of aquedtjsHalissolved As (gase
note that this is the As mobilized from 1 g of sediments into 5 mL volume of artificial groundvizadeigally
active control without additional C (CON+), abiotic control supplied with 160 mMNalrder to inhibit
microbial activity and amendedith acetate/lactate (CON, and three microbially active setups amended with
different C sources: OM extracted from clayey silt sediments (OMC), OM extracted from sandy sediments
(OMS), acetate/lactate (A/L), at 12 mg C/L each. Error bars represenastateyiation from 3 vials. Each vial
was measured in triplicate.
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The highest concentration of Fe(ll) in the sediments was recorded-/Ilnafkended
microcosms (Figur@.2A) where it reached 0.52 mg/g sediment after 6 days and 0.64 mg/g
sediment after 28ays, remaining at this level until the end of the experiment, when we detected

al most 0.7 mg Fe(l 1)/ g (43thedaluednf% redudtidnevereg ot a |
calculated using the Fe(ll) extracted from the sediment divided by the sedimeaintent
determined by XRF

When microcosms were supplied withsitu OM, less Fe(ll) was formed (ca. one third to half

of the Fe(ll) formed in the AL-amended setups). However, Fe(ll) was steadily produced
during the experiment until the end of incubation (100 days). The Fe(ll) remained completely

in the solid phase, relaing 0.08 and 0.18 mg Fe(ll) per g sediment after 6 days and 0.3 and
0.45 mg/ g after 100 days in OMC and OMS set

and 28N0. 3% of the total Fe present in the s
Fe(lll) (ttest,p<0. 005) was reduced (28N0.3%) by OMS
with OMC (19N0.8%). This might be due to th

content of amino acids and carboxylic acids) compared to OMC, supporting our higththes

the identity and composition of the OM are the factors deciding about its potentigloasde

for Fe(lll)-reducing microorganisms. It has to be noted that accumulation of Fe(ll) in the
sediments also occurred in the ABramended biotic controOON+) sediments, although to a
lower extent (0.16 mg/g; corresponding to 9% of the total Fe), suggesting that the indigenous
microbial community used some of the carbon that was available within the sediments.
Generally, in the CON+ microcosms, where soafiethe in-situ OM was mobilized and
obviously also was bioavailable, similar trends for Fe(lll) reduction were observed as in OMC
and OMS setups. Similar Fe(lll) reduction patterns could indicate that the extracted OM is
qualitatively closer and more regantative to sedimentary NOM than acetate and lactate.
However, ultimately in the end of the experiment significantly less Fe(ll) was produced in
CON+ compared to OMt-test,p<0.005) and OM&mended microcosn{stest,p<0.005)

due to the lower abundamof the native sedimentary C that was present in the CON+.

In microbially-active acetatdactateamended microcosms, Fe(ll) was produced and released
as dissolved Fé into solution, reaching its maximum after 6 days (0.15 mM; i.e. 2.5% of the
total Fe n the sediment) followed by a steady decrease until the end ekgeriment to 0.05

mM (Figure2.2B). In microcosms supplied with OMC and OMS*Feas not released into
solution. Our data showed that in microcosms supplied with OMC and @héSolved F&

stayed at a similar level as in the biotic and abiotic controls (CON+ and)&0@gesting that

the formed Fe(ll) remained as either sorbed Fe(ll) or Fe(ll) mineral in the sediments. The
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saturation index for different minerals was calculatgidg PhreeqC in order to explain the lack

of F&* release in microcosms supplied wititsitu OM (see Table &5). The calculation

showed that no siderite precipitation is expected. Therefore, the lack' ohélailization could

be due to adsorption oeHI) on the remaining poorly crystalline Fe(lll/ll) minerél&ocar et

al., 2006)or formation of NOMFe complexes could have prevented faobilization. It was
previously shown that some functional groups such as carboxyl groups, which were also present
in the extracted OM used in our study, are particularly prone to create complexes with Fe(ll) at
neutral pH(Daugherty et al., 2017)

Quantification of dissolved As showed that trends in As mobilization did not fully correlate
with Fe(lll) reduction inthe sediments (Figuie2C). By the first 6 days of incubation dissolved

As was found to be higher in-A -amended setups than in OMS and OMC setups, where almost
80g/ L dissolved As was released from 11 g of
As present, compared to |l ess than-vallesOfg/ L As
mobilized As were calculated using dissolved As concentrations inthlevblume at given

time points divided by the sedimentary As content determined by XRF). The tatioenof

dissolved As decreased after 60 days is et ups (to 6.3 Og/L at t
which might be related to the decrease of aqueotis pessible formation of secondary Fe
minerals (that are not considered in our saturation indexladilan, Table 8.5) and As ce
precipitation (Muehe et al., 2013)A similar rapid Fe(lll) reduction and As mobilization
followed by As immobilization due to eprecipitation with secondary minerals has been shown

for West Bengal sediments amended vaitetatgd H®r vy M. amdtglucaddlactate 2 0 1 0)
amended Agontaminated soil{Chatain et al., 2005)Despite lower extents of Fe(lll)
reduction, ultimately (day 100) a higher As concentration was recorded in the presence of OMC
(8. 3N0. 3tte@,p< A.sOAL5) and OMS t-tess p<®.N0B).c8npdday toAs / L ;
A/L setups, corresponding to mobilization of 0.75 and 0.8% of the total As, respectively. On
the one hand, this higher As concentration despite lower Fe(lll) reduction could be due to
competitive sorption of the OM and As. It is known that organic compounds such as citrate or
humic acids can decrease adsorption of phosphate to soil and to Fe(lll) minerals such as goethite
(Fontes et al., 1992; Geelhoed et al., 1988)V) can be considerexs an analog of phosphate

(Yong et al., 2003)and therefore OM could affect As(V) sorption, but also As(lll) sorption,
through competition for reactive surface sites and could lead to desorption of As. On the other
hand, OM can change As speciatibnough redox reactionfRedman et al., 2002; Wang &
Mulligan, 2006)and formation of binary and ternary complexes with Fe an(bAarma et al.,

2010) Such dissolved NOMs-Fe complexes can increase the mobility of As, resulting in
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increased aqueous As contrations in groundwatéBreault et al., 1996; Redman et al., 2002)

Overall, our study demonstrated thatsitu OM (including OM from the aquitard that can
potentially be mobilized) can trigger microbial Fe(lll) reduction and can contribute to As
release Although initially (until 60 days of incubation) more As was present in solution in

mi crocosms supplied with OMC compared to OMS
the same for microcosms amended with both types of OM. It has to be noteti thaval gh 8 Og
As/L might seem to be insignificant, the water to sediment ratio in our microcosms (5:1 wt/wt)

was much higher compared to the one in the aquifer (1:8 (wt/wt) assuming a porosity of 25%

and a sediment density comparable to qugfayhana S. Islam et al., 2004)nder these
conditions the concentration of 8 Og As/ L f
concentration of 352 Og As/L in the field.
contaminated Holocene groundwad¢ our field site in Van Phuc, suggesting that an important
fraction of the mobilized As could be mobilized as a consequence of microbial oxidatien of

situ OM coupled to reduction of As bearing Fe(lll) minerals.

This observation potentially showrsat this type of C can more efficiently release As sorbed to

Fe(lll) minerals but at the same time be less available for Fe¢ll)cing bacteria.

2.4.3 Microbial key players and activities in Fe(lll) reduction and As mobilization
Microbial community aalyses were used to unravel the influence of the investigated carbon
sources on the microbial community structure and to identify potential microbial key players
involved in Fe(lll) reduction and As mobilization. Based on gPCR, A/L initially supported
vigorous growth of bacteria, reaching >3.0%0® . 5 oakct@rial 16S rRNA gene copy
numbers per g sediment within the first 10 days of the incubation (RA@#&& However, A/L

was quickly consumed leading to a decrease (ca. 90%) of the bacterial abundance to
2.4x10N 5 . ¢ k6% RNA gene copies per g sediment at the end of the incubation. In contrast,
when microcosms were supplied with thesitu OM, the abundance of the bacterial population
remained stable in the OMS incubation with 1.5%818 . 6 katt€i416S rRNA gene copy
numbers per g sediment and doubled from 1.5M10. & to B.0x16N 4 . 7 bhadtddial 16S

rRNA gene copy numbers per g sediment after 100 days in the OMC incubations. Also in the
nonC-amended biotic control setups (CON+) ianrease of bacterial 16S rRNA gene copy
numbers per g sediment was observed over time (from 2830 T101.8x16N1. x 10
after 100 days), confirming our observations of slower degradation of intrinsic NOM in
sediments and therefore slower Fe(lligluetion. On the contrary, archaea seemed to be less

selective for the C type. The 16S rRNA gene copy numbers of archaea ranged betweén 2.4x10
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and 3.4x16per g sediment after 10 days in all treatments (Figi3®). Over time the archaeal
population incrased in all setups, most notably in the Olsi@ended microcosms where 16S
rRNA gene copy numbers per g sediment increased by more than one order of magnitude, i.e.
from 2.4x10N 1 . Tto 3.8%16N 2 . ) affe0100 days.

Bacterial 16S rRNA

4x10°
A Day
3x10°- =
B 100
2x10°%
1x10% J ?
0 I
4x10° Archaeal 16S rRNA
B
3x10°
2x10°-
1x10°-

Gene copy numbers/g sediment

6x10° arrA
c
5x10%
3x10%
2x10°% l -
arxA
1x10*{p

7x10°

Tl

CON+ OMS oMmcC

Figure 2.3 Quantitative PCR analysis of A) bacterial 16S rRNA gene, B) archaeal 16S rRNA gene, C) arsenate
reductase genaufA) and D) anaerobic arsenite oxidaaexf\) gene copy numbers after 10 and 100 days of
incubations with various C sources. Biotically actbemtrol without additional C (CON+), and three microbially
active setups amended with different C source: OM extracted from clayey silt sediments (OMC), OM extracted
from sandy sediments (OMS), acetate/lactate (Adt),2 mg C/L eachError bars represestandard deviation

from 3 measurements.
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Changes in the microbial population based on 16S rRNA gene copies, particularly bacteria,
could indicate that less bioavailable C (and thus more persistent to degradation) such as NOM
is consumed much slower. Bhtarbon source could, therefore, last longer compared to simple
fatty acids, supporting a higher abundance and a higher diversity of microorganisms on longer
time scales. Due to slower consumption of NOM, the Fe(lll) reduction was also slow, although,
cortinuously increasing over the whole incubation period and contributing to As mobilization.
To investigate the presence of microorganisms with the potential ability for As(V) reduction
and As(lIl) oxidationwe subsequently used gPCR to quantify arseealiectase genearfA)

and anaerobic arsenite oxidase geragA) (Figure 2.3C and2.3D) that were previously
detected in As contaminated environmef88ver & Phung, 2005; Zargar et al., 201Zhe

arrA gene was detected in all microcosms, although at one order of magnitude lower than
bacterial 16S rRNA gene copy numbers (FidguB€). After 10 days of incubation, the bacterial

16S rRNAArrA gene ratio was highest in OMC (18:1), followed by OMS (11nt) lawest in
A-/L-setups (6:1), suggesting that microorganisms with the potential ability for As(V) reduction
were particularly present in the/A-setups. TharxA gene copy numbers were two orders of
magnitude lower compared @&orA genes and 3 ordersvier compared to bacterial 16S rRNA
genes (Figur@.3D). Generally, for all treatments except OMS, the numbarr# andarxA

gene copies increased over time which might point towards an increasing potential for As(V)
reduction and As(lll) oxidation. Baseaxh arxA and arrA gene abundance, microorganisms
with the potential ability to affect the redox state and fate of As are present in our microcosms
as well as in the aquifer (unpublished data) and their abundance may change depending on the
supplied C type.

To further identify potential key microbial players involved in Fe(lll) reduction and As cycling,
16S rRNA gene amplicon sequencing was performed from the original sediments and the
sediments supplied with different carbon sources after 10 and 100 fdagsilmation (Figure

24). Alpha diversity estimators based on the Shannon, Pielou E, Faith Pd indices indicated that,
after 10 and 100 days, generally higher diversity was observed in the CON+,&aDMOMS
amended sediment compared te/lAamended sedinm¢ (Table 2.6). In-situ OM might
therefore favor more diverse taxa rather than single microbial key players that could be more
competitive in utilizing simple C compounds (i.e. acetate/lactate). It is worth mentioning that
generally in all treatments tmeicrobial diversity decreased compared to the original sediment.
As expected, alpha diversity indices of CON+ after 100 days of incubation were comparable to
that in OM. This is most likely due to the fact that natural sediments contain C similar to the

one we have extracted, that might become more available when sediments are disturbed but in
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lower concentration. Therefore, microbial diversity in all treatments with NOM (including
CON+) supported growth of similar taxa, whereas, bioavailable acetated|gath) favored

fewer microbial taxa (mainleobactey.

In the natural sediment, microorganisms belongin§ubiuritalea(potential sulfuroxidizers)
(Watanabe, T., et al., 201Were the most abundant group of microorganisms, representing
>10% 16S rRNA relative gene sequence abundance. Other abundant takéovexedlaceae

(5%), potential arsenitexidizing Hydrogenophag#4%)(vanden Hoven & Santini, 2004nd
potential ammonixidizing archaea affiliating witNitrososphaeracea@%) (Pelissari et al.,

2017) Within 100 days of incubation, these microorganisms notably decreased their relative
16S rRNA gene sequence abundance or almost completely disappeared in all treatments,
possibly due to the lack of substrates necessary for their growth. The most notable enrichment
was observed foGeobacter a weltkknown Fe(lll}reducer(F. S. Islam et al., 2005)vith an

initial relative 16S rRNA gene sequence abundance of <0.5%, theagsc within 10 days 58,

68 and 136 times (to 29%, 34% and 68%) in CON+, OMS and A/L microcosms, respectively.
After 100 days, the relative 16S rRNA gene sequence abundaGembécterdropped to 5%

in CON+, remained at ca. 36% in OMS, and still represkeb2% of the total microbial
community in A/L-amended microcosms. Clearly, in these se@gsbactewas using acetate

as an edonor and C source most efficiently (acetate was consumed after 10 day), leading to a
rapid increase to 68% in its relatiieumdance after 10 days compared to its initial relative 16S
rRNA gene sequence abundance, followed by decrease to 52% after 100 days. InGhe non
amended biotic control (CON+geobacterelated sequences were also abundant, in particular

at the beginningf the incubation. Although the relative abundanc&edbbactemfter 10 days

of incubation was 30%, no Fe(lll) reduction was observed suggesting that the available C was
sufficient to sustain viability of these cells to some extent, but did not leaghtbcant Fe(lIl)
reduction. Beside&eobacterthe only other known Fe(lH)educeiGeothrix(Nevin & Lovley,
2002)was found at a very low abundance (<0.5%) in all treatments except for CON+ where it
represented 1.3% 16S rRNA relative gene sequence abundance after 100 days suggesting its
rather marginal role in Fe(lll) reduction.

In contrast, in the OMC setug@eobater was enriched in relative 16S rRNA gene sequence
abundance only to a lower extent, representing 7% of the microbial community after 10 days
and 13% after 100 days. This could indicate that the added OMC was less accessible to this
group of microorganissithan acetate, lactate or OMS. Instead, the OMC appeared to be a more
suitable carbon source for other microorganisms that increased in relative 16S rRNA gene

sequence abundance within 10 days, sudrysipelothrix(10.2%),Dechloromona$9%) and
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Prolixibacteracea€13%), although their abundance decreased by the end of the experiment to

7.6, 2.4 and 0.2%, respectively.

In OMS&ended microcosmsPropionivibrio and

Desulfotomaculumwere enriched to 14% and 18% relative 16S rRNA gene sequence

abundance,aespectively. However, their abundance also dropped to 4.6% and O at the end of

the experiment suggesting they were not involved in Fe(lll) reduction directly.-/lov A

amended microcosms, besidesobacteionly Azoarcugncreased its relative 16S rRNA gene

sequence abundance from 0.5% at the beginning to up to 12% after 100 days.

Relative 16S rRNA gene sequence abundance [%]
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[ Geobacter B Burkholderiaceae
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B Thermodesulfovibrionia I Sulfurospirillum
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Figure 2.4 Changes in microbial community composition within 10 and 100 days of incubation with various C
sourcesThe presented taxa were analyzed at genus level (and labelled with highest descriptive taxonomic level)
and minimum abundance level of 0.5B4otically active control without additional C (CON+), abiotic control
supplied with 160 mM sodium azide in orderinhibit microbial activity and amended with acetate/lactate

(CON-), and three microbially active setups amended with different C source: OM extracted from clayey silt
sediments (OMC), OM extracted from sandy sediments (OMS), acetate/lactate diAlR)mg C/L eachTO
represents the initial microbial community at the beginning of the experiment
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While most of taxa decreased their relative 16S rRNA gene sequence abuAdaacels as

one of very few taxa increased its abundance inegltments, pointing towards its involvement

in C utilization and Fe(lll) reductiorAlso, Thermodesulfovibrioniamicroorganisms known

for reduction of sulfate and other sulfur compougiatsuura et al., 2016appeared abundant

in the end of the incubations reaching up to 32% in CON+, 11% in OMC and 9% in OMS;
however, this taxon was not detectable ifLAamended microcosmsseobactesrelated
microorganisms were previously found in Van Phuc sedin{é&htisawati et al., 2012hs well

as in other Asontaminated aquifers where Fe(lll) reduction is a significant terminal electron
accepting procesg-ontes et al., 1992; F. S. Islam et al., 2005; Kim et al., 2012; Lear et al.,
2007) however, itsin-situ abundancevas rather low. In our experiment, the oxidation of
bioavailable acetate supported growth of this microorganism fueling microbial Fe(lll)
reduction. Consequently, fast Fe(lll) reduction rates occurred during the first few days of
incubation as well as aggiificant increase in bacterial 16S rRNA gene copy numbers (Figure
2.3A). However, once acetate was depleted, Fe(lll) reduction stopped and the number of
bacterial 16S rRNA gene copy numbers (includidgpbactey decreased to only 8% of the
initial value @ day 10. AlthouglGeobactemlso enriched in the presence of natural OM, other
taxonomic groups such &solixibacteraceagErysipelothrix DechloromonagPropionivibrio,
DesulfotomaculugAzoarcusandThermodesulfovibrionianriched as well. Some of tleetaxa

were previously reported to be present incAstaminated environments, suggesting their
potential direct or indirect role in As cyclifdlevin & Lovley, 2002) Therefore, our results
demonstrate that using bioavailable C such as acetate/lactates fgrowth of specific
microorganisms (i.e5eobactey. However, based on VFA analysis of the porewater, we know
that acetate and lactate can be found in the aquifer only sporadically and at concentrations below
a few OM, theref or eotthéimeamearbunFsdurcassita Inganteasta b | y 1
in-situ OM enriched diverse taxa and maintained the microbial population for much longer
(whereas in the AL-amended setups, after 10 days when acetate was already consumed, the
cell numbers decreased dreally), suggesting that an increasing complexity of OM might
stimulate more diverse microbial communities for much longer in the groundwater aquifer,

contributing to slower but prolonged Fe(lll) reduction &sdmobilization.

2.5 Environmental | mplications

Our study demonstrates that the identity and reactivity of the organic matter controls the rates
and extent of Fe(lll) reduction and subsequent As mobilization from aquifer sediments under

anoxic conditions. Although the commegnlsed easily bioavailable-§€burces such as acetate,

39



Chapter 2

lactate, glucose or lactose are useful as a proxy in simple laboratory experiments, they do not
fully represent environmentally relevant OM, particularly when used at very high
concentrations. In ordéo gain a full understanding of the prevalent processes and the microbial
community involved in the environment, it is necessary to compare the results with those from
in-situ OM.

Due to the lower bioavailability oih-situ OM, Fe and As biogeochemicakirsformation
processes will be most likely much slower than previously assumed based on the experiments
with highly bioavailable C which introduce a bias in estimation of As mobilization. In our study
we employed novel approaches of using C that is qtisétg more representative af-situ

OM and help to better estimate Fe(lll) reduction and As mobilization. We showed that OM
extracted from the aquifer sediments may serve as a substrate for diverse microbial taxa and
sustain their metabolism for much ger while simple C sources such as acetate and lactate
may be consumed very quickly leading to decreased abundance and microbial diversity
favoring the most competitive microorganisms suclasbacter However, than-situ OM

does not only serve as elawir donor for bieinduced Fe mineral transformation but can
potentially also be involved in abiotic reactions due to its sorption properties and its capacity to
form metal complexes. To better understand the biogeochemical reactions involving NOM, Fe,
and As, synchrotron based analysis (XANES) could be used to follow As speciation. Overall,
our findings improve the understanding of the fate and cycling of As in groundwater aquifers

and provide suggestions for future experiments testing the effiecsbfl OM on As mobility.
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2.7 Supporting Information
Materials and Methods

Organic Matter Extraction and Characterization. For total organic carbon (TOC)
quantification, sediments were dried at 60AC
fine powder using a mortar and pestle. TOC of dried samples was quantified using a VarioEL

C/N analyzer (Elementar).

Excitationremission matrix (EEM) fluorescence spectra were obtained for 50 mg C/L solutions
(dissolved in anoxic MilliQ water) of all extracts using a Fluorometer FluoroM&bodba) in
a 1 cm quartz cuvette. The excitation wavelength was incrementally increasezDfddo 600

nm while the emission wavelength was recorded from 350 to 700 nm at 1 nm steps.

Fouriertransform infrared (FTIR) spectra were collected using a VERTEX 80v vacutiR FT
spectrometer (Bruker Optik GmbH). Twag extracted and freezi¥ied OM ordried and finely
ground bulk sediment were mixed and homogenized with 248 mg of KBr and hydraulically
pressed into small pellet. The #R spectrometer was set up to scan from 400 to 4000 cm

averaging 32 scans at 1 é¢m

Solid-state*C NMR spectra were obtained with a Bruker Avance IIl HD 400 MHz Wideboard
operating at a frequency of 100.63 MHz using zirconium rotors of 4 mm OD withR<EAps.

The cross polarization magic angle spinning (CPMAS) technique was applied during magic
anglespinning of the rotor at 14 kHz. A ramped-pdise was used during a contact time in
order to circumvent spin modulation of Hartmatfahn conditions. A contact time of 1 ms and

a 90pAullsle width of 2.2 OsCehemicalshisswerd calibmted al | s
to tetramethylsilane (= 0 ppm) and were calibrated with glycine (176.04 ppm). The relative
intensities of the peaks were obtained by integration of the specific chemical shift ranges by an
integration routine with MESTRE NOVA. For analg, the NMR spectra were divided into
different chemical shift regions according to Knick@inicker, 2011) The relative C
distribution was determined by integrating the signal intensity in different chemical shift

regions.

Pyrolysisgas chromatographyma s s spectrometry was perfor med
sediment depending on the samples (and their TOC content) and an oven pyrolyzer equipped
with an auto sampler (R2020iD and AS1020E, FrontierLabs, Japan) connected to a GC/MS

system (Agilent, 890A-5975C, Agilent Technologies AB, Sweden). The operating conditions

were as described in Tolu et@olu et al., 2015 e . g . , Py temperature of
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split ratio of 6:1 was used. Peak integration was done using a data processing pipedn
the ARO ¢ o mp uneattas descabed ire Tol ietrab (Tolu et al., 20Fgak
identification was made wusing the software
ANI ST/ EPA/ NIH 20110 and additional spectra f

16S rRNA (gene)sequence analysisSequencing data were analyzed witkcafe/ampliseq
v1.0.0(Straubet al., 2019}hat wraps all analysis steps and software and is publicly available
at https://github.com/n€ore/ampliseq. Briefly, primers were trimmed and uminied
sequences were discarded (<4%) with Cutadapt (Magin & Cutadapt2011) Adapter and
primerfree sequences were imported into QIIME2 v2018B6lyen et al, 2018)quality
checked with demux (https://github.com/giime2gmux), and processed with DADA2 v
1.6.0(Callaharet al., 20160 remove PhiX contamination, trim reads (before median quality
drops below 35, that is forward 194, reverse 208), correct errorgemead pairs and remove
PCR chimeras and, ultimately, 3,193 amplicon sequencing variants (ASVs) were obtained.
Alpha rarefaction curves were produced with the QIIME2 diversity atptefaction plugin

which indicated that the richness of the samplesbeen fully observed. A Naive Bayes
classifier was fitted with 16S rRNA gene sequences extracted from SILVARL32sset al.,

2007) QIIME compatible database 99% identity clustered sequences using the PCR primer
sequences. ASVs were classified by taxomsing the fitted classifier

(https://github.com/qiime2/gBatureclassifie). 19 ASVs with <1% relative abundance per

sample classified as chloroplast or mitochondria were removed and the remaining ASVs had
their abundances extracted by featiaiele (Pruesseet al., 2007) Alpha diversity indices
(Observed ASVs, Shannonos di versity i ndex,
Diversity) were calculated on a rarefied count table with the minimum sampling depth of all
samples (39,027) with the diversityugin (https://github.com/giime2/gdiversity) within

QIIME2.

Quantitative PCR. Total cell numbers of bacteria and archaea were estimated by quantitative

PCR (qPCR) (BieRad Laboratories GmbH, Munic@ermany) based on the amplification of

the 16S rRNA genes. gPCRs were performed using DNA extracts from 1 g of sediment pooled
together from triplicat eRadlabodtori®syGmbHs Menem E S u |
Germany) on an iQ5 reéilme PCR detectioaystem (iQ5 optical system software, version 2.0,
Bio-Rad) . Plasmid vectors (pCR2.1E, Il nvitrogen
16S rRNA gene fragment fromhiomonassp. andHalobacterium salinarunwere used as

standards for the quantification of total bacteria and archaea, respectively. Clone Red_A06 As

SF and clone Red_B11 As SF were used for arsenate redwtaSeand anaerobic arsenite
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oxidase &rxA), respectively. Each qPCR assay was repgedbeee times with triplicate
measurements of each sample per run. Data analysis was done using the iQ5 optical system
software, version 2.0 (BiRad, 2006). Cell numbers peiglsediments were calculated from

theqPCRderived gene copy numbers.

Table 2.1 Major and trace elements (in mg/L) present in the extracted OM that was resuspended in MilliQ (the
OM stock solutions). The elements were determined usingAE® and the values represent the average of 3

measurements N standaraeattonlieit.i at i on. BDL = below det
oM Ca Mg Cu Fe Na K As
stock
oMC 0 30.5 0.02 0.3 13.4 5.26 BDL
NO No.03 No.0o0o NO.00O NOo.03KNO. 00!
OMS 9.08 15.8 0.002 0.02 0.00 27.7 BDL

NOo. 07 No.08 NO.00O NO.0OO!NO.OONO. 08

Table S22 Overview about microcosms including concentrations of all amendments.

Setup OM from clayey OM from sandy Acetate and NaNs
aquitard aquifer lactate (A/L)

CON- X X I1mMC 160 mM

CON+ X X X X

OoMC I1mMC X X X

OMS X I1mMC X X

A/L X X I1mMC X
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Table 2.3 List of primers, primers sequences and thermal programs used for quantification of bacterial and
archaeal 16S rRNA gene, arsenate reductase @en®) (and anaerobic arsenite oxidasaxf\) gene copy
numbers.

Specificity ~Standard Primer Pri mer s eA3E Thermal program References
16S rRNA Thiomonasp. 341F CCT ACG GGA GGC 98 AZE; (%BE Muyzer et
gene AGC AG 60AC2EE al., 1993
Bacteria 534R ATTACCGCGGCTGCT 95 ACE; -BEA(

GG 40;

601 95 ACOEE

16S rRNA Halobacterium Arl09F ACK GCT GAG TAA 98ABE; (MBEGroCko
gene salina CAC GT 52AC2EE al.,
Archaea Ar91R GTG CTC CCC CGC 72AC5E) x 1998

CAATTCCT -1E; BZEAC Stahl and

52i 9 5 ACOEE Amann 1991

Arsenate  clone arrAF AAG GTG TAT GGA 95 AZE; (30GE Songetal.,
reductase Red_A06 As ATA AAG CGT TTG 62AL0EE) x 2009
gene SF TBG GHG AYTT -1E; BEAC (¢
(arrA) amrAR  CCTGTGATTTCAGGT 95ACOEE) «x

GCC CAY TYV GGN GT
Anaerobic clone arxAF TAC GAC TAY CGC 95AZE; (30GE Nitzsche,
arsenite Red_B11 As AAC RCC AAC 60ALO0EE) x 2015
oxidase  SF arxAR ~ GGTCTTSGG SSWCTT -1E; -GEAC ( ¢
gene SGT GCG 95ACO0OEE) x
(arxA)

Table 2.4 Relative abundance of compound families obtained from Pyrefysischromatographyass
spectrometry (Pyrolysi&C/MS). Due to the low C content of OMS samples, analysis was not possible for these
samples.

OM class OMC — OMc
Bulk Extracted
Nr of compounds identified| 76 59
Carbohydrates 1.4 4.5
N compounds 1 26
Chlorophyl 3 -
Lignin 2 -
Phenol 0.1 6
Alkyl benzenes 23 12
Polyaromatic 8 4
n-alkanes 28 13
n-alkenes 34
Alcohols -
Carboxylic acids -
Other aliphatics 0.3 1.0
S compounds - 12
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Table 2.5 Saturation indices calculated for different minerals using the PhreeqC v3 and minteq.v4 database. The
calculation was donfr given time points based on the available geochemical data.

OoMC OMS A/L

Day 100 100 6
Saturation indices
Ferrihydrite -5.17 -5.19 -4.64
Goethite -2.48 -2.49 -1.94
Hematite -2.55 -2.58 -1.48
Siderite -1.44 -1.49 -0.65
Geochemical data [mg/L]

pH 7.3 7.3 7.3
CO2zpp [bar] 0.1 0.1 0.1
Alkalinity 550 550 550
Li 0.0031 0.0028 0.0055
B 0.43 0.31 1.04
Na 29.5 17.8 22.8
Mg 50.3 28.1 29.3
Si 14.1 15.8 32.3
P 0 0 0.2
Cl 36 0 30.7
K 8.8 7.7 6.1
Ca 107 86.7 97
Cr 0.0022 0.003 0.0035
Mn 2.01 2.15 2.5
Fe 1.43 1.13 8.18
Zn 0.196 0.197 0.0383
As 8.8 8.3 7.4
Br 0 0 0
Sr 0.353 0.232 0.208
Mo 0.0012 0.0012 0.0008
Pb 0.005 0.005 0.006

50



Chapter 2

Table 2.6 Observed amplicon sequencing variants (ASVs, a qualitative measure of community richness) and
alpha diversity indices; Shannonbés diversity index (a
(a measure of c o mmu n i hiylggenetiec Piversity gasqlalitative dneaBuaei of doransunity?

richness that incorporates phylogenetic relationships between the features), in sediments supplied with different C

at the beginning of the experiment, after 10 and 100 days of incubation.

Setup Day ObAsSe\r/\;ed Shannon Pielou E Faith Pd
TO 0 1331 8.6 0.827 90.0
CON+ 10 743 5.9 0.623 64.8
OMS 10 366 4.7 0.546 35.2
OoMC 10 513 6.3 0.699 43.9
A/L 10 417 4.4 0.510 40.2
CON+ 100 686 6.6 0.696 57.9
OoMS 100 600 6.1 0.662 50.7
OoMC 100 605 7.0 0.754 45.2
A/L 100 461 5.3 0.594 41.7
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Figure S2.1Pictures of retrieved cores. (A) Sediments used for OM extraction. Left: aquitard clayey silt sediments
(OMC) from 11 m depth; right: aquifer sandy sediments (OMS) from 21 m depth. (B) orange sandy sediments
from 30 m depth used for the microcosm incutratexperiment. (C) Clayey silt organic matter rich aquitard
sediments similar to the ones used for extraction of QMtlease note the brownigtark patches indicating
remaining plant residues.
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Figure S2.2 Fluorescence spectra (excitatiemission matdesEEM) of extracted OM from sand (OMS) and

extracted OM from clay (OMC). The peaks for bweth type
= 350/425), suggesting that both C sources have some similar structural components.
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Extracted OMC

Bulk sediments OMC

Bulk sediments OMS

Extracted OMS
300 250 200 150 100 50 1] 250 200 150 100 50 0
1 (ppm) 1 (ppm)
ppm Assignment
0-45 Alky|-C
45110 O- and N-alkyl
4560 aliphatic GN, methoxyl
60-90 alkyl-O (carbohydrates, alcohol
90-110 acetal and ketal carbon (carbohydrates) and some arom
110160 Sp?-hybridized C
110140 aryl-H and arylC carbons, olefinieC
140160 aryl-O and arylN carbons
160220 Carbonylic-C/carboxylic-C/amide-C
160185 carboxyl and amid€
185220 aldehyde and ketone carbc

Figure S2.3 Comparison of*C-NMR spectra of bulk sediments OM and extracted OM and tentative chemical
shift assignment of various peaks i®*@ NMR spectrum. Modified from Knicker. 2011.
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3.1 Abstract

Arsenic graindwater contamination is threatening the health of millions of people worldwide,
particularly in river deltas in South and Southeast Asia where geogenic arsenic is released from
sedimentgBerg et al., 2001, 2007; Charlet & Polya, 2006; Karagas et dl5; Zmith et al.,

2000) In most cases, the release of arsenic (As) was shown to be caused by microbially
catalyzed reductive dissolution of Agaring Fe(lll) (oxyhydr)oxide minerals with organic
carbon being used as microbial electron and energy s(Blogowska et al., 2020; McArthur

et al.,, 2004; Rowland et al., 2007Although in many Asontaminated aquifers high
concentrations of methane (@QHvere observedBuschmann & Berg, 2009; Dowling et al.,
2002; Harvey et al.,, 2002Xhe role of CH for As mobilization is unknown. Here we
demonstrate that CHunctions as electron donor for methanotrophic microorganisms and
triggers the reductive dissolution of Agaring Fe(lll) (oxyhydr)oxide minerals leading to As
mobilization. In microcosms witlAs-bearing sediments from the Red River Delta amended
with environmentally relevant concentrations of i found that Chitriggers Fe(lll) mineral
reduction, supports the growth and activily type-l aerobic methanotrophs and archaea
affiliating with CandidatusMethanoperedensncreases the abundance of methane oxidation
mcrA and pmoAgenes, and ultimately mobilizes significant amount of As into the water.
Therefore, our study provides evidence for a completely new mechanism of As mobilization.
In combnation with the high concentrations of €ldbserved in many Asontaminated
aquifers this suggests that GHriven As mobilization may occur worldwide contributing to

As groundwater contamination.

Exposure to groundwater contaminated with arsenic (Aswsridwide problem. Arsenical

skin lesions are the hallmark of chronic arsenic poisoning appearing within a few years of
exposure often leading to skin can@€aragas et al., 20157 hese symptoms are prevalent in
populations living along river floodplains of South and Southeast Asia that rely on shallow
groundwater wells for drinking water and irrigation. Arsenic enrichment in shallow
groundwate(Berg et al., 2001has resulted ithesec al | ed &éwor st mass poi
popul at i o nSmithnet ah,i2800)Gengradly, Fe(lll) (oxyhydr)oxides are common
constituents of Adearing aquifer sedimenfisenoble et al., 2002Various mechanisms of As
release to the groundwatehave been suggested including abiotic dissolution and
transformation of Agontaining Fe minerals including oxidation of arsemsaring sulfides

and changes in sorption capacity of Fe(lll) (oxyhydr)oxide minerals as well as As desorption
due to pH varigaons or by competition with phosphgtéarhana S. Islam et al., 200¥)kt, the

most commonly accepted mechanism is microbial reductive dissolution-toéakeg Fe(lll)
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(oxyhydr)oxidegHarvey et al., 2002; F. S. Islam et al., 2005; McArthur et al., RE{111)-
reducing bacteria such &eobacterhowever, require bioavailable carbon (C) for their activity
(Mailloux et al., 2013; Rowland et al., 200Brevious studies focused on the identity and
source of organic compounds used for microbial As neaiibn (Al Lawati et al., 2012;
Anawar et al., 2006; Lapworth et al., 2008pwever, the role of methane (gHemained
unexplored. Here we investigated whethersOhhich is abundant in these aquifers, can also
be a potential energy source and drive obally mediated Fe(llhmnineral reduction leading

to As mobilization.

Van Phuc, a village 15 km SE from Hanoi, is known for severgrégndwater contamination
(Figure3.1a), sometimes6® ol d hi gher than the WHQEche i nki n
et al.,, 2008) Arsenicbearing Fe(lll) mineral¢Berg et al., 2008; van Geen et al., 2046)
groundwater containing high As, Fe and £léw SQ?, and no N@ were reported (Figure

3.1b) (Stopelli et al., 2020)

a n % Hanoi
e | Province CH, concentration [mg/L|]
& 7 4
N @ High (>10)
@ Mecdium (5-9)
® Low<s
\ City BDL (<0.13)
8] 4
S AMS32 (& 4
b wenp CHs Fe As % sl R AMS
[T 4 AMS4 = pC43&4
AMS2 0 0.81 6.3 o ey ' AMS31 /P
AMS4 0 0.32 1.7
AMSS 456 13 509
VPNS5 3.26 11 342
AMS11-25 178 11 393
AMSI11-32 0 0.10 0.5
AMS11-47 0 17 80 C . 400 - s 100
AMSI12 0.31 9.5 143 = ‘ 80
AMS13 72 12 443 l:f 300 A
AMSI5 0 0.48 23 2 y = 306.83x - 215.54 8 L 60 'g‘
AMS31 34 1 295 S 200 R'=05457 - -
AMS32 372 94 97 g L a0 T
AMS36 4.29 1.3 14 [} e - f .
VPMLA24 0 037 38 t i 5 g s a0
VPMLA38 212 L1 49 = . 0 :
VPMLA-54 0 23 9.7 0+Seootem oo 2o |0
PC43-28 182 88 61 0.4 0.9 14 1.9
PC44-38 0 0.12 05 Total dissolved gas pressure [bar]

Figure 3.1 Sampling sites in Van Phuc villag@) Distribution of monitoring wells anfb) concentrations of CH
Fe and As in groundwater. Wells with high £ife also characterized by high dissolved Fe and As (in (®d).
Total dissolved gas pressure of which tiaority accounts for CiHcorrelates with As in groundwatérightfoot
and Kipfer, unpublished). Groundwater data from Stopelli et al. 2020 (Stopelli et al., 2020).
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In-situgas measurements demonstratedtti@total dissolved gas pressure (TDGP) correlates
with As concentrations arfdHs accounts for the majority of detected gases in the groundwater
(Figure 3.1¢). This makes Van Phuc an ideal locationstady Fe(lllYdependent anaerobic
methane oxidation anis relevance for As mobilization. Analysis of tiresitu microbial
community composition by 16S rRNA gene amplicon sequencing in ac@fements and
groundwater (Figure3.2) showed that fermenting, methanogenic and methanotrophic
microorganisms dominated sediments and groundwater, suggesting thatdlihy occurs in

this aquifer.
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Figure 3.2 Microbial community composition in the Van Phuc aquifer sediments and groundwater. (a)
Sedimentary microbial community from different deptacross the redox transition zone. The presence of
fermenters suggests organic carbon degradation across the aquifer and microorganisms likely involved in CH
cycling. (b) Groundwater microbial community from monitoring wells. Relative abundance of microorganisms
likely involved in CH: cycling compared to microorganisms potentially involved in Fe cycling indicates the
importance of Chlas electron donor in thaquifer.
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Moreover, in some of the groundwater wells we found high abundances (up to 4%) of sequences
affiliated to CandidatusMethanoperedesp a known Fe(lIreducing CH-oxidizer (Cai et al.,
2018; Ettwig et al., 2016)

Using As and Febearng sedimert (FigureS31) (~40 m depth), we investigated whethersCH
can induce microbially driven Fe(lll) mineral reduction and As mobilization. Microbially active
sediments were amended with artificial groundwater and-fedlyant CH concentrations
(~45mg CHY/L) and compared to abiotic controls (including £ End biotic controls (without
CHo.). Iron redox speciation in water and sediments, dissolved andudise arsenic, as well

as major ions were monitored over time (Sl). Due to the high &id CQ concentrations
(simulatingin-situfield conditions), we were unable to monitor changes in tlogicentrations
(Box S3.1). We characterized the microbial community and identified microorganisms
mediating CH oxidation and Fe(lll) reduction after 125 days and 220 days of incubation. The
results showed that GHriggers Fe(lllmineral reduction, indusechanges in the microbial
community composition, increases the abundance of mettyamhemcrAandpmoAgenes, and

ultimately releases As into the water.

Specifically, we found that in the biotic microcosms withsCip to 0.5 mg Fe/g (max. 6% of

the totl sedimentary Fe) was redutto Fe(ll) until day 120 (Figurg3a; S2), but no F&

was released into the water (&ig 3.3h. Despite the low extent of Fe(lll) reduction, As
mobilization was observed r eac hi ng n e a3.30yca. 2% dotalgdimentafyF i g u r
As. This initial release of As suggests that this As was bound to the easily bioavailable fraction

of Fe(lll) minerals.

Bacterial 16S rRNA gene copy numbers increased by 4 orders of magnitude during these first
125 days ofncubation with CH (Figure 3.4a). While in the original sediment, 16S rRNA gene
copy humbers for bacteria and archaea were similar, after 125 days, bacteria dominated over
archaea by up to 3 orders of magnitude pmibAgenes were abundant (particulatetima@e
monooxygenase, used to target aerobic methanotrophs (Luesken et al., 2011) as welt as nitrite
dependent CHoxidation (Welte et al., 2016)). This suggests that, since our experiments were
anoxic and did not contain other electaeceptors (such as\), microorganisms possessing

this gene can reduce Fe(lll).
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Figure 3.3 Changes in Fe(ll) ahdissolved As in microcosms.)(sedimentary Fe(llfjb), dissolved F&, and(c)

dissolved As over 220 days of incubation ofl#earing sedimentsupplied with CHcompared to biotic and

abiotic setups. Error bars represent standard deviation from 6 microcosms until 125 days and 3 microcosms from
days 125220. Each microcosm was measured in triplicate.

Furthermore, thencrAgene, a marker gene comniypused for the quantification of anaerobic
CHs-oxidizing archaedFriedrich, 2005was present in all CHamendednicrocosms (Figure
3.49. While the original sediments were dominated by archaea belonging to the phylum
Thaumarchaeotg22%) andBathyarchaeia(17%) (Figure 3.4}y during the incubation of
microcosms supplied with GHmicroorganisms nearly identical (99% )Methylogaea oryzae

jcm 16910 were highly enriched (3®% relative abundance).
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Figure 3.4. Changes in the microbial community composition and gene abundance in microcosms over 220 days
of incubation with CH. (8 Quantitative PCR of bacterial and archaeal 16S rRNA genes, as waltAand
pmoAgenes before the incubation (Sed T0) and after 125 and 220 days of six parallel incubations,viih CH
Abundance based on DNBased 16S rRNA gene sequencir@y.Active taxa based on RNBased 16S rRNA
sequencing. The presented taxa were analyzedasdevel (and labeled with highest descriptive taxonomic

level) and minimum abundance level of 0.5%.

In the original sediments and in the biotic and abiotic controls they showed very low abundance
(<0.05%). RNAbasedanalysis (Figure3.49 showed thaM. oryzaewas also dominating the
active microbial community (380%), suggesting its capacity to use Gi3 electrordonor

and probably Fe(lll) as electratceptor. AlthougiM. oryzaewas characterized previously as
aerobic methanexidizer(Geymonat et al., 2011in our experiment it oxidized methane under
Fe(lll)-reducing conditions. In its genome (IMBG: 2675903437), we found over 30 protein
coding genes involved in cytochromeymthesis and 19 proteieoding genes for Feomplex
membrane receptors and-tansport systems (Table33). The genome oMethylogaea
oryzagicm 16910 containspulE gene and its homoldgrE, which were shown to be involved

in Fe(lll) reduction inGeolacter metallireducenand Shewanella putrefacier(3able 3.2).

These findings suggest thd. oryzaejcm 16910 and the closehglated methanotrophs
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enriched in our microcosms have the genetic potential to use Fe(lll) as elsoteptor for
CHs oxidation.

Between days 12320, the Fe(lll) reduction extent increased significantly (up to 26%) in the
CHs-amended microcosms (ANOVA<0.005) (Figire S32). More than 1.5 mg Fdjig

sediment was produced (FiguseA) and 26 mg/L F& was released to solution (Figure

3.3b). No or only minor (2%) Fe(lll) reduction was observed in abiotig-@Hended and biotic
nonCHs-amended microcosmsFifure S32), confirming that in active CHamended
microcosms, Fe(lll) was reduced microbially with £Hs electon donor. Dissolved As
increased significantly (ANOVA)< 0. 005) to ~3 Og/ L (4% of tot a
water/sediment ratio in the aquifer (1:8 wt/wt) and porosity of 0.25 (with a sediment density
equal to quartzjFarhana S. Islam et al., 2Q@bmpared to our microcosms (water/sediment =
3.3:1 wt/wt and porosity of 1), the As conce
80 Og/L in the field. This s61§08stOgyg WMsatl , i
3.1b), substantial amounts of As could be released as a consequence oxXi@ation. The

calculated Chloxidation rate (3.16x1®mol CH: cm® yrt) (Box S3.2) is comparable to those
measured in other environments (TabB3%

Sequences related v oryzaethat were abundant after 125 days (>30%), decreased in two out

of three microcosms after 220 days (to only 0.15 and 1.5% of the total microbial community).
Only in one microcosmiyl. oryzaerelated sequences represented s80%. However, in all

three CH-amended microbialkactive microcosms, another taxon, classified as an archaeon
affiliating to CandidatusMethanoperedens, became dominant. While its relative abundance
before the incubation was only 0.16% and after 125 dayss detected only in one GH

amended microcosm (0.3%), after 220 days its relative abundance increaseafité #iall

three CH-amended microcosms. An increase in arclvegsalso confirmed by gPCR (Figure

3.49: while bacterial 16S rRNA gene copymhbers, that dominated at day 125, decreased, the
archaeal gene copy numbers increased at day 220 by 2 orders of magnitude compared to
bacteria and 4 orders of magnitude compared to the initial archaeal population. Furthermore,
the mcrA gene abundance alsacreased in all ClHamended biotic microcosms correlating

with the archaeal 16S rRNA gene copy number and implying that the majority of archaea in

our microcosms are capable of &dxidation. In contraspmoAgene copy numbers decreased,
mirroring the dsappearance d¥l. oryzaecarrying thepmoAgene. RNAbased sequencing

showed thatCa. Methanoperedensvas also the most abundant taxon among the active

microbial community at day 220 (Figur&.4g¢ suggesting that it overgrew the initially
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dominating bacteéa related tdM. oryzaeand thatCa. Methanoperedensas responsible for the
increased Fe(lll) reduction between days-228.

The rather low abundance-{%0) of the known Fe(llFrespiring microorganism&eobacter

sp. andGeothrixsp. (Figure 3.4b suggests that they were only marginally involved in Fe(lll)
reduction. The experiments were carried out under anoxic conditions, had no nitrate present
and accumulation of dissolved Ffrand Sspecies was not observed to a sigaifit extent
(Figure S34), which ruled out @ nitrate, Mn(IV) and oxidized -Bompounds as electron

acceptors.

A co-occurrence of high As, Fe and ¢€koncentrations was reported for many regions of
Southeast Asia. Analysis 8900groundwater samplesros8engat, Mekong and Rel River
deltas revealed the highest As concentration in methanogenic(Busesmann & Berg, 2009)
aswell as at our field site (Figurg.l). The relationship between high ¢HFe and As was
usually explained by degradation of organic materialfgranentation and methanogenesis
creating reducing conditions that lead to reductive dissolution of AsFe¢hl)-bearing
sediments. Our results demonstrated thai Skdmnipresent and can serve as eleettomor

for methanotrophic microorganisms pronmgtiFe(lll}mineral reduction and dissolution and
in consequence contribute to mobilization of As bound to these mineralsnmary, our data
suggest thaCHs-driven Asmobilization can happen in many environments similar to the
studied aquifers in Vietma, where Asbearing Fe(lll) minerals are available and sl

present.
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3.3 Supporting Information
3.3.1Materials and Methods

Study area and sample collectionThe sampling site is situated close to Van Phuc village,
about 15 km SE from Hanoi, on a meander of
(Fig 1). The lithology, geology, mineralogy, characterization and distribution of organic carbon

were describegreviously(Berg et al., 2008; Eiche et al., 2008, 2017; van Geen et al., 2013;
Weinman, 2010)Briefly, the NortaWestern part is characterized by Pleistocene aquifer sands

and the groundwater is slightly reduced with As concentrations below the WH&igeilLO

Og/ L), wh e rEastem pdrtlis ef st®ogly tethuced younger grey Holocene aadds

the groundwater exceeds t @ (Eich® et 8.g2008)Thei mi t K
transition between the contaminated amd¢ontaminated zones is characterized by changing

redox conditions (redox transition zone) where elevated concentrations of @ito 45 mg/L

were reportedStopelli et al., 2020)

In October 2017, a first sampling campaign took place during whiclollected a sediment

core (BR10 cm; each individual piece ca. 1 m
the redox transition zone using rotary drilling. Samples from several depths along the core were
collected for DNA extraction. Groundwater wedllected from 5 wells located in the vicinity

of the redox transition zone. Up to 5 L of water pumped directly from the wells was filtered
sequentially through 0.8, 0.45 and 0.22 Om p
Polycarbonate Fitation Holders). Sediment and filters were kept on dry ice until transported

to the laboratory where they were immediately frozen.

In November 2018, a second sampling campaign took place during which another rotary drilling
was performed at the same looati(3 m away from the 2017 drilling location). For the
microcosm setups we chose orange sediments from 40 m depth. Our preliminary data showed
that these sediments had high As and Fe contents, and they were the most homogenous
regarding lithology and colofwhich allowed for sufficient quantities of the representative
material for all parallel microcosms). Moreover, these sediments are expected to be responsible
for the As release observed at that field site. The sediment was stored anoxically (under N
amosphere) at 4AC in the dark and used i mmed
The total Fe, As and Mn contents of the sediment were determined by XRF (Bruker, AXS S4
Explorer). The total S and C contents were quantified by a C&8btphurAnalyzer (CSA

5003, Leybold Heraeus, Germany) and inorganic carbon (TIC) was determined by-Carbon
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WaterAnalyzer (CWA 5003, Leybold Heraeus, Germany). The organic carbon content (TOC)
was calculated by subtracting inorganic carbon from total C.

The total dissolved gas pressure (TGGP) was measured directly in the field using miniRUEDI,

a portable mass spectrometer (MS) able to quantify dissolved gas concentrations in water via a
continuous flow of the water sample through a membrane contraceom@&imbrane allows for
separation of the gas components in the (ground)water into a surroundiegaptated
headspace, where the total dissolved gas pressure (TDGP) is measured prior to separation and
measurement of the individual gases. Complete detadist the functionality of this instrument

can be found i(Brennwald et al., 2016)n this campaign, the noble gases He, Ar, Kr, in
addition to reactive gases:NCHs, O, and CQ were measured using the miniRUEDI.
Calibration for CH, and CQ was achieve by using a prenixed gas bag containing known
quantities of CH (1%) and CQ(1%) in addition to N(97%) and H (1%).

Microcosm Setup.Semisacrificial microcosms were set up by mixing 30 g of sediment from
40 m depth (orange sandy-Fd Asbearing sdiments that were suggested to be susceptible
to As mobilization(FigureS3.7) with 100 mL sterile synthetic groundwater medium (modified
from Rathi et al(Rathi et al., 2017)without As and Fe in the medium) in glass serum bottles
(total volume 250nL). Prior to the preparation of the microcosms, the pH of the medium was
adjusted to 7.3 by bubbling with GO'he pH was monitored along the experiment and it stayed
in the range of 7-2.8. All microcosms were prepared in an anoxic glovebox (108%cNsed

with rubber stoppers and aluminum caps. Three different microcosm treatments were prepared:
1) abiotic control (CONCHy), i.e. microbial respiratory processes inhibited by amendment
with 160 mM sodium azide (NajNand headspace exchanged witha(CHD; (ratio of 9:1 under

the pressure of 1.5 bar); 2) biotic control (CON+), i.e. microbially active but without any
amendments and headspace exchanged witBQ¥ mixture (ratio of 9:1); 3) biotic, i.e.
microbially active with the headspace exchanged witW C& (ratio of 9:1; under the pressure

of 1.5 bar). It has to be noted that the amount of added\v@kl estimated based on the highest
observed field concentration. In order to obtain the desired concentratiors o @t liquid
phase, the amount of ressary volume of the GHjas in the headspace was calculated based
on Henryodés | aw. At f i n®rtl) mivanadpressurerequadzeditd 1u s h e c
bar. Afterwards, part of the headspace was withdrawn and replaced witw@{@h gave 9:1
CH4/CO, under 1bar pressure. Subsequently, half of the initials@GHd CQ volume was
injected which resulted in mix of GHCO in the ratio of 9:1 under 1.5 bar pressure (measured
with portable monometer). With this condition concentration of dissolveds@ild represent

& 45 mg/ L. The microcosms were kept at 26AC
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two time points (day 125 and 220), three bottles of each treatment were sacrificed for
geochemical analysis and molecular studies.

Geochemical Andysis. At each time point (day 0, 8, 35, 50, 65, 80, 95, 110, 125, 165, 180,
195, 210, 221) , 2 mL of slurry and sedi ment
1.20 x 40 mm) under anoxic conditions. Samples were centrifuged at 14,000 rpm for 5 min.
100 OL of the supernatant were stabilized in
with HCI if necessary for Fe(ll) quantification using the Ferrozine assay. Depending on the Fe
concentration the sampl es wdwHE] rdsultingin afidal ei t he
HCI concentration of 0.2 or 0.1 M). PlGFBEe mL ¢
membrane) and stabilized in 1% Hfor As and other elements analysis by {68 (8900,
Agilent Technol ogi es, gwdtSvaight) obBired aftereantrifugation 1 4 N O
was digested for 1 h with 1 mL of 6 M HCI. One mL of the digests was centrifuged (5 min,
14000 rpm) and 100 OL of the supernatant wa:
triplicate using the Ferrozines&ay(Schaedler et al., 2018ptatistical differences in As and

Fe concentration in the different microcosm setups were analyzed with single factor ANOVA

while those at selected time points between pairs of treatments were determined using the
Student's-test.

Microbial Community Analysis and Quantitative PCR. The DNA from sediment and
groundwater samples collected during 2017 sampling campaign as well as the microcosms
sediments samples that were collected at the beginning of the experiment, after 10 days (when
maximum Fe(lll) reduction and As release were oled) and at the end of the experiment
(100 days) was extracted following a pheabloroform protocol from Lueders et @lLueders

et al., 2004) The RNA was successful obtained and transcribed for 3 samples supplied with
CH4 (CH4/2, CH4/3, CHA4/5). In tise samples DNA was digested using TURBO BixgeE

Kit, screening PCR and subsequent gel electrophoresis was performed in order to confirm
complete removal of DNA. Afterwards, reverse transcription was performed using
Super ScriptE |11 Bacteralr aa archaead h6S crRNA pgeness \eere
amplified from DNA and cDNA using universal primers 515f:
GTGYCAGCMGCCGCGGTAA  (Parada et al., 2016) and 806r:
GGACTACNVGGGTWTCTAAT (Apprill et al., 2015¥used to lllumina adapters. Subsequent
library preparatiorsteps (Nextera, Illlumina) and 250 bp paisrdtl sequencing with MiSeq
(Nlumina, San Diego, CA, USA) using v2 chemistry were performed by Microsynth AG

(Switzerland) and between 45,000 and 242,000 read pairs were obtained for each sample.
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16S rRNA (gene)sequence analysisSequencing data were analyzed witkcafe/ampliseq

v1.1.0 that wraps all analysis steps and software and is publicly available at
https://github.com/ntore/amplisedStraub et al., 2019Briefly, primers were trimmed and
untrimmed squences were discarded (<4%) with Cutadapt v(Magtin, 2011) Adapter and
primerfree sequences were imported into QIIME2 v201§Bélyen et al., 2018)quality
checked with demux (https://github.com/giime2gmux), and processed with DADA2 v
1.6.0(Callahan et al., 2016 remove PhiX contamination, trim reads (before median quality
drops below 35, that is forward 194, reverse 174), correct errors, merge read pairs and remove
PCR chimeras and, ultimately, 6,546 amplicon sequencing variants (AS¥&splhtained for
groundwater, 2,242 for core sediments from 2017 and 4,544 from microcosms sediments.
Alpha rarefaction curves were produced with the QIIME2 diversity atptefaction plugin

which indicated that the richness of the samples has been hdbrnaed. A Naive Bayes
classifier was fitted with 16S rRNA gene sequences extracted from SILVA (Pt@2sse et

al., 2007)QIIME compatible database 99% identity clustered sequences using the PCR primer
sequences. ASVs were classified by taxon using thdtedfi classifier

(https://github.com/qgiime2/gRatureclassifie). ASVs classified as chloroplast or

mitochondria were removed. The number of removed ASVs was 70, 9 and 33 for groundwater,
core sediment and microcosm sediments, respectively, totalingtaetative abundance per
sample and the remaining ASVs had their abundances extracted by-febte(Bruesse et al.,
2007)

Raw sequencing data have been deposited at DDBJ/ENA/GenBank under
BioProject accession number PRINA593718
(https://www.ncbi.nlm.nih.gov/bioproject/PRINA5937%18

Quantitative PCR. The gPCR specific for the 16S rRNA (gepef bacteria and archaes

well as for methylcoenzyme M reductase subumipha (ncrA) and particulate methane
monooxygenasep(moA geneswere performed.The qPCR primer sequences, gsepecific

plasmid standards, and details of the thermal programs are given in the Babld &al

numbers of bacteria and archaea genes wéraated by quantitative PCR (gPCR) (BRad
Laboratories GmbH, Munich, Germany) based on the amplification of the 16S rRNA genes.
Quantitative PCRs on DNA extracts obtained as described above, were performed in triplicates
using Sybr Gr e e-Rd LaBanapoges Gmbk, MUrich, Germany) on the C1000

Touch thermal cycler (CFX98 r eal ti me system). Plasmid vVvec
Darmstadt, Germany) containing a cloned 16S rRNA gene fragmentTin@mmonassp. and

Halobacterium salinarumvere usd as standards for the quantification of total bacteria and
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archaea, respectively. Each qPCR assay was repeated three times with triplicate measurements
of each sample per run. Data analysis was done using tHed8i€CFX Maestro 1.1, software,
version 4.1(Bio-Rad, 2017). Due to low concentrations of extractable DNA in CON+ and
CON- sediments after 125 and 220 days, quantification of bacterial and archaeal 16S rRNA
genes as well ascrAandpmoAgenes was not successful for these samples.

1m

‘Depth Fe Mn As C S
m % % mg/kg % %
39.7  0.88  0.004 23  0.022 0.004

Figure S3.1 Sediment core obtained from the rotary drilling campaign in 2018 (length of this core is 1 m; it stems
from a depth of 3910 m). The sediment indicated by the yellow box was used for the microcosms. The main
properties of this sediment are summarizedhetable underneath the photo.
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Figure S3.2 Extent of Fe(lll) reduction within 220 days of incubation calculated in % based on total Fe present in
sediments obtained from XRF. Abiotic control supplied with 160 mM NaNrder to inhibit microbial actity

and amended with CHCON-/CH4), biotically active control without addition of GKICON+), biotically active
microcosms amended with GHError bars represent standard deviation from 6 bottles until 125 days and 3 bottles
from 125 to 220 days. Each Hetwas measured in triplicate.
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Figure S33 Solidphase As speciation by synchrotioased Xray absorption neagdge structure (XANES)
spectroscopy. A) proportions of arsenate and arsenite in the sediments before incubation (Sed T0), sediments
incubated with Chifor 125 days (CH1, CH/2, CH4/3), abiotic control with ChHland NaN (CON-), and biotic

control without CH fitted in the linear combination fitting (LCF) analysis. B) Normalized Aedge XANES

spectra of microcosms sediments. Pleaste that there is no significant change in sglithse As speciation in

the abiotic control and in the Gtdmended microbially active setups. However, in the biotic control, i.e. the setup
where microorganisms were active but no.@ts added, significameduction of As(V) to As(lll) took place in

the solids. Our molecular data (Figud) suggests that maintyeobactessp. were responsible for this reduction
although the identity of the electron donor remains unknown.
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Figure S3.4 Changes in dissolved Mn and S over time. The absence of a significant increase in concentration of
Mn and S suggests that Mn(IV) and £@lid not serve as electron acceptors to a significant extent for anaerobic
CH.oxidation and therefore mainly Fe(lll) was used as electron acceptor in our anoxic microcosm setups.
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Total Fe/microcosm

XRF A 8.8 mg/g x 30g = 264 mg/microcosm / 55.85 mg/mmal.Z3 mmol Fe

Total CH4/microcosm

Headspace V = 137 mi CH4/CO;, (9:1)

Molar volume of ideal gas at T =299.15 K and P = 1.5 bar (=150,000 Pa)
" R 8
wa — . Pe® Ye

CH, calculation

Volume of CH in headspace 8 =184.95 ml CH

Moles of CH = 0.18495 L CH/ 16.582 L/mol =11.154 mmol CH (in headspace)
CQO; calculation

Volume of CQ in headspee = 13.7 mL C®x 1.5 bar = 20.55 ml CO

Moles of CQ = 0.02055 L CQ@/ 16.582 L/mol =1.239 mmol CQ (in headspace)

8

CHs+ 2H.O A CO2+ 8H" + 8e

Reaction stoichi omwhproducglmnolaEiC@nol of CH
Fe**+e A Fe**

Combinedreaction:

CH4+ 8F€"+2H,0 Y G @F¢*+8H*

Reacti on st bmotohGHomteetiucey8 myl of F&

Therefore, 4.73 mmol of Fecan be reduced by 4.73/11.154 = 0.424 mmol of CH
Actual amount of Chlpresent in a microcosm = 11.154 mmol

which is 11.154/0.424 26.31times higher than required to reduce 100% Feifiljediment
(assuming all Fe is present as Fe(lll))

Maximum amount of Fe(lll) reduced in microcosm: 26.2% = 2.3 mg Fe/g sediments
2.3 ngFe x 30 g / 55.85 mg/mmol = 1.235 mmol Fe

Amount of CH,4 that is needed to reduce 2.3 mg &l )/g of sediment:
1.235/4.73*0.424 ©.111 mmol CH,

which is 0.111/11.154 6.992% of total CH, available

or, thisis also 0.111/1.61 = 6.90% dafissolved CH,

Amount of CO, produced from oxidation of 0.111 mmol CH:

CHs+ 2HO A CO2+ 8H" + 8e

reaction stoichi ome tswilproducedl nulol dissolfed @0 s s o |
or, 0.111 mmol dissolved Ghuvill produce0.111 mmoldissolved CQ

Percentageof CO, produced from CH4 oxidation compared to CQ contributed by the
bicarbonate buffer
(Calculated based on the PhreeqC model)

Total CQ in buffered system = 1.085 mmol (0.158 in headspace + 0.927 dissolved)
Total CQ producedrom CH, oxidation = 0.111 mmol
Therefore, ratio = 0.111/1.085 = 0.1026-2%

Box S3.1 Calculation showing excess of @Hsed in microcosms. The high concentration of, @kevented us
from seeing the small amount of gékidized that was used to reduce the maximum amount of Fe(lll) recorded
in the sediments. The quantification of £@roduction over time was also not possible due to the bicarbonate
buffer and CQpresentm the headspace that was much higher than the amount opt@@uced from Chl
oxidation.
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Fe(lIl) reduction time
From day 125 to day 228 95 days

Fe(ll) already present in sediments at the da§25
0.25 mg/g sediment

Total Fe(ll ) produced during 95 days (from 125 to 22@ays) in sediments
1.76- 0.25 = 1.51 mg/g sediment

Total Fe(ll ) produced per 1 microcosm(30qg sedimentsyuring 95 days
1.51 x 30 = 45.3 mg Fe(I)/30g sediments

Total Fe?* released in95 days
24.7 mg/L

Total Fe** released in 95 days per 1 microcosiii00 mL)
24.7 x 0.1= 2.47 mg/0.1L

Total Fe(ll ) produced per microcosm during 95 days
45.3 + 2.47 = 47.8 mg/ 55.8 = 0.85 mmol Fe(ll)

Volume of microcosms (sediments + water)
130 cni

mmol of Fe(ll) produced per 1 day
0.85 mmol Fe(11)/95 days = 0.009 mmolFe(ll)/day

mmol of Fll) produced per 1 day per microcosm
0.009/130 =6.9E-05 mmolFe(ll)/daycm®

Amount of CH, oxidized per day

CHs+8Fe"+2H,0 Y GOF¢*+8H*

Reacti on st bmotohGHomhetiucey8 myl of F&
6.9E05/8 = 8.7E06 [mmol CH/day/cn]

Amount of CH,4 oxidized per year
8.7E06 x 365 = 0.00316/10003:16E06 [mmol CH/cmé/year]

Box S3.2 Calculation showing anaerobic @Hxidation based on the amount of Fe(lll) reduced during 95 day of
incubation (between 125 and 220 days).
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Table S3.1 Protein coding genes involved in cytochrome c functioningléthylogaea oryzagm 16910 based
on the complete genome available on IMG/MER @B875903437).

GENE ID LOCUS TAG GENE PRODUCT NAME
2677966701 Ga0128369_101124 cytochrome cperoxidase
2677970667 Ga0128369_14851
2677969450 Ga0128369_ 12346
2677966982 Ga0128369_10214 cytochrome coxidase assembly protein subunit 15
2677967072 Ga012869_10251
2677967073 Ga0128369_10252 cytochrome ctype biogenesis protein CcmF
2677967074\  Ga0128369_10253
2677967075|  Ga0128369 10254
2677967677 Ga0128369 10592 ubigquinolcytochrome creductase irorsulfur subunit
2677967678 Ga0128369 10593 ubiquinotcytochrome creductase cytochrome b subunit
2677967680 Ga0128369_ 10595 ubiquinotcytochrome creductaseytochrome d subunit
2677968180 Ga0128369 109310 alcohol dehydrogenaseytochrome g
2677968405 Ga0128369_11125
2677970933 Ga0128369_15702 cytochrome coxidasesubunit 1
2677970934 Ga0128369_15703
2677971172 Ga0128369 16554
2677968404 Ga0128369_11124 cytochrome coxidase subunit 2
2677971171 Ga0128369 16553
2677968408 Ga0128369_11128 cytochrome coxidase subunit 3
2677968407 Ga0128369_11127 cytochrome coxidase assembly protein subunit 11
2677968527 Ga0128369_ 112211
2677968540 Ga0128369 11242 cytochrome ¢
2677970935 Ga0128369_ 15704
2677968995 Ga0128369 11716 Cytochrome &53
2677970151 Ga0128369_13602
2677969011 Ga0128369_11737 Cytochrome Coxidase, cbbdype, subunit Il|
2677971138 Ga0128369_16413
2677969052 Ga0128369 11782 methanol dehydrogenaseyfochrome g subunit 1
2677969056 Ga0128369_11786 methanol dehydrogenasey{ochrome g subunit 2
2677969054 Ga0R8369 11784 cytochrome cL
2677969055 Ga0128369_11785
2677969170 Ga0128369 11921 cytochrome ctype biogenesis protein CcmH
2677970206 Ga0128369_13715
2677969171 Ga0128369 11922 cytochrome chiogenesis protein CcmG
2677966370 Ga0128369_10016
2677967094 Ga0128369_10261
2677967095 Ga0128369_10262
2677967248 Ga0128369_10346
2677967249 Ga0128369_10347
2677967491 Ga0128369_104620
2677968384 Ga0128369_11103 Iron complex outer membrane receptor protein
2677969233 Ga0128369_12004
2677970108 Ga0128369_13521
2677970109 Ga0128369_13522
2677970771 Ga0128369_15162
2677971405 Ga0128369_17581
2677966404 Ga0128369 10021 Iron(lll) transport system permease protein
2677967816 Ga0128369 10681
2677966405 Ga0128369_10022 Iron(lll) transport system substratending protein
2677966406 Ga0128369 10023
2677967817 Ga0128369_10682 Iron(lll) transport system ATBinding protein
2677967818 Ga0128369 10683
2677970101 Ga0128369_13504 Uncharacterizeiton -regulated membrane protein
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https://img.jgi.doe.gov/cgi-bin/mer/main.cgi?section=GeneDetail&page=geneDetail&gene_oid=2677969056
https://img.jgi.doe.gov/cgi-bin/mer/main.cgi?section=GeneDetail&page=geneDetail&gene_oid=2677969054
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Table S3.2 Genes commonly found in Fe(lll) reducing bacteria presevieihylogaea oryzagm 16910 genome
(IMG/MER, ID: 2675903437)Presence of these genes suggestdMhatyzagcm 16910 is genetically equipped

to use Fe(lll) as electron acceptor. Low identity compared to source genes is due to fact that these genes are not
conservative.

Gene | Putative Function Source Identity %  Reference

pulE Type Il secretion syster Geobacter 44 DiChristina et
ATPase. Required to respi metallireducens al. 2002
anaerobically on Fe(lll) o
Mn(1V).

ferE Protein secretion by the type Shewanella 34 DiChristina et
secretion system. Required putrefaciens al. 2002
respire anaerobically on Fe(ll
or Mn(IV). Homolog topulE

Table S33 Fedependent anaerobic oxidation of methane rates in different environments. Modified from
Aromokeye et al., 2020

Fe-AOM rates

Site (mol CHa cm3yry References
Vietnam aquifer 2.06E06 This study
North Sea 3.47E08 Aromokeye et al., 2020
Baltic Sea 1.10E09 Egger et a].2017
Black Sea 1.46E11 Egger et al., 2016
Bothnian Sea 1.30E06 Egger et al., 2015
Eel River Basin seep 6.00E06 Beal et al., 2009
Chowder Hill hydrothermal ven 5.90E05 Wankel et al.2012
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Table 3.4 List of primers, primers sequences and thermal programs used for quantification of bacterial and
archaeal 16S rRNA gene, particulate methane monooxygeasd)(and methylcoenzyme M reductase subunit
alpha (ncrA) gene copy numbers.

Specificity ~ Primer Pri mer s eqgARkB) Thermal program References
16S rRNA  341f CCTACG GGAGGCAGC 98 AEZE; (%BE; Muyzeretal, 1993
gene AG 6 0AC2EE
Bacteria 534r ATTACCGCGGCTGCT 95ACE; -GaEAC
GG 40;
60i 95 ACOEE
16S rRNA  Ar109f ACK GCTGAGTAACAC 98 AEBE; (®BE, GroCkopf
gene GT 52AC2EE 1998
Archaea Ar915r GTGCTCCCCCGCCAA 72 AC5E) x -4 Stahland Amann
TTCCT 1E; BEACIB2A (1991
-10EE
PMOoA A189f GGNGACTGGGACTTCTGG 9 6 ARE; (19H;A Holmes etal. 1995
A682r GAASGCNGAGAAGAASG 56 ACE; -nEAC
C 38; IBEAC
mcrA ME1f GCMATGCARATHGGWAT 95 AEBE; (50GEAE Hales et al1996
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4.1 Abstract

The fate of arsenic (As) in groundwater is determined by multiple interrelated microbial and
abiotic processes that contribute to As (im)mobilization. Most studies to date have investigated
individual processes related to As (im)mobilization rather tharcdmplex networks present

in situ. In this study, we used RNBased microbial community analysis in combination with
groundwater hydrogeochemical measurements to elucidate the behavior of As along a 2 km
transect near Hanoi, Vietnam. The transect stretéfmm the riverbank across a strongly
reducing and Asontaminated Holocene aquifer, followed by a redox transition zone (RTZ)
and a Pleistocene aquifer, at which As concentrations are low. Our analyses revealed
fermentation and methanogenesis as impopesctesses providing electron donors, fueling the
microbially mediated reductive dissolution of -Bsaring Fe(lll) minerals and ultimately
promoting As mobilization. As a consequence of highs €bhcentrations, methanotrophs
thrive across the Holocene afgu and the redox transition zone. Finally, our results underline
the role of S@-reducing and putative Fe(Ips(lll)-oxidizing bacteria as a sink for As,
particularly at the RTZ. Overall, our results suggest that a complex network of microbial and
biogeochemical processes has to be considered to better understand the biogeochemical

behavior of As in groundwater.

4.2 Introduction

Arsenic (As) groundwater contamination has been extensively studied for over two decades,
and our knowledge about its mobility and behavior in the environment has increased
substantially in the past years. Arseb&aring sediments deposited in the riveltairegions of

South and Southeast Asia have been of particular int@gekaryya et al., 2000; Berg et al.,
2007; Dowling et al., 2002; Postma et al., 200R@ducing conditions in these aquifers led to

the mobilization and enrichment of As in groundevgCharlet & Polya, 2006; Smedley &
Kinniburgh, 2002) Moreover, these regions are among the most densely populated areas on the
planet(Smedley & Kinniburgh, 2002; Smith et al., 200@yd many of their inhabitants, mainly
situated in rural areas, stitly on water from shallow wells that is then used either untreated

or filtered through simple sand filte(Berg et al., 2006; Nitzsche et al., 201Bgcause As is
Ainvisibled, it does not affect thelehaaesst e or
been unconsciously exposed to this toxic metalloid for years. For this redsonjcal

exposure to As has led to massive poisoning throughout local communities, manifesting as
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dermal lesions, cardiovascular diseases, and various types of @¢&regyas et al., 2015; Smith
A Hetal.,, 1992)

Many mechanisms for the release of As into groundwater have been pr@padesha S. Islam

et al., 2004) yet the most accepted is that-Basaring Fe(lll) (oxyhydr)oxide minerals are

reduced and thus dissel¢ by microorganisms, a process that is coupled with the oxidation of
organic carborfChatain et al., 2005; F. S. Islam, Pederick, et al., 2005; Farhana S. Islam et al.,
2004) A large number of laboratory studies have been conducted in order to underpin
microbially mediated Fe(lll) mineral reductive dissolution and subsequent As mobilization.
These studies have not only revealed the identity of microorganisms driving this process, such
asGeobactersp.(F. S. Islam, Pederick, et al., 200ShewanelldCunmings et al., 1999)r
Geothrixsp.(F. S. Islam, Boothman, et al., 2006yt also underline the importance of carbon
guantity, quality, and bioavailability as necessary fuels for Fe(lll) mineral redy&loatain

et al., 2005; Duan et al., 2008; Glookowk a et al ., 2020; H®ry, M. e
2014) Nonethelessadditional microbially mediated processes can release As from sediments

and contribute to groundwater contamination. For instance, As@dcing bacteria can use

As(V) as an eldgcon acceptor and reduce it to the more mobile species of As(lli18l5

Amongst others, bacteria belongingdeobactessp. andSulfurospirillumhave been identified

to be capable of dissimilatory As(V) reductiprtH ® r y e t. In addition, is@a®ddr@) an
As-contaminated aquifeEnterobacte(fARS-3) has been shown to relec
from shallow reducing aquifer sediments via the direct enzymatic reduction of AsSéd)

Chu, Su, Lin, et al., 2011)

In contrast, a variety ahicrobial processes was shown to be a sink for As in groundwater in
laboratory experiments. Iron((pxidizing bacteria, such as chemoautotroghailionella sp.
(Hallbeck & Pedersen, 199@nd heterotrophiteptothrixsp. (Hashimoto et al., 2007/yvere
found to catalyze As removal via the precipitation of Fe(lll) (oxyhydr)oxides and the sorption
of As onto biogenic Fe minera(slohmann et al., 2010; Katsoyiannis & Zouboulis, 2006)
Depending on the As to Fe ratio, different types of Fe minerals can becprchdvhich has
been specifically shown for nitratiependent Fe(Hpxidizing Acidovorax(Hohmann et al.,
2011) Interestingly, even if Fe(lll) bioeduction generally leads to As and Fe mobilization into
solution, also different secondary minerals canfdrened, such as magnetite, which can
contribute to the rsequestration of Fe and AMluehe et al., 2016)in addition, microbial
chemolithoautotrophic or heterotrophic As(lll) oxidation can also be a potential sink for

dissolved As, since microorganismmediating this process can transform As(lll) into the less
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mobile As(V), which is more prone to sorption to Fe(lll) (oxyhydr)oxide ming@kcia
Dominguez et al., 2008; Ike et al., 2008)

Several studies have been conducted to understand how mi@@htateduction affects As
mobility. On the one hand, S®reduction can lead to the precipitation of dissolved Fe(ll) as
iron sulfidesalongwith the incorporation and sorption of As and/or to the direct precipitation
of arsenic trisulfide (AsSs) (Bostick & Fendorf, 2003; Newman et al., 1990n the other
hand, S@ reduction and sulfide formation can also contribute to a reduction in Fe(ll)
minerals and subsequently either release some As that was bdahedeaanineralsr directly
mobilize As in tle form of thioarsenatg&umar et al., 2020)As a consequence, some studies
have shown that S® reduction leads to As removiirk et al., 2004; Rittle et al., 1995)
while others have reported opposite observations, in which As concentrations iatédre w
increased under S&-reducing condition§Guo et al., 2016; Kumar et al., 2016; Stucker et al.,
2014) The sulfide/Fe molar ratio seems to control this behdiiomar et al., 2020However,

a previous study from Red River Delta aquifst®wed that Sg-reducing conditions are
associated with net As immobilizatig8racek et al., 2018yvhich is likely due to rather low

SQO% concentrations and, in consequence, low sulfide/Fe ratios.

In addition to microbial mediated Fe, As, and S redox cycles affecting As (im)mobilization into
groundwater, there are additional microbial processes, such as fermentation, methanogenesis,
or methanotrophy, that have not been the focus in understandifafehef As.Wang et al.

(Wang et al., 2015)reviously suggested an involvement of methanogens in As mobilization.
Indeed, in many regions of South and Southeast Asia, tbeatorence of high concentrations

of As, Fe, and Cklhas been reportgétiarvey & al., 2002; Jessen et al., 2008; Liu et al., 2009;
Polizzotto et al., 2005; Postma et al., 2007, 20E@) example, in southern BangladeshsCH
driven from the degradation of dissolved inorganic carbon (DIC), reached 1.3 mM (21 mg/L),
and, at the sameegth, a peak for dissolved As was reportiddrvey et al., 2002)Similar
correlations were found across Bengal, Mekong, and Red River deltas, where As concentrations
were significantly higher in methanogenic zones yet significantly lowSQ#-reducingand
Fe(lll)-reducing zone¢Buschmann & Berg, 2009)While there seems to be a link between

CHs and As, this relationship still remains elusive.

Moreover, to date, most studies have focused on a single microbial process under laboratory
conditions ratherthan on the complex network of several processesoccarring
simultaneously in the field. Therefore, here, we used Ridged 16S rRNA amplicon

sequencing fom situ active microbial taxa in combination with phylogenetic and functional
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gene guantificatio and hydrogeochemical measurements in order to explain the microbial and
biogeochemical processes responsible for the behavior of As in groundwater at our field site.
In addition, we predicted the dominating metabolic functions ofrthetu active micrdial
community using the 16S rRNA amplicon sequencing data to further corroborate our findings.
The field site is located in Van Phuc, about 15 km southeast from the capital city Hanoi, Red
River delta region, Vietnam, and it is characterized by zonessthat hydrogeochemical
conditions accompanied by changing groundwater As concentrations. Generally, the southeast
part of the aquifer consists of strongly reduced grey Holocene sands and groundwater exceeding
the WHO | imit of 1®0 Thghotthwéstypartaconsisisoot less redaced 1 0
orange Pleistocene aquifer sands, and the groundwater presents As concentrations below 10
O g /(Hiche et al., 2008)The transition between the contaminated and uncontaminated zones

is characterized by changimgdox conditions (i.e. a redox transition zone), under which As
mobilization and immobilization seem to-oacur. A detailed description of the site, including

the spatial and temporal evolution of As concentrations in the context of hydrogeochemical

condtions, was described previoud$topelli et al., 2020)

With its heterogeneous conditions, this field site provides ideal conditions for studying the
complex microbial and biogeochemical network that affects As mobility in groundwater.
Therefore, the gbctives of the present study are 1) to identify the main active microbial taxa
in situ; 2) to correlate active microbial key taxa with hydrogeochemical parameters; and 3) to
define the microbial processes and hydrogeochemical conditions affecting the fate of As in

groundwater.

4.3Material and Methods

4.3.1 Study area

The study site is in Vietnammd about 15 km southeast from Hanoi in Van Phuc village, which

I's situated inside a meander of the Red Ri
information about the lithology, mineralogy, geology, and hydrochemistry of the site are
available elsewher(Eiche et al., 2008, 2017; Stopelli et al., 2020; van Geen et al.,.2013)

important feature of the site is an inversed groundwater flow towards Hanoi city and is caused

by a depression cone due to increased groundwater abstraction in Hanoi. As, avetsul

flows in a northwest direction with an estimated velocity of 40 m/{xesar Geen et al., 2013)

Generally, the studied transect can be divided into five main Zbiggse4.1), as described in

Stopelli et al.(Stopelli et al., 2020)Zone A is tle riverbank (Red River) in which young
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sedimentary deposits are rich in organic matter and As is mob(lizeliis et al., 202Q)Zone

B is located near the riverbank in the Holocene aquifer low in dissolved and sedimentary

organic carbon (OC), in which B#) - and SG*-reducing conditions are present. In this zone,

processes of reductive As dissolution and sorption/incorporation of As into newly formed iron

and sulfur phases auccur simultaneously and seem to be balanced. Zone C is located further

downstream the Holeme aquifer, where, most likely, an input of OC is occurring. In

consequence, methanogenic conditions are present, and As enrichment in the groundwater is

observedThe redox transition zone at which the advection/intrusion of reduced groundwater

from theHolocene aquifer to the Pleistocene aquifer takes place, is defined as zone D. Here, a

decrease of As due to sorption on and incorporation into Fe(ll) and Fe(ll)/Fe(lll) minerals is

observed, supported by the oxidation of dissolved Fe(ll) and the préoipitaf Fe(lll)

minerals. Finally, zone E is situated in the less reducing Pleistocene aquifer, in which As
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Figure 4.1 Two-dimensional crossection of Van Phuc aquifers divided by hydrogeochemical zore)(As
reported in Stopelliteal. (2020), presenting the distribution of monitoring wells across the transect. Lighter blue
wells are in the proximity to the transect within comparable hydrogeochemical zones.
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4.3.2 Sample collectionand preservation

The groundwater sampling campaign took place in November 2018. Groundwater samples for
hydrogeochemical analyses were collected, preserved, and analyzed as described previously in
detail(Stopelli et al., 2020Before sample collection, the groundwatelsweere flushed until

the stabilization of @ and pH and redox potentiah,Evere measured using a portable multi
analyzer (WTW 3630). fevalues were normalized to the standard hydrogen electrode (SHE).
Trace elements and cations were determined by tivdl}c Coupled Plasma Mass
Spectrometry (ICRMS, Agilent 7500 and 8900), anions by ion chromatography (Metrohm 761
Compact IC), dissolved nitrogen (DN) and dissolved organic carbon (DOC) by a total N and C
analyzer (Shimadzu TOGC CSH), and NH' and orthePQ:* by photometry using the
indophenol and molybdate methods, respectively. Alkalinity was determined directly in the
field via titration (Merck Alkalinity Test Kit Mcolortest 11109). Methane was analyzed via gas
chromatography (Shimadzu &14) using e headspace equilibration methods 3 e t al
2018)

For microbial community analysis, samples were also obtained after the stabilizatigpldf O

and redox potentiali{see above). Water was collected in 5 L plastic bottles that were ethanol
sterilized and rinsed with the collected water prior to sampling. Subsequently, the water was

i mmedi ately filtered through 0.22 Omusippre si
a suctiontype filter holder (Sartorius 16510) connected to a laboratory vacuum pump
(Microsarf). In total, 18 wells were sampled, and, from each well, 10 L of water was filtered.
The filters were carefully folded and placed into sterile Falcoestalnd immersed in LifeGuard

Soil Preservation Solution (Qiagen) in order to stabilize the microbial RNA. Samples were

stored on dry ice during transport and placedi® 8 AC freezer upon arriyv

4.3.3 DNA and RNA extraction, DNA digestion, reverse transcription, and amplification

DNA and RNA were extracted using a phenbloroform methodollowing a protocol from

Lueders et al(Lueders et al., 200d) RNA and DNA were eluted 1in
buffer. DNA and RNA concentratons wer e deter mined using a Q
DNA and RNA HS kits (Life Technologies, Carlsbad, CA, USA). Subsequently, RNA extracts

were digested with the Ambion Turbo DNree™ kit, as directed by the manufacturer (Life
Technologies, Carlsba@A, USA). Successful DNA removal was confirmed viacg0le PCR

using general bacterial primers (see below). Afterwards, reverse transcription reactions were
performed using a reverse transcriptase (Sup
Bacterial and archaeal 16S rRNA genes were amplified using universal primers 515f:

GTGYCAGCMGCCGCGGTAA  (Parada et al., 2016) and 806r:
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GGACTACNVGGGTWTCTAAT (Apprill et al., 2015)fused to lllumina adapters. The
PCRcycling conditions were as follows: 95 for 3 min, 25 cycles of 95 for 30s, 55 for
30 s, and 73 for 30 s. This was followed by a final elongation step at 7fr 3 min.The

quality and quantity of the purified amplicons were determined using agarose gel
electrophoresis and Nanodrop (N&mop 1000, Thermo Scientific, Waltham, MA, USA).
Subsequent library preparation steps and sequencing were performed using Microsynth AG
(Balgach, Switzerland). Sequencing was performed on an lllumina MiSeq sequencing system
(llumina, San Diego, CA, USA)ssi ng the 2 I 250 bp Mi Seq Reag
and between 49,771 and 195,960 read pairs were obtained for each sample. Due to insufficient
RNA concentrations in the AMS 12 sample, reverse transcription was not successful, and,

therefore, we pgormed only DNAbased analysis for this sample.

4.3.4 16S rRNA (gene)sequence analysis

Sequencing data was analyzed witkcafe/ampliseq v1.0.0, whidhcludesall analysis steps

and software and is publicly availablp. Straub et al., 2019Primers were trimmed, and
untrimmed sequences were discarded (< 4%) with Cutadapt versior(Mattn, 2011)
Adapter and primefree sequences were imported into QIIMEZ2 version 201@6ken et al.,
2018) their quality was checked with demux (httfgathub.com/giime2/g2zlemux), and they
were processed with DADA2 version 1.6(Callahan et al., 2016)o eliminate PhiX
contamination, trim reads (before median quality drops belgoBBardreadswere trimmed

at 230 bp andreversereads at207 bp), carect errors, merge read pairs, and remove PCR
chimeras; ultimately, 18,642 amplicon sequencing variants (ASVs) were obtained across all
samples. Alpha rarefaction curves were produced with the QIIME2 diversity-@pfaction
plugin, which indicated thadhe 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
SSURef NR 99databasé€Pruesse et al., 20Q7)sing the PCR primer sequences. ASVs were
classifed by taxon using the fitted classifier (https://github.com/giimegégfureclassifier).

ASVs classified as chloroplasts or mitochondria were removed. The number of removed ASVs
was 34, totaling to < 0.1% relative abundance per sample, and the renfed\isghad their
abundances extracted by feattable(Pruesse et al., 20Q7)he abundance table was rarefied
with a sampling depth of 38,2&a2he number of minimum counts across saniplasd Bray

Curtis dissimilarities were calculated with -d®ersity (htps://github.com/giime2/g2
diversity).

Pathways, i.e. MetaCyc ontology predictions, were infewatd PICRUSt2 version 2.2-b

(Phylogenetic Investigation of Communities by Reconstruction of Unobserved $tates)le
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et al., 2013pndMinPath (Minimal &t of Pathways(Ye & Doak, 2009usingASVs and their
abundanceounts Inferring metabolic pathways from 16S rRNA amplicon sequencing data is
certainly not as accurate as measuring genes by shotgun metagenomics, but it yields helpful
approximations to qaport hypotheses driven by additional microbiological and biogeochemical

analysegLangille et al., 2013)

The raw sequencing data has been deposited at GenBank under BioProject accession number
PRJINA62885https://www.ncbi.nim.nih.gov/bioproject/PRINA628356

4.3.5 Statistical analysis

All statistical analyses were carried out in R (http://cranaject.org/, version 3.4.4, 2018-

15). The BrayCurtis dissimilarity(Sorensen et al., 1948)alculated via QIIME2, was plotted
using Noametric Multidimensional Scaling (NMDS) via phylosébicMurdie & Holmes,
2013)version 1.22.3. Environmental variables were fitted onto the ordinatiodearated by
arrows using vegan version 215Oksanen et al., 2019and the significance of the fitted
vectors was assessed using 999 permutations ofoenwvental variables. Spearman rank
correlations were determined between the hydrogeochemical parameters and the relative
abundance of the dominant taxa, gndalues were corrected for multiple testing using the
BenjaminiHochberg method, yielding a falséscovery rate (FDR{Benjamini & Hochberg,
1995)

4.3.6 Quantitative PCR

Quantitative PCRs specific for 16S rRNA genes of bacteria and archaea,-otethgyme M

reductase subunit alphan¢rA) genes, particulate methane monooxygenpseof genes,

arsenate uctase 4rrA) genes, andeobactersp. genes were performed. The gPCR primer
sequences, gerspecific plasmid standards, and details on the thermal programs are given in
Table 81.1. Quantitative PCRs on DNA extracts obtained as described aboveevimened

in triplicate usi ngRa8laboraBries@mbiE, Micp Germmnykon ( Bi o
the C1000 Touch thermal cycler (CFX%6real time system). Each quantitative PCR assay

was repeated three times, with triplicate measurements calculatedficsa@nple per run. Data

analysis was done using the BRad CFX Maestro 1.1 software version 4.1 (Biad, 2017).

4.4 Results and Discussion

The microbial diversity based on 16S rRNA (gene) amplicon sequencing in the groundwater
samples correlated sidimiantly with groundwater Asp(= 0.03), CH (p = 0.001), NH* (p =

0.01) and Mng = 0.05). This implies that different concentrations of these geochemical species
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were responsible for distinct microbial community assemblages among the analyzed wells, or,
vice versa, the microbial communities are influencing the fate of these geochemical species in
the groundwate(Figure 4.2). Nonmetric Multidimensional Scaling (NBIS) resulted in the
grouping of the wells, which largely reflected the hydrogeochemical zonation proposed by
Stopelli et al.(Stopelli et al., 2020)Therefore, in the forthcoming sections, we follow this
zonation and combine hydrogeochemical data with ahalysis of active microbial taxa,
focusing specifically on processes that affect As mobilization and immobiliziatisitu to

explain the behavior of As in each zone.

0.51 e AMS36
*
Mn
VPML54
e AMS15
\VPNS3
0.0; AMS12
- SO
n
(]
=
=z
-0.5;
Zone
eB
oC
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° E *%k%
-0.6 -0.3 0.0 0.3 0.6

NMDS1

Figure 4.2 Non-metric multidimensional scaling (NMDS) plot based on Beaytis disimilarity (stress = 0.17)

to visualize the main biogeochemical groundwater parameters (arrows for As, F&S@H NH;*, and Mn)
associated with the microbial community composition. The strength of the interaction is shown by the length of
the arrows; significant correlations are shown for A9(%,0.03), CH (***, p < 0.001), NH* (*, p< 0.01) and

Mn (*, p< 0.05).
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4.4.1 Zone A and B: From riverbank sediments to the Holocene aquifér As

mobilization and transport
River bank sediments (zone A) are a source of dissolved A8 Og/ L As in the
inter-annual average of 16D 2 0  Gtppelli et al., 2020) This zor was also characterized
by elevated concentrations of dissolved organic carbon (DOGP(8.0g C/L) and dissolved
Fe (up to 13 mg/L) (Tablé.1). These results are in line with tleactive transport modeling of
the Van Phuc aquifers, where the riverbakiifer interface has been identified as a
biogeochemical reaction hotspot and a source of elevated As concenii@taint al., 2016;
Wallis et al., 202Q)This is due to the cstant supply of sediments rich in bioavailable C and
reactive Fe(lll) (oxyhydr)oxides from the Red River, promoting Fefdfucing conditions.
Two wells in zone B (AMS12 and AMS15) were located in direct proximity to the Red River
in the Holocene aquifg(~200 m downstream of the riverbank; zoneFjure 4.1). Arsenic
(135 and 22 Og/L, respectively) and Fe conce
two wells differed from each other. These differences are likely related tovérebank
geomorphology, as AMS15 lies closer to an erosional meander, while AMS12 is located on a
depositional one, in which more sediments can be deposited, and, thus, a greater amount of As
can subsequently be releag8thhl et al., 2016 However, the DOC concémtions were quite
similar in both wells (1.22.4 mg/L) and lower than in the riverbank porewater in zone A (5.0
6.9 mg C/L), implying that C consumption was taking place between zones A and B. Wells in
zone B present dissolved As concentrations compatalthe average values in the riverbank
pore waterinzoneA(16020 Og/ L), suggesting a net trans,|
Holocene aquifer. This might also be related to theamrrence of microbial activities leading

to a net balance beégn As mobilization and immobilization.

Generally, bacterial 16S rRNA gene copy numlremone B (Figurel.3) appeared to be lower
(upto 5.0x 16N 5 . &mLy whilearchaeal gene copy numbers were relatively high (up to
3.7x 16N 3. 5/mLy corhpared to other zones. The observed 16S rRNA gene amplicon
sequencing variants (ASVs) and the alpha diversity indices were highest in zone B compared
to all other zones, suggesting that this zone has the greatest microbial diverdgySi2)

which might be reflected by diverse microbial processes, which lead to simultaneous As
mobilization and immobilization with the observed limited net change in dissolved As

concentrations.
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Table 4.1 Hydrogeochemical parameters measured in groundwater wells in the Van Phuc aquifer, Vietnam.

Zone B C D E

LOQ Riverbank | AMS AMS | AMS VPNS VPNS AMS | AMS AMS AMS AMS PC AMS PC |VPML VPML VPML AMS AMS

Well ID 12 15 5 5 3 13 |11(25) 11(32) 11(47) 32 44 31 43 22 38 54 36 4
Depth m - 0.20.5 |2324 2324|2324 3536 2526 2324|2324 3031 4546 2324 3637 2324 26-27| 2021 3637 5253 2324 22-23
pH - - 6.427.25| 696 7.04| 700 7.09 722 703 | 740 7.09 6.69 722 696 721 721| 674 660 674 7.04 7.04
02 mg/L - 2.037.05| 0.03 0.03| 0.05 0.03 0.35 0.62*| 0.07r 0.02 0.08 0.09 002 0.05 0.06| 005 0.04 0.05 0.08 0.03
En (SHE) mV - 60-390 34 127 | 35 21 5 52** 18 185 105 8 125 12 18 222 253 62 122 164
SO mg/L 0.25 1.2-97 28 033| <25 <25 <25 <25 | <25 <25 026 <25 43 <25 <25| 43 6.2 17 <25 <25
CI- mg/L 0.05 1.824 5.6 18 4.9 20 32 16 9.8 31 12 13 17 18 26 4.4 4.7 10 28 20
DN mg/L 0.5 1.7-14 0.5 20 61 9.7 55 43 22 9.1 0.5 14 0.7 17 14 <5 <5 0.5 11 11
DOC mg/L 0.5 5.06.9 12 14 | 85 2.6 2.3 7.4 4.4 1.4 11 26 15 35 25 1.0 1.0 0.9 16 15
NH4* mgN/L 0.01 1.315 0.61 23 63 10 55 44 25 93 063 16 049 19 15 0.05 0.09 0.60 12 12
POs* mgP/L 0.005| 0.005 092 0.03| 1.8 0.65 0.77 1.4 076 001 032 052 0.02 052 053| 001 001 026 0.03 0.02
As Og/ L| 01 15508 135 22 | 5183 352 337 452 401 0.9 6.2 80 43 266 58 1.0 <1 6.2 06 0.7
As(IIn) Og/ L| 01 11-450 135 21 | 489 346 320 416 372 0.3 6.1 76 3.8 262 58 0.3 <1 6.0 05 04
Fe mg/L 0.05| <.0514 12 054 | 14 12 20 14 13 <.05 16 89 044 10 9.9 | 0.07 0.07 24 0.75 0.08
Mn mg/L 0.005| 3.2-3.9 066 15 | 015 0.21 017 016 | 050 1.5 1.0 36 27 10 25 2.4 0.28 15 19 11
Prot mg/L 0.02 0.02 11 0.09| 21 0.70 0.89 15 0.77 006 038 060 0.06 052 059| 003 003 029 0.06 0.09
Stot mg/L 0.1 0.4-35 11 <1l ]| <1 <1 <1 <1 <1 <1 <1 <l 15 <1 <1 15 23 0.6 <l <1
Si mg/L 1 9-14 14 9 15 11 16 13 10 15 17 8 13 9 9 16 17 18 13 11
Sr Og/ L 1 531537 | 356 302 | 478 470 399 397 490 584 231 489 599 475 522 | 252 198 270 213 360
Br mg/L 0.04 | 0.160.20 | <04 0.16| 0.19 0.08 0.10 0.11 | 0.18 0.09 0.13 0.10 0.09 0.09 0.11| 0.16 024 019 0.16 0.09
Na mg/L 05 | 53134 | 57 19 11 15 13 13 10 14 42 10 17 94 98 32 34 25 94 99
K mg/L 0.1 4.7-7.4 27 6.6 | 84 3 1.6 6.1 6.0 4.5 3.9 50 58 53 50 3.3 2.8 4.2 36 47
Ca mg/L 0.1 151181 | 121 24 92 124 123 64 96 110 30 98 67 100 101 31 21 31 123 108
Mg mg/L 0.01 34-37 27 26 29 30 29 31 33 37 21 26 67 32 34 27 21 32 18 22
Ba Og/ L| 02| 269403 | 520 469 | 540 640 352 438 76 342 236 146 110 108 137 | 102 63 173 48 70
C-alk mmo/lll_-ICQ; 0.1 8.0-12 87 58 14 11 9.6 11 12 9.7 5.8 92 98 10 9.3 5.4 4.3 6.3 83 81
CHa mg/L <0.13 - <13 <.13] 53 5 1.9 30 51 <13 <183 28 <13 25 15 <.13 <.13 <13 <13 <13

*Range from three riverbank samples collected in November 2018.
**Parameters affected by sampling: theell was drying quickly and needed several cycles of punrpiiih
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Among the activemicrobial community (Figuret4), fermenters appeared to be the most
abundant group of microorganisms, with the majority of taxa relatéidrtocutes Chloroflexi

and Bacteroidetes(Gupta et al., 2014; Kampmann et al., 201R) addition, predicted
fermentation dominated among all environmentally relevant metabolic pathways, as inferred
from 16S RNA amplicon sequences (Figu#e5). A variety of organic acids and more
bioavailable shorthain fatty acids, such as acetate, lactate, formate, or propionate, can be
produced as a result of fermentati@hapelle, 2000; McMahon & Chapelle, 199These
fermentation products can fuel redive dissolution and the release of As from Fe(lll)
(oxyhydr)oxides, enhancing reducing (low redox potential) condit{Pastma et al., 2007,
Quicksall et al., 2008)Therefore, electron donors provided via fermentation can drive diverse
heterotrophic rncrobial processes, including methanogenesis >S@duction, and, in

particular, Fe(lll) reduction.

The riverbank deposits are a source of’S@mpacting the biogeochemistry in zone B. The
presence of S§&F and saturation indices pointing toward FeQienal precipitatior{Stopelli et

al., 2020)suggest that S& reduction to sulfide (B) occurs between the riverbank and the
Holocene aquifer, causing S depletion from the solution. Taxa known to be involved in S
cycling, such as S@-reducing bacteriavhich are affiliated withThermodesulfovibrionia
(Maki, 2015) were abundant, with 4% of the active microbial community in AM$i€se
microorganismsnay contribute to As immobilization in zone B, where up to 28 mg/L af SO
was measured. Sulfide {$ produced as a result of dissimilatory £Qeduction can co
precipitate with F& and form greigite, mackinawite, or pyrite, which have a high affifuit

As sorption(Bostick & Fendorf, 2003; HuertBiaz et al., 1998; Keimowitz et al., 2007,
Wolthers et al., 2005Arsenic can also be precipitated with eithéf ® form arsenic sulfide
minerals or with  and Fé* to form iron arsenic sulfides, sual arsenopyritéBostick et al.,
2004; Kirk et al . ,.Thus$ Midrobiall® dridem BF educti@nlin.this 2 0 0 4 )

zone might be a sink for As in groundwater and diminish its concentration to a certain extent.
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Figure 4.3 DNA-based quantitative PCR analysis of bacterial 16S rRNA genes, archaeal 16S rRNA genes, Geobacter specific 16S rRNAgenes]wtsse genes (arrA),
particulate methane monooxygenase genes (pmoA), and reettryzyme M reductase subunit alphaage(mcrA) in the groundwater wells of different zonesH)Bof the Van
Phuc aquifer. Error bars show standard deviation from three measurements.
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Considering the increased concentrations of dissolved Fe and As, it is noecteexfhat
Fe(ll)-/As(lll)- oxidizers thrive in this zone. In both wells of zone Rjuabacteriumwas
abundant (6.6% in AMS12 and 12% in AMS15). Different strains belonging to the genus
Aquabacteriunwere shown to be capable of Fe(ll) oxidat{aimbach ¢al., 1999; Zhang et

al., 2017) Moreover, in many previous studies focusing oncAstaminated aquifers,
Aquabacteriunwas found abundantlii et al., 2013, 2014; Sutton et al., 200@)plying that

this taxon plays an important role in these reduciggifars and may contribute to As
immobilization. ArsenietolerantAcinetobactemwas also highly abundant in this zone (3% in
AMS12 and 6.5% in AMS15).

Fermenters
vPL3s wm g| B
[ Firmicutes
VPMLS4 NH,"- oxidizers
AMS36 I Nitrososphaeraceae

[ ca. Anammoximicrobium
As(lll)- oxidizers
[ Acinetobacter

PC44 S- oxidizers
[ Tumebacillus
AMS11/47 4 [ Sulfuritalea
(| Sulfuricurvum
AMS11/32 4 1 fesuffowbrfonaceae
$0,”- reducers
PC43 [ | Desulfobulbaceae
AMS32 o

| Thermodesulfovibrionia

Fe(ll)- oxidizers

I Burkholderiaceae (Acidovorax)
[ Dechloromonas

[ Aquabacterium

[ Gallionellaceae

Fe(lll)- reducers

Il Viagnetospirillum

I Geothrix

B Thermincola

I Geobacter

[ Deferribacteres
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CH, cycling

Il \Vethyloparacoccus

B Methylocystis

B Methylomicrobium
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RNA-based [ Methanomicrobia (ANME-1)
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Figure 4.4 RNA-based 16S rRNA sequence abundance of selected taxa (including potential function) in
groundwater samples of Van Phuc. Wells are divided into several zones according to Stopelli et al. (Stopelli et al.,
2020): B: Astransport, C: Asnobilization, D: Asretardation, E: Agristine/retardation. The wells had a depth
between 20 and 27 m, except for those marked otherwise.
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These microorganisms have been found to be very efficient in As removal from contaminated
soil (Karn & Pan, 2016)and it is therefa possible that these bacteria also contributed to

reducing As concentrations in groundwater sites from Van Phuc.

No CH; was detected in zone B and, in agreement with this finding, not many microorganisms
related to methane cycling were present in theiggavater sample@-igure4.4). Coherently,
mcrA andpmaA genegelated tamethanecycling were also less abundant in these wells when

compared to other zon€sigure4.3).

To summarize zone BFigure 4.7), carbon degradation and fermentation likielgd to As
mobilization, while S@ reduction, Fe(ll) and As(lll) oxidation may promote As
immobilization. Consequently, the -czcurrence of As mobilization and immobilization

processes leads to a net transport of dissolved As from zone A to zone B.

4.4.2 Zone C: Methanogenic Holocene aquifé further As mobilization

Four wells in the Holocene aquifer in zone C exhibited measurabledidentrations, ranging

from 2 mg/L up to 53 mg/LThesewells were also characterized by low redox potentials (E

+5 to +52 mV, SHE) and the highest concentrations of both dissolved A$(333 Og/ L) an
dissolved Fe (120 mg/L) (Table4.1). Moreover, in this zone, increased DOC values were
present (2.8.5 mg/L) along with NH' (5.563 mg/L).Our previous study sheed that the
vertical infiltration of aquitard pore water is likely taking place in this z(8tepelli et al.,
2020) Aquitard sediments contain organic matter intercalations, in which pore water can be
enriched in DOC and percolate into the aquifer alpagneable intercalation&iche et al.,

2008, 2017)The presence of additional C can stimulate microbially mediated Fe(lll) mineral
reduction and dissolution, thereby contributing to As mobilization. In fact, the enrichment of
putative Fe(lll}reducerssuch aBacillus (up to 4%) andseobacter(1.5%), was observed in
some of the wells in zone C (Figudet). In addition, relatively higseobacteup to 9.8 x18

N7 . 72ml) ahdarrA (up to 9.7 x 18N 1 . 8/mLx gede@opy numbers were found in
most of the wells in zone C (Figu#e3, Table 8.3). During Fe(lll) reduction, OMre-As
complexes within aquifer sediments may also break up, promoting further C availability and
As enrichmentSupplementary C in this zone likely supports fermentativegss®s, which is
reflected in the high number of sequences affiliated with putative fermenters;imicutes
andBacteroideteseaching 8%andChloroflexireaching 10%Figure4.4). Carbon degradation

via fermentation probably contributes to the stroeducing conditions as well as the net As
mobilization in this zone. Furthermore, fermentation processes provide substrates to fuel

methanogenesis, leadinghimh dissolvedCH4 concentrations (up to 53 mg/L) (Talzld).
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Figure 4.5Relative abundance of predicted environmentally relevant microbial metabolic pathways in groundwater wells divided b xdvietéolic potential was inferred
from RNA-based 16S rRNA amplicon sequencing data and is based on MetaCyc pathways.
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The presence of high concentrations ofs@Hzone C is in agreement with a high abundance

of diverse microbial taxa related to the £¢ycle, among whiciMethyloparacoccu$20%),
Methylomonaceaél3%), Methylomicrobium(9.5%), andMethylomirabilaceag2.5%) were

found to be dominatingFigure 4.4). These results are further supported by pgioAand
mcrAgene copy numbeis this zone (Figurd.3).

Within the highly reducing conditions of zone C, putative As{h)dizers, such as
AcinetobacterKarn & Pan, 2016and Hydrogenophagdvan den Hoven & Santini, 2004)

were also abundant (up to 10% (Figutel). These microorganisms can cope with high
concentrations of As due to detoxification mechanisms, where As(lll) is oxidized by a
periplasmatic enzyme called arsenite oxid&$®ang et al., 2010T his selfdefense mechanism
leads to As(lll) oxidation and can presumably decrease As mobility and gramsbrption

into sediments. Furthermore, the potential Fegdidizer Aquabacteriunwas highly abundant

(> 20%) in well VPNS3, in which the dissolved Fe concentration was highest (20 mg/L). These
microorganisms potentially immobilized part of the Aattivas released under highly reducing
conditions while forming Adearing Fe minerals.

To summarize zone (Figure4.7), the behavior of As is predominantly controlled by reductive
processes that outcompete oxidative ones, since As concentrations inndaleaeh 300 to
500 Ofglelation Between increased £ithd elevated Fe and As in the Holocene aquifer
can be explained by the additional carbon input from aquitard pore water egression, fueling
fermentation and methanogenic metabolisms and ultimkgatiing to an increased reduction

of As-bearing Fe minerals.

4.4.3 Zone D: Redox transition from Holocene to Pleistocene aquiférnet As
immobilization

The transition between the Holocene and Pleistocene aquifers is characterized by changing
redox conditions, under which both processes of As mobilization as well as retention have been
observed in zone [Stopelli et al., 2020)In addition, many abioticral biotic processes €0
occur simultaneously, which makes this zone hydrochemically and microbially complex.
Generally, shallow wells (237 m depth) were characterized Ihigh dissolved As (58101
Og/ L) , -13Amg/L)( N\H' @525 mg/L) and CH (1551 mg/L) concentrations. Deeper
wells (3637 m depth), however, had no As, no Lkather low NH* (0.499.3 mg/L), and
almost no dissolved Fe. This is probably due to the fact that the egression of the aquitard pore
water in zone C provides reducing condisalong the groundwater flow path mainly at3f0
m, while at, deeper part s -likd, lessenreduang conditiens i n
prevail.
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Figure 4.6 Heatmap of Spearman rank correlations of microbial taxa with hydrogeochemical parameters, such as
dissolved Fe, As, CKINHs" and DOC (elevated concentrations more characteristic of Holocene aquifers) and E
SO and Mn (elevated concentrations morerelsteristic of Pleistocene aquifers), with the most abundant taxa
clustered by their putative functions. Significance levels (Benjahhirthberg correctedp < 0.1 (*), p < 0.05
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The shallow wells AMS31, AMS32, PC43, and AMS11/25 shdvwa similar microbial
community composition, which also corresponded with similar hydrogeochemical conditions.
At these depths, DOC advected with Holocene groundwater from zone C was more abundant
and likely promoted fermentative and methanogenic prosesse indicated by the high
concentrations of CHand NH" that are usually related to C degradation. In agreemitimt

the higher C contenthe microbial community composition among all the shallow wells was
generally dominated by fermenters anethanotrophgAll wells with high CH: concentrations
showed an increased abundance of the microorganisms involved in methanoivbiainy,
affiliated with Methylomonacea€10% in AMS31) andMethyloparacoccugup to 7% in
AMS32 and AMS 11/25; Figuré.4). Although the relative abundance of methanotrophs was
lower in zone D compared to zone C, higher rates of &itlation was expected in the redox
transition of zone D. This is due to the higher availability of potential electron acceptors at the
interface ofthe Holocene and Pleistocene aquifers. Several studies have shown zmaayCH
serve as an electron donor for anaerobic methanotrophs that coupbei@dtion with Fe(lIl)
reduction(Aromokeye et al., 2020; Cai et al., 2018; Ettwig et al., 20bdgact our latest study
(Glodowska et al., submitted) demonstrated that this process can lead to a significant release of
As from Fe and Asbearing Van Phuc sediments, a process mediated by archaea affiliating
with CandidatusMethanoperedens. Howeveamaerobic Chl oxidation can also be coupled
with SQ? reduction, a process driven by the syntrophic consortia of methanotrophic archaea
(ANME-1, ANME-2a,b,c, and ANME3) and SG-reducing bacterigBoetius et al., 2000;
Knittel & Boetius, 2009; Miluckateal., 2012; Orphan et al., 2001; Scheller et al., 20&Bich

can potentially contribute to As immobilization via precipitation. Finally, a recent study by Leu
et al. (Leu et al., 2020yevealed that CHcan serve as an electron donor for members of
Methanoperedenaceaewhile Mn(IV) can be used as an electron acceptor. This newly
discovered pathway might be of relevance for As cycling, because Mn(IV) oxides present in
sediments are effective oxidarf&cott & Morgan, 1995and they cametain As in sedim&s;
however, once Mn(lV) gets reduced to dissolved?Mms can be released into the
groundwater. Therefore, GHich groundwater flowing through Pleistocene sediments
containing Fe(lll) and Mn (I1l/IV) (oxyhydr)oxides as well as the presence ot Sn create
favorable conditions for anaerobic @Hbxidation in the redox transition zone. These
hydrogeochemical conditions, together with abundant methanotrophs, strongly imply that
complex biogeochemical interactions betweern, @hld As are likely taking pte in zone D.
Considering the higher abundance of Fe(lll) compared to Mn (11I/1V) ané F@(ll1) is likely

preferentially used as an electron acceptor and, in consequence, contributes to As mobilization.
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However, it is important to bear in mind thaetreduction of Mn(1V) is thermodynamically
more favorable than the reduction of Fe((Beal et al.,

2009)
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Figure 4.7 Two-dimensional crossection of Van Phuc aquifers divided by hydrogeochemical zorg)(A&s
reported in Stopelli et al., 2020. For each zone, the main microbial processes are indicated together with their net

ef fect on As

Furthermore, the wells being screened at different depths allowed for following the changes in
their hydrochemistry and microbial community across a vertical profile and showed that

entirely different processes seem to occur in deeper padene D. In well AMS11, the

mobi | iazatoinof AGAKY ¥)

or

i mmobil iz

bacterial population increased with depth by one order of magnitude: from $4x 18 . 5

16S rRNA genes per mL at a depth of 25 m to 3.7%\10 2 .

7 at & defttDof 32 mAt a

depth of 25 m, only a very low relatiaundance of microorganisms involved kty®ling

X

10

was identified, whereas, at a depth of 30 m, the groundwater was dominated by taxa related to

Tumebacillus (19.5%).

Tumebacillus has

been

previously

shown to

grow

chemolithoautotrophically on inorganic auwifcompounds, such as sodium thiosulfate and

sulfite, as sole electron dondBteven et al., 2008Furthermore, S&&-reducing bacteria, such

as Thermodesulfovibrionig8%) andDesulfarculaceag3%), were abundant (Figure4). In

agreement, thpredicted Soxidation pathway appeared to be more abundiateeper parts of
zone D (Figure45). The presence of microorganisms and predicted metabolic functions

involved in Scycling corroborates the hydrogeochemical data, ag $@s detected in the

deepest wells (0.26 and 4.2 mg/L, respectively) (Tatle
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The composition of then situ active microbial community (Figur4) implies that oxidative
processes are also occurring in zone D. An increased abundance (up to 7%) of putative NO
dependenfe*-oxidizers affiliating with Acidovoraxwas observed. These microorganisms
were previously found in Asontaminated aquiferStraub et al., 2004; Sutton et al., 2Q09)
and they likely contribute to As removal through sorption or incorporation intolyréssmed
Fe(lll) minerals, as was shown in a laboratory st(ldghmann et al., 2011Furthermore, in
some of the wells, tax#hat affiliate with putative NH*-oxidizers Brocadiaceae(mainly
CandidatusBrocadia),(Jetten et al., 2015)yere found abundantly, although hHvas present

in all wells (concentrations ranging from 0.49 to 25 mg/L). In fActcadiaceaaccounted for
up to 15% of the microbial community in well PC44, in whichdNEbncentrations were very
low (0.49 mg/L), impying that decreased NfHconcentrations were influenced by the activity

of these microorganisms.

Generally, a retardation effect on As advection was observed enlx¢gredox transition zone,
Figure4.7). However, the retardation capacity seems to depersgveral microbial processes

that can either contribute to the release of As from sediments, such as fermentation and
methanotrophy, or retain it in sediments, such as Fe(ll) oxidatioB@tdreduction. Besides
biological processes, abiotic processas also largely influence As concentrations in this zone.
High dissolved Mn concentrations were measured in the groundwater samples4(Igble
indicating that abiotic Fe(ll) oxidation by Mn(IV) reduction can contribute to As
immobilization in zone D. Térefore, the significant adsorption and incorporation of dissolved
As into Fe(lll) minerald both newly formed and already present in Pleistocene sedidnents

are decreasing As groundwater concentrat{@bapelli et al., 2020)Furthermore, as an effect

of methanotrophy, F& and CQ can be produced, which, in addition t¢F@nd HCQ  flowing

from the Holocene aquifer, could lead to the precipitation of Fe(ll) carbonate and subsequent
As sorption( Ei che et al .,. 2008; SR et al., 2018)

4.4.4 Zone E: Pleistocene pristine aquifed As immobilization

Dissolved As concentrations generally remaibeel| ow t he WHO gui diel i ne
the Pleistocene aquifer (zone E). The wells in this zone were hydrogeochemically, similar
presenting higher redox potentials from +122 to +253 mV (SHE), low dissolved As-(< 0.1
10g/ L), a0i7d mgApasvelilas disgolved Ckbelow the detection lim{Table4.1).

Thein situactive microbial community in zone E was abundant in putatioeidzing bacteria
mainly associated wittsulfuricurvum(10%), Sulfuritalea (5%), andTumebacillus(10%).

These bacteria were particularly abundant in well VPML38, in which elevated SO
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concentration (6.2 mg/L) were found among samples in zone E. Moreover, the highest relative
abundance of a predicted S oxidation pathway was inferred from 16S rRNAcam
sequences in this zone (Figyr®). These findings suggest that activey®ling is taking place
in zone E and, similarly to the deeper part of zone D, likely contributes to As sorption to FeS

minerals and, thus, probably promotes As removal frooargdwater.

Although no CH was detected in these wells, AMS36 was dominated by a methanotrophic
taxon related to Methylomirabilaceae (12%), while VPML22 was dominated by
Methylomonacea€23%). The high abundance of tpenoAgene further suggests that £H
oxidation might take place in this zone and contributes to a complete consumption of CH
transported from the Holocene aquifer, ultimately representing a crypticyete similar to

other cryptic cycles that have been desimated previouslyKappler & Bryce, 2017)

Finally, inwell VPML38, potential Fe(lRoxidizing bacteria, particularly those affiliating with
Aquabacteriumrepresented more than 15% of the active microbial community. In addition, in
the groundwater samples of other wells, increased abundandes(Ifoxidizers related to
Gallionellaceae (4.6%) and Acidovorax (4.3%) were observedFigure 4.4). These
microorganisms presumably contribute to As immobilization through the precipitation of
Fg(lll) minerals and a cgrecipitation of As. To summarize, zone E is generally dominated by

oxidative processes, efficiently maintaining low As concentrations in groundwater.

It is important to note that wells AMS11/47 in zone D and well VPML54 in zonecie
screened at further depths (46 m and 53 m, respectively) compared to other wells. These wells
reach a Pleistocene gravel layer underlying the sandy aq(kiet® et al., 208; van Geen et

al., 2013 and are characterized by high dissolved Fe (16 2shdmg/L) but low As
concentrati on 41).(ABtheg ddpipd, denerally aptntesses that can lead to As
immobilization seem to prevail. In AMS11/47, $Oreduction was indicated by a high
abundance ofhermodesulfovibrionié8%) andDesulfaralaceag(3%) (Figure4.4) as well as

a trace concentration of $8(0.26 mg/L) (Tablet.1), while putative Fe(Ihpxidizers, such as
Gallionellaceag(5%) andAquabacteriun{3%), and As(lllYoxidizers, such aécinetobacter

(3%), were dominating in VPML54.

4.4.5 Fermentation, CHs cycling, microbially mediated Fe(lll), and SQ:* reduction

dominate aquifer biogeochemistry
Diverse active microbial taxa and predicted metabolic pathways were identified in groundwater
samplesacross Van Phuc aquifers. Fermenting microorganisms were the most abundant and

omnipresent group. The correlation of active taxa wjttirbgeochemical parameters (Figure
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4.6) indicated that fermenting microorganisms are ubiquitous and can adapt botlo¢ertdol

and Pleistocene aquifer conditions. Therefore, fermentation seems to be a key biogeochemical
process across the aquifers of Van Phuc. Pyruvate fermentation was the most common predicted
fermentation pathway followed by homolactic, mixed acid, &eérolactic fermentation
(Figure $4.1). As a result, a wide range of shohain fatty and organic acids are likely
produced, including acetate, lactate, formate, or propiof@Gttepelle, 2000; McMahon &
Chapelle, 1991)Thus, at our field sites, fermentationay provide easily bioavailable C
compounds that further fuel diverse heterotrophic microbial processes, including reductive
dissolution and As release from Fe(lll) (oxyhydr)oxidesstma et al., 2007; Quicksall et al.,

2008)

Despite its high abunda@én many Ascontaminated aquifers worldwide, @kHmains largely
unexplored when discussing its potential role in As (im)mobilization. Positive correlations
between dissolved CHFe, and, by consequence, dissolved As have been previously reported
(Dowling et al., 2002; Li et al., 2013; Liu et al., 2009; Postma et al., 280gpesting that
methanogenesis can indirectly promote Fe(lll) mineral reduction and As mobilization by
providing CH; as an electron donor. Methanogenesis is directly fueled by featiment
products, and, in fact, all substrates necessary fap@iduction, such as acetate, £&hd H,

can be produced during fermentatighlibardi & Cossu, 2016) Surprisingly, very high
concentrations of CHn some of the analyzed wells (up to 53 glid not correspond to the

high relative abundances of methanogens marA genes. In fact, known methanogens
accounted for as little as < 1% in all wells. A recent study showed that the methanotrophic
population is mainly found in sediments rather tihmmater(Kuloyo et al., 202Q)which is

likely also true for methanogens. For this reason, we decided to explore the presence of
methanogenic microorganisms in sediment samples, where they accounted for as much as 80%
of the microbial community (Glodowsket al., unpublished). Despite the low abundance of
methanogenic archaea in groundwater, the analysis of the main predicted metabolic pathways
suggested that two types of methanogenesis take place in the aquifers: first, acetoclastic

methanogenesis, whettee main precursor is acetate:

CH:COOHA COy + CHs ()
and second, hydrogenotrophic methanogenesis:
COx+4H2 A 2H0+CH;4 (2)

where CQ is reduced to CH(Goevert & Conrad, 2009Metabolic pathways inferred from
16S rRNA ampliconsequences (Figuré.5) suggested that the predicted acetoclastic

methanogenesis is donaiting in Van Phuc aquifers (Figugd.2).
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Methane cycling linked to As mobilization

Methane can be used as electron donor to fuel a wide range of microbially methats$es,

such as reductions of $O(Boetius et al., 2000; Knittel & Boetius, 2009; Milucka et al., 2012;
Orphan et al., 2001; Scheller et al., 2083 (Haroon et al 2013) NO; (Ettwig et al., 201Q)

and Mn(IV) (Leu et al., 2020)Mostimportantly, for our field site, anaerobic @Hxidation

can also be coupled with Fe(lll) reductiGdromokeye et al., 2020; Cai et al., 2018; Ettwig et

al., 2016) a process that we confirmed within Van Phuc sediments and that can lead to
significant As nobilization (Glodowska et al., submitted). Furthermore, microorganisms with
the metabolic potential for GHbxidation were abundantly presentmost of the sampled wells
(Figure 4.3 and4.4). This might explain the large variability in the £loncentrabns
measured in the groundwater samples in Van Phuc, ranging from < 0.13 mg/L to 53 mg/L.
Methanotrophic communities at our field site are related to C degradation, as we found a strong
correlation between methanotrophic bacteria and C degradation prasiwdisas Chj DOC,

and NH" (Figure4.6). Some of these taxa are also significantly positively correlated with As,
e.g.Methylococcugr = 0.65),Methylocaldun{r = 0.64) orBeijerinckiaceadr = 0.63) (Figure

4.6), which suggests their dirdotvolvement in As mobilization. Thus, the correlation analysis
confirmed our observation that microorganisms mediating Sidling were mainly active
under conditions typical of Holocene aquifers and redox transition zones and less active in
Pleistocene Mireducing aquifers, where they were negatively correlated witls&?, and
dissolved Mn (Figurd.6).

Low abundance of known Fe(lll}reducers

Active microbial taxa known to be involved in dissimilatory Fe(lll) reduction, su&aaglus
Deferribactees Geobacter Thermincola Geothrix and Magnetospirillumwere ubiquitous

across the whole field site, although at eatlbow relative abundances (Figu4et). Many

previous studies have shown the importance of Fe@tycing bacteria in As mobilization
(H®ry et al ., 2008; F. S. Il sl am, Boot hman, e
et al., 2012; Ohtsuka et al., 201BJonetheless, in mosf these studies, the situabundance

of known Fe(lll}reducers was generally quite IgwWH®r vy et al . , 2008, Ki n
al.,2013) Van Phucdés groundwater samples ad so sh
reducers, particularly when cormed to dominant fermenters and ALCHycling
microorganisms. This data suggests that either many unknown microorganisms in the
community are capable of reducing Fe(lll) or various microorganisms, such as methanotrophs,

that have not been previously consatécan actually contribute to Fe(lll) reduction and As

mobilization to a larger extent than known Fe{Hducers. Our previous study, where natural
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organic matter was used as an electron donor, showed that diverse microorganisms contributed
to Fe(lll) reduction(Glodowska et al., 2020However, when easily bioavailable C was added
(acetate and lactate), main{yeobacterwas responsible for the reductive dissolution of
sedimentary Fe(lll) minerals. This strongly implies that a much larger microbial catgmun

than is currently known is involved in the reduction of Fe(lll) minerals under natural conditions.

Sulfate reduction as a sink for As

The predicted genetic potential for $Qreduction and S oxidation appeared to baadly
present in all wells (Figuré.5). However, RNAbased 16S rRNA amplicon sequencing data
showed that taxa identified as potentiakS@ducers or S oxidizers were particularly abundant
only in some of thevells (Figure4.4), mainly in those where dissolved S species (dominated
by SQ?) were detected. Our hydrogeochemical data showed that the majority of wells for
which SO was reported were also characterized by low As concentrations, supporting our
hypaheses that microbially mediated S cycling maintains low As concentrations in
groundwater samples and that microbialsS@duction (leading to sulfide production) is
generally a sink for As in Van Phuc. This process seems to be particularly reletenteatox
transition zone and in the Pleistocene aquifer, where taxa involvedyidi8g appeared to be
negatively corelated with dissolved Mn (Figuee6).

Cryptic N-cycle

Interestingly, pathways for predicted nitrate Y®@eduction and nitrifier detiification were

also inferred in all wells (Figuré5). At the same time, active microorganisms involved in the
N-cycle were identified as Nftoxidizers in some of the wells (Figudet), which are mostly
associated with Pleistocefike maderate reducing conditions (Figure4.6). Nitrifier
denitrification is a pathway in which NHis oxidized toNO,', which is subsequently reduced
viaNO andN>O to N> (Wrage et al.,, 2001)This metabolic pathway is found in some
autotrophic NH™-oxidizers as wellas in many Chktoxidizing bacterigStein & Klotz, 2011)
therefore, its presence is likely related to methanotrophs, which were abundant in the microbial
community. In fact, while our hydrogeochemical analyses did not show the presence of any
measurable Npecies other than NH our microbiological analyses indicated active N cycling.
Such cycling is likely happening rapidly, therefore hampering the hydrogeochemical
measurement of N species on top of4NHind could be responsible for the large variabitity

NH4" concentrations in the groundwater samples. The implications of tbgcl on As
(im)mobilization, for instance, via nitrifier denitrification and microbially mediatedsNH

oxidation coupled with Fe(lll) reduction (Feammox), deserve further ilgatsmn. In fact, Xiu
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et al.(Xiu et al., 2020proposed Feammox to be one of the mechanisms involved in As release
in the western Hetao Basin.

Unexplored role of Mn in As immobilization

Finally, dissolved Mn appeared to be one of the decibiy#rogeochemical parameters
affecting the active microbial comunity in Van Phuc aquifers (Figude2 and Figurd .6), yet,

we could not identify microorganisms known to be directly involved in the Mn cycle. However,
taxa affiliating withGemmatacea@ =0.65,p < 0.1) andHaliangium(r = 0.47,p < 0.3) showed

a weak peitive correlation with Mn (Figurd.6), suggesting their potential involvement in the

Mn cycle or associated processes. Moreover, a pathway obXidtation coupled with Mn(1V)
reduction ha been recently describ@deu et al., 2020)This process might be relevant for the

As mobilization reactions at the redox transition zone, considering the abundance and diversity
of methanotrophs, the high concentration of dissolveg @htl the presenad Mn(IV) oxides

within the sediments in this zone

4.5 Conclusions

Understanding the interactions between microbiota and their hydrogeochemical environment is
key in unraveling the biogeochemical network affecting As (im)mobilization. Our study shows
tha fermentation and methanogenesis, which have been largely overlooked in this context, are
among the most important microbiological processes, indirectly favoring As mobilization. In
addition, fermentation provides bioavailable C that further fuels vamizr®bial metabolisms.
Following methanogenesis, Glis most likely oxidized by the reduction of various electron
acceptors, such as Aaring Fe(lll) minerals that are especially abundant in the Pleistocene
sediments. Methane oxidation is a process that has not been linked to the As cycle previously;
however, a rich community of active Ghoxidizers was present in all zones of the studied
aquifers, where it may contribute to As mobilization when coupled with Fe(lll) and Mn(1V)

reduction or to As immobilization coupled with $Qeduction.

At the same timea number of oxidative metabolic processe&xist and act as potential sinks
for dissolved As, such as Fe(ll) and/or As(lll) oxidation. Moreover, the S cycle appears to be
closely interlinked with dissolved As behavior. The presence of active 8@S metabolizers
at the redox transition and in the Pleistocene aqisfeslatedwith lower As concentrations in
groundwater samples. The formation of FeS, FeAsS, and AsS minerals is a result of an active
microbially mediated S cycle and is likely respdesifor the sorption and incorporation of As
into these minerals.
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These As (im)mobilization processes do not occur separately. In reality, complex
biogeochemical interactions-&xist simultaneously and ultimately influence the groundwater's
dissolved Asoncentrations. This is particularly relevant for the biogeochemistry taking place
at redox transition zones, where fermentation, methanotrophy,ré@uction, S oxidation, and

Fe(ll) oxdation may occur together (Figuder).

Therefore, only by linkingmicrobial and hydrogeochemical processes might we be able to
explain the fate of dissolved As concentrations in both contaminated and pristine aquifers and
especially its retardation across redox transition zones between Holocene and Pleistocene
aquifers.

Acknowledgements

We thank the Deutsche Forschungsgemeinschaft (DFG) and the Swiss National Science
Foundation SNF for funding the AdvectAs project through DACH (grant # 200081B21).

Sara Kleindienst is funded by the EmiNgether fellowship (grant 826028733) from the

DFG. Daniel Straub is funded by the I nstitut
ZUK 63) and the Collaborative Research Center CAMPOS (Grant Agreement SFB 1253/1
2017). We are grateful to C. Stengel and N. Pfenningehétechnical assistance during the

| CPT MS analyses. Thanks are also extended to
and to R. Britt, M. Brennwald, Anh Lang T., and Thanh Nguyen V. for their help during the

field campaign in November 2018. Ouragitude also goes to the citizens of Van Phuc for
supporting fieldwork in the village. The authors acknowledge support by the High Performance
and Cloud Computing Group at the Zentrum f
T¢bingen, t heW¢srttatteembefr g Badémough bwHPC and
Foundation (DFG) through grant no INST 37/9B5UGG.

110



Chapter 4

4.6 References

Acharyya, S. K., Lahiri, S., Raymahashay, B. C., & Bhowmik, A. (2000). Arsenic toxicity of
groundwater in parts of the Bengal basin in India and Bangladesh: The role of Quaternary
stratigraphy and Holocene skvel fluctuation Environmental Geologyd9(10), 1127 1137.

Alibardi, L., & Cossu, R. (2016). Effects of carbohydrate, protein and lipid content of organic waste on
hydrogen production and fermentation produdiaste Managememt7, 69 77.

Apprill, A., McNally, S., Parsons, R., & Weber, L. (2018)inor revision to V4 region SSU rRNA
806R gene primer greatly increases detection of SAR11 bacterioplafkfoatic Microbial
Ecology 75(2), 129 137.

Aromokeye, D. A., Kulkarni, A. C., Elvert, M., Wegener, G., Henkel, S., Coffinet, S., Eickhorst, T.,
Oni, O. E., RichteiHeitmann, T., Schnakenberg, A., Taubner, H., Wunder, L., Yin, X., Zhu,
Q., Hinrichs, K:U., Kasten, S., & Friedrich, M. W. (2020). Ratasl microbial players of iren
driven anaerobic oxidation of methane in methanic marine satBmé&rontiers in
Microbiology, 10. 3041.

Beal, E. J., House, C. H., & Orphan, V. J. (2009). Mangaresse irordependent marine methane
oxidation Science3255937), 184187.

Benjamini, Y., & Hochberg, Y. (1995). Controllinge false discovery rate: a praeti and powerful
approach to multiple téag. Journal of the Royal Statistical Society: Series B (Methodological)
57(1), 289 300.

Ber g, M. , Luzi , S. ., Trang, P. T. K. , rembvakfrom P. H.
groundwaterbyhouseo | d sand filters: Comparative fiel
benefits Environmental Science & Technolog¥(17), 5567 5573.

Berg, M., Stengel, C., Trang, P. T. K., Hung Viet, P., Sampson, M. L., Leng, M., Samreth, S., &
Fredericks, D. (207). Magnitude of arsenic pollution in the Mekong and Red River Déltas
Cambodia and Vietnanscience of The Total EnvironmeB722), 413 425.

Boetius, A., Ravenschlag, K., Schubert, C. J., Rickert, D., Widdel, F., Gieseke, A., Amann, R.,
JRBr gen Be Witte, B.,. & Pfannkuche, O. (2000). A marine microbial consortium
apparently mediating anaerobic oxidation of methalagure 4076804), 623.

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C-GHalith, G. A. ,Alexander, H.,
Alm, E. J., Arumugam, M., Asnicar, F., Bai, Y., Bisanz, J. E., Bittinger, K., Brejnrod, A.,
Brislawn, C. J., Brown, C. T., Callahan,B. J.,CarabBllo d r 2 gu e z , ACapoidso,, Chas
J. G. (2018)QIIME 2: Reproducible, interactive, alable, and extensible microbiome data
sciencge27295v2). Peerd Inc.

Bostick, B. C., Chen, C., & Fendorf, S. (2004). Arsenite Retention Mechanisms within Estuarine
Sediments of Pescadero, (Bnvironmental Science & Technolo@B(12), 3299 3304.

Bostick, B. C., & Fendorf, S. (2003). Arsenite sorption on troilite (FeS)psgrite (FeS2)Geochimica
et Cosmochimica Act&7(5), 909 921.

Buschmann, J., & Berg, M. (2009). Impact of sulfate reduction on the scale of arsenic contamination in
groundwater of the Mekong, Bengal and Red River delaglied Geochemisty4(7), 1278
1286.

Cai, C., Leu, A. O., Xie, GJ., Guo, J., Feng, Y., Zhao;X., Tyson, G. W., Yuan, Z., & Hu, S. (2018).
A methanotrophic archaeon couples anaerobic oxidation of methane to Fe(lll) redTic&on.
ISME Journa) 12(8), 1929 1939.

Callahan, B. JMcMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., & Holmes, S. P. (2016).
DADAZ2: High-resolution sample inference from lllumina amplicon d&ature Methods
13(7), 581 583.

111



Chapter 4

Chang, JS.,Yoon, I. H., Lee, J. H., Kim, KR., An, J., & Kim, K-W. (2010).Arsenic detoxification
potential of aox genes in arsendridizing bacteria isolated from natural and constructed
wetlands in the Republic of Koreanvironmental Geochemistry and Heald2(2), 95 105.

Chapelle, F. H. (2000¥sroundWater Mcrobiology and Geochemistryohn Wiley & Sons.

Charlet, L., & Polya, D. A. (2006). Arsenin shallow, reducing groundwaters in southern asia: an
environmental health dister Elements2(2), 97 96.

Chatain, V., Bayard, R., Sanchez, F., Moszkowicz &Gourdon, R. (2005). Effect of indigenous
bacterial activity on arsenic mobilization under anaerobic conditidaisvironment
International 31(2), 221 226.

Cummings, D. E., Caccavo, Frank, Fendorf, S., & Rosenzweig, R. F. (E988hic mobilization by
the dissimilatory Fe(llFreducing bacteriunshewanella alga BrYEnvironmental Science &
Technology33(5), 723 729.

Dowling, C. B., Poreda, R. J., Basu, A. R., Peters, S. L., & Aggarwal, P. K. (2002). Geochemical study
of arsenic release mechanismghe Bengal Basin groundwatéf/ater Resources Research
38(9), 121-12 18.

Duan, M., Xie, Z., Wang, Y., & Xie, X. (2008). Microcosm studies on iron and arsenic mobilization
from aquifer sediments under different conditions of microbial activity and cesborce.
Environmental Geologyp7(5), 997.

Ei che, E. , B eM.,qNeumawin, T., LEP, i. Mg RPhang T. K. T., & Pham, H. V. (2017).
Origin and availability of organic matter leading to arsenic mobilisation in aquifers of the Red
River Delta, ViethamApplied Geochemistry7, 184 193.

Eiche, E., Neumann, T., Berg, M., Weinman, B., van Geen, A., Norra, S., Berner, Z., Trang, P. T. K.,
Viet, P. H. , & G&dthgrhicalnproced3es undezlying & )sharp contrast in
groundwater arsenic concentrations in a village on the Red River delta, Viehpaied
Geochemistry23(11), 31433154.

Ettwig, K. F., Butler, M. K., Le Paslier, DRelletier, E., Mangenot, S., Kuypers, M. M. M., Schreiber,
F., Dutilh, B. E., Zedelius, J., de Beer, D., Gloerich, J., Wessels, H. J. C. T., van Alen, T.,
Luesken, F., Wu, M. L., van de P&shoonen, K. T., Op den Camp, H. J. M., Janédegens,

E. M., Fracoijs, K.-J., Strous, M. (2010). Nitritelriven anaerobic methane oxidation by
oxygenic bacteriaNature 464(7288), 548548.

Ettwig, K. F., Zhu, B., Speth, D., Keltjens, J. T., Jetten, M. S. M., & Kartal, B. (2016). Archaea catalyze
iron-dependent anaaic oxidation of methaneé?roceedings of the National Academy of
Sciencesl1345), 12792.

Fan, H., Su, C., Wang, Y., Yao, J., Zhao, K., Wang, Y., & Wang, G. (2@a8limentary arsenite
oxidizing and arsenateeducing bacteria associated with high aisegroundwater from
Shanyin, Northwestern Chindournal of Applied Microbiologyl052), 529 539.

GarciaDominguez, E., Mumford, A., Rhine, E. D., Paschal, A., & Young, L. Y. (2008). Novel
autotrophic arsenitexidizing bacteria isolated from soil anddgments.FEMS Microbiology
Ecology 66(2), 401 410.

Glodowska, M., Stopelli, E., Schneider, M., Lightfoot, A., Rathi, B., Straub, D., Patzner, M., Duyen, V.
T., Berg, M., Kleindienst, S., & Kappler, A. (202®ole of insitu natural organic matter in
mohilizing As during microbial reduction of FelHmineratbearing aquifer sediments from
Hanoi (Vietnam)Environmental Science & Technolod(7), 41494159.

Goevert, D., & Conrad, R. (2009). Effect sdfibstrate concentration on carbon isotope fractionation
during acetoclastic methanogenesis by methanosarcina bankieki. acetivorans and iice
field soil. Applied and Environmental Microbiology5(9), 2605 2612.

Guo, H., Zhou, Y., Jia, Y., Tang, Ai, X., Shen, M., Lu, H., Han, S., Wei, C., Norra, S., & Zhang, F.
(2016). Sulfurcycling-related biogeochemical processes of arsenic mobilization in the Western

112



Chapter 4

Hetao Basin, China: evidence from multiple isotope approadt®sronmental Science &
Techndogy, 50(23), 1265012659.

Gupta, M., Velayutham, P., Elbeshbishy, E., Hafez, H., Khafipour, E., Derakhshani, H., El Naggar, M.
H., Levin, D. B., & Nakhla, G. (2014). Germentation of glucose, starch, and cellulose for
mesophilic biohydrogen productidnternational Journal of Hydrogen Energ39(36), 20958
20967.

Hallbeck, L., & Pedersen, K. (1990). Culture parameters regulating stalk formation and growth rate of
Gallionella ferrugineaMicrobiology,1369), 1673 1680.

Haroon, M. F., Hu, S., Shi, Yimelfort, M., Keller, J., Hugenholtz, P., Yuan, Z., & Tyson, G. W. (2013).
Anaerobic oxidation of methane coupled to nitrate reduction in a novel archaeal IMaage.
500(7464), 567570.

Harvey, C. F., Swartz, C. H., Badruzzaman, A. B. M., KBarte, N., Yu, W., Ali, M. A,, Jay, J.,
Beckie, R., Niedan, V., Brabander, D., Oates, P. M., Ashfaque, K. N., Islam, S., Hemond, H.
F., & Ahmed, M. F. (2002). Arsenimobility and groundwater extraction Bangladesh.
Science2985598), 16021606.

Hashimoto,H., Yokoyama, S., Asaoka, H., Kusano, Y., lkeda, Y., Seno, M., Takada, J., Fuijii, T.,
Nakanishi, M., & Murakami, R. (2007). Characteristics of hollow microtubes consisting of
amorphous iron oxide nanopatrticles produced by iron oxidizing bacteria, Léptmthracea.
Journal of Magnetism and Magnetic Materigd340(2, Part 3), 24052407.

H®r vy, M. , Gaul t , A G. , Rowl and, H. A. L., Lear ,
cultivationdependent analysis of metalducing bacteria implicad in arsenic mobilisation in
southeast asian aquiferdpplied Geochemistr@3(11), 321%53223.

H®r vy, M. , Van Dongen, B. E. , Gill, F., Mondal , D.
J. R. (2010)Arsenic release and attenuation in lowaonig carbon aqusfr sediments from West
Bengal Geobiology 8(2), 155168

Hohmann, C., Morin, G., OAslguema, G., Guigner, -34., Brown, G. E., & Kappler, A. (2011).
Molecularlevel modes of As binding to Fe(lll) (oxyhydr)oxides precipitated by the anaerobic
nitratereducing Fe(IBoxidizing Acidovorax sp. strain BoFeNGeochinica et Cosmochimica
Acta, 75(17), 46994712.

Hohmann, C., Winkler, E., Morin, G., & Kappler, A. (2018haerobic Fe(Ihoxidizing bacteriashow
As resistance antnmmobilize As during Fe(lll)ymineral precipitation.Environmental Science
& Technology44(1), 94 101.

HuertaDiaz, M. A., Tessier, A., & Carignan, R. (1998). Geochemistry of trace metals associated with
reduced sulfur in freshwater sedimempplied Geochemistryl3(2), 213 233.

Ike, M., Miyazaki, T., Yamamoto, N., Sei, K., & Soda, S. (208&8moval of arsenic from groundwater
by arseniteoxidizing bacteriaWater Science and Technolo§(5), 1095 1100.

Islam, F. S., Boothman, C., Gault, A. G., Polya, D. A., & Lloyd, J. R. (2005). Potential role of the
Fe(lll)-reducing bacteria GeobactemcaGeothrix in controlling arsenic solubility in Bengal
delta sedimentdMineralogical Magazing69(5), 865 875.

Islam, F. S., Pederick, R. L., Gault, A. G., Adams, L. K., Polya, D. A., Charnock, J. M., & Lloyd, J. R.
(2005). Interactions between the RFgfreducing bacterium Geobacter sulfurreducens and
arsenate, andcapture of themetalloid by biogenic Fe(ll). Applied and Environmental
Microbiology, 71(12), 86428648.

Islam, Farhana S., Gault, A. G., Boothman, C., Polya, D. A., Charnock, J. M., Chatterjee, D., & Lloyd,
J. R. (2004). Role of metaéducing bacteria in arsenic release from Bengal delta sediments.
Nature 430(6995), 68 71.

Jessen, S., Larsen, F., Postia,Viet, P. H., Ha, N. T., Nhan, P. Q., Nhan, D. D., Duc, M. T., Hue, N.
T.M., Huy, T.D., Luu, T. T., Ha, D. H., & Jakobsen, R. (2008). Palgelvogeological control

113



Chapter 4

on groundwater As levels in Red River delta, Vietnapplied Geochemistry23(11), 3116/
3126.

Jetten, M. S. M. , Camp, H. J. M. 0. den, Kuenen,
fam.nov.InBer gey 6s Manual of Systelm@tics of Archa

Kalmbach, S., Manz, W., Wecke, J., & Szewzyk, U. (198§uabactdum gen. nov., with description
of Aquabacterium citratiphilum sp. nov., Aquabacterium parvum sp. nov. and Aquabacterium
commune sp. nov., three in situ dominant bacterial species from the Berlin drinking water
systemIinternational Journal of Systematioid Evolutionary Microbiology49%2), 769 777.

Kampmann, K., Ratering, S., Kramer, |., Schmidt, M., Zerr, W., & Schnell, S. (2012). Unexpected
stability of bacteroidetes and Firmicuteesmmunities inlaboratorybiogasreactorsfed with
different definedsubstratesApplied and Environmental Microbiology8(7), 2106 2119.

Kappler, A., & Bryce, C. (2017). Cryptic biogeochemical cycles: Unravelling hidden redox reactions:
Cryptic biogeochemical cycleEnvironmental Microbiologyl9(3), 842 846.

Karagas, MR., Gossali, A., Pierce, B., & Ahsan, H. (2015). Drinkiveger arsenic contamination, skin
lesions, and malignancies: A systematic review of the global evidénocent Environmental
Health Reports2(1), 52 68.

Karn, S. K., & Pan, X. (2016]Role of Adnetobacter sp. in arsenite As(lll) oxidation and reducing its
mobility in soil. Chemistry and Ecologp2(5), 460 471.

Katsoyiannis, I. A., & Zouboulis, A. I. (2006). Use iobn- and manganesexidizing bacteria for the
combined removal of iron, mangageand arsenic from contaminated groundwalémter
Quality Research Journad1(2), 117 129.

Keimowitz, A. R., Mailloux, B. J., Cole, P., Stute, M., Simpson, H. J., & Chillrud, S. N. (2007).
Laboratoryinvestigations of enhanced sulfate reduction as a groundwater arsenic remediation
strategy Environmental Science & Technology(19), 67186724.

Kim, S. J., Koh, D. C., Park, S. J., Cha, I. T., Park, J. W., N4,, Roh, Y.,Ko, K.-S., Kim, K., &
Rhee, SK. (2012).Molecular analysis of spatial variation of iroeducing bacteria in riverine
alluvial aquifers of the Mankyeong Rivé@rhe Journabf Microbiology, 50(2), 207 217.

Kirk, M. F., Holm, T. R., Park, J., Jin, Q., Sanford, R. A., Fouke, B. W., & Bethke, C. M. (2004).
Bacterial sulfate reduction limits natural arsenic contamination in groundwaémiogy
32(11), 953 956.

Knittel, K., & Boetius, A. (2009). Anaerobimxidation of methane: progress with an unknown @ssc
Annual Review of Microbiolog®3(1), 311 334.

Kuloyo, O., Ruff, S. E., Cahill, A., Connors, L., Zorz, J. K., Angelis, I. H. de, Nightingale, M., Mayer,
B., & Strous, M. (2020). Methane oxidation and methylotroph population dynamics in
groundwater mesocosmnEnvironmental Microbiology22(4), 1222 1237.

Kumar, N., Couture, RM., Millot, R., BattagliaBrunet, F., & Rose, J. (2016). Microbiallfate
reduction enhancessanic mobility downstream of zerovaldnin-based permeable reactive
barrier. Environmental Science & Technolod(14), 76107617.

Kumar , N. , NFoiedtich, B.VMBesold, B.] Lazar@acheco, J., Bargar, J. R., Brown, G. E.,
Fendorf, S., & Bge, K. (2020). Redoketerogeneities promote thioarsenate formation and
release into groundwater from low arsenic seatits.Environmental Science & Technology
54(6), 3237 3244.

Langille, M. G. I., Zaneveld, J., Caporaso, J. G., McDonald, D., Knight®éyes, J. A., Clemente, J.
C., Burkepile, D. E., Vega Thurber, R. L., Knight, R., Beiko, R. G., & Huttenhower, C. (2013).
Predictive functional profiling of microbial communities using 16S rRNA marker gene
sequences\ature Biotechnologyd1(9), 814 821.

114



Chapter 4

Lear, G., Song, B., Gault, A. G., Polya, D. A., & Lloyd, J. R. (2007). Molecular Analysis of Arsenate
Reducing Bacteria within Cambodian Sediments following Amendment with AcAéed
and Environmental Microbiology3(4), 1041 1048.

Leu, A. O., Ca C., Mcllroy, S. J., Southam, G., Orphan, V. J., Yuan, Z., Hu, S., & Tyson, G. W. (2020).
Anaerobic methane oxidation coupled to manganese reduction by members of the
Methanoperedenaceakhe ISME Journalli 12.

Li, P., Jiang, D., Li, B., Dai, X., Wang., Jiang, Z., & Wang, Y. (2014). Comparative survey of
bacterial and archaeal communities in high arsenic shallow aquifers using 454 pyrosequencing
and traditional method&cotoxicology23(10), 18781889.

Li, P., Wang, Y., Jiang, Z., Jiang, H., Li,,ong, H., & Wang, Y. (2013). Microbidiversity in high
arsenic groundwater ikletao Basin of Inner Mongolia, Chin&eomicrobiology Journal
30(10), 897 909.

Liao, V. H. C., Chu, Y. J., Su, Y. C., Hsiao, S. Y., Weij, C. C., Liu, C. W., Liao, C. Mn,SMeC., &
Chang, FJ. (2011) Arseniteoxidizing and arsenateducing bacteria associated with arsenic
rich groundwater in Taiwardournal of Contaminant Hydrolog$231), 2Q 29.

Liao, V. H-C., Chu, Y3J., Su, Y-C,, Lin, P-C., Hwang, Y-H., Liu, C-W., Liao, C:M., Chang, F.J.,
& Yu, C.-W. (2011).Assessing the mechanisms controlling the mobilization of arsenic in the
arsenic contaminated shallow alluvial aquifer in the blamkfiisease endemic aréaurnal of
Hazardous Materials197, 397 403.

Liu, T.-K., Chen, K:Y., Yang, T. F., Chen, YG., Chen, WF., Kang, SC., & Lee, C:P. (2009). Origin
of methane in higltarsenic groundwater of TaiwarEvidence from stable isotop@alyses and
radiocarbon datinglournal of Asian Earth Science&6(4), 364 370.

Lueders, T., Manefield, M., & Friedrich, M. W. (2004). Enhanced sensitivity of Dl rRNAbased
stable isotope probing by fractionation and quantitative analysis ofcsimpcentrifugation
gradientsEnvironmental Microbiology6(1), 73 78.

Maki, J. S. (2015). Thermodesulfovibrio.Bfher gey 6 s Man u a | of Systematics
1io.

Martin, M. (2011). Cutadapt removes adapter sequences fromthrigighput equencing reads.
EMBnet.Journal17(1), 10 12.

McMahon, P. B., & Chapelle, F. H. (1991). Microbial production of organic acids in aquitard sediments
and its role in aquifer geochemistiyature 3496306), 238235.

McMurdie, P. J., & Holmes, S. (2013)hyoseq: An Rpackage for reproducible interactive analysis
and graphics of microbiome censwgaPLoS ONES8(4), e61217.

Milucka, J., Ferdelman, T. G., Polerecky, L., Franzke, D., Wegener, G., Schmid, M., Lieberwirth, 1.,
Wagner, M., Widdel, F., & Kuygrs, M. M. M. (2012)Zero-valent sulphur is a key intermediate
in marine methane oxidatioNature 491(7425), 541546.

Muehe, E. M., Morin, G., Scheer, L., Pape, P. L., Esteve, |., Daus, B., & Kappler, A. (2016). Arsenic(V)
incorporation in vivianite dung microbial reduction of arserfi)-bearing biogenic Fe(lll)
(oxyhydr)oxides Environmental Science & Technolo&(5), 2281 2291.

Neumann, R. B., Pracht, L. E., Polizzotto, M. L., Badruzzaman, A. B. M., & Ali, M. A. (2014).
Biodegradablerganic carbn in sediments of an arserdontaminated aquifer iBangladesh.
Environmental Science & Technology Lettd(d), 221 225.

Newman, D. K., Beveridge, T. J., & Morel, F. (1997). Precipitationargenic trisulfide by
Desulfotomaculum auripigmenturpplied and Environmental Microbiolog$3(5), 2022

2028.
Nitzsche, K. S., Lan, V. M., Trang, P. T. K., Viet, P. H., Berg, M., VérgA., PlanefFriedrich, B.,
Zahoransky,-KJ, ,BMghe erdJ. SM. |, Schr°der, C. , B

Arsenic removal from drinking water by a household sand filter in Viethatiffect of filter
115



Chapter 4

usage practices on arsenic removatefhcy and microbiological water qualitgcience of The
Total Environment502, 526 536.

O6Day, P. AL, VI assopoul os, D. , Root , R. , & Ri v
dissolved arsenic concentrations in the shallow subsurface andeging redox conditions.
Proceedings of the National Academy of Scierb@®38), 1370813708.

Ohtsuka, T., Yamaguchi, N., Makino, T., Sakurai, K., Kimura, K., Kudo, K., Homma, E., Dong, D. T.,
& Amachi, S. (2013). Arsenidissolution from japanese p&dsoil by a dissimilatory arsenate
reducing bacteriunGeobacter sp. OR. Environmental Science & Technology(12), 6263
6271.

Oksanen, J ., Bl anchet, F. G. , Friendly, M. , Ki nd
R. B., Simpson, GQ.., Solymos, P., Stevens, M. H. H., Szoecs, E., & Wagner, H. (204§an:
Community Ecology Packag¥ersion 2.56) [Computer software].

Orphan, V. J., House, C. H., Hinrichs,-H., McKeegan, K. D., & DelLong, E. F. (2001). Methane
consuming archaea realed by directly coupled isotopic and phylogenetic analggience
2935529), 484487.

Parada, A. E., Needham, D. M., & Fuhrman, J. A. (2016). Every base matters: Assessing small subunit
rRNA primers for marine microbiomes with mock communities, tsages and global field
samplesEnvironmental Microbiologyl8(5), 1403 1414.

Polizzotto, M. L., Harvey, C. F., Sutton, S. R., & Fendorf, S. (2005). Processes conducive to the release
and transport of arsenic into aquifers of BangladBshceedings oftte National Academy of
Sciencesl0252), 1881918823.

Postma, D., Larsen, F., Minh Hue, N. T., Duc, M. T., Viet, P. H., Nhan, P. Q., & Jessen, S. (2007).
Arsenic in groundwater of the Red River floodplain, Vietnam: Controlling geochemical
processes aneactive transport modelinGeochimica et Cosmochimica Ac#(21), 5054
5071.

Postma, D., Larsen, F., Thai, N. T., Trang, P. T. K., Jakobsen, R., Nhan, P. Q., Long, T. V., Viet, P. H.,
& Murray, A. S. (2012). Groundwater arsenic concentrations in \fietantrolled by sediment
age.Nature Geoscieng&(9), 656 661.

Pruesse, E. , Quast, C. , Knittel, K., Fuchs, B.
SILVA: A comprehensive online resource for quality checked and aligned ribosomal RNA
sequence data compatible with ARBlucleic Acids ResearcB521), 71887196.

Quicksall, A. N., Bostick, B. C., & Sampson, M. L. (2008). Linking organic matter deposition and iron
mineral transformations to groundwater arsenic levels in the Mekong deltap@iamitpplied
Geochemistry23(11), 3088 3098.

Rittle, K. A., Drever, J. I., & Colberg, P. J. S. (1995). Precipitation of arsenic during bacterial sulfate
reduction.Geomicrobiology Journafl3(1), 1i 11.

Scheller, S., Yu, H., Chadwick, G. L., McGlynn, S. E., & Orphan, V. J. (2016). Artificial electron
acceptors decouple archaeal methane oxidation from sulfate redGciiemce351(6274), 703.

Scott, M. J., & Morgn, J. J. (1995). Reactions at oxide acef: @idation of As(lll) by synthetic
birnessite Environmental Science & Technolo@®(8), 1898 1905.

Smedley, P. L., & Kinniburgh, D. G. (2002). A review of the source, behaviour and distribution of
arsenic in natural water8pplied Geochemisty17(5), 511 568.

Smith A H, HopenhawRich C, Bates M N, Goeden H M, HetRicciotto |, Duggan H M, Wood R,
Kosnett M J, & Smith M T. (1992). Cancer risks from arsenic in drinking waisfironmental
Health Perspective97, 259 267.

Smith, A. H., LingasEk. O., & Rahman, M. (2000Contamination of drinkingvater by arsenic in
Bangladesh: A public health emergenBylletin of the World Health Organizatipi8, 1093
1103.

116



Chapter 4

SR, H. u. , Post ma, D. , Vi , M. L., Pham, T. K. T
Pham, H. V., & Jakobsen, R. (2018). Arsenic in Holocene aquifers of the Red River floodplain,
Vietnam: Effects of sedimentater interactions, sediment balrage and groundwater residence
time. Geochimica et Cosmochimica Acg25, 192 209.

Sorensen, T. AL, SBrensen, T. , SBrensen, T. AL,
T. , Sorensen, T. A S BrMmrsemy. & method(ofledtdidBshiBgi e r i n ¢
groups of equal amplitude in plant sociology based on similarity of species content, and its
application to analyses of the vegetation on Danish commons

Sracek, o. , Ber g, Redgx buffering andldepupling 0B arsen(ic2afdlir8n)in
reducing aquifers across the Red River Delta, Vietnam, and conceptual modeloniptiag
processes€nvironmental Science and Pollution Resea8{16), 1595415961.

Stahl, M. O., Harvey, C. F., Geen, A. van, Sun, J., Trang, R., Lan, V. M., Phuong, T. M., Viet, P.
H., & Bostick, B. C. (2016). River bank geomorphology controls groundwater arsenic
concentrations in aquifers adjacent to the Red River, Hanoi Viethdater Resources
Research52(8), 63216334.

Stein, L. Y., &Klotz, M. G. (2011). Nitrifying and denitrifying pathways of methanotrophic bacteria.
Biochemical Society Transactiqri®(6), 1826 1831.

Steven, B., Chen, M. Q., Greer, C. W., Whyte, L. G., & Niederberger, T. D. (2008). Tumebacillus
permanentifrigoris gn. nov., sp. nov., an aerobic, spfoaning bacterium isolated from
Canadian high Arctic permafrostnternational Journal of Systematic and Evolutionary
Microbiology,58(6), 1497 1501.

Stopelli, E., Duyen, V. T., Mai, T. T., Trang, P. T. K., Viet, P, Hghtfoot, A., Kipfer, R., Schneider,
M., Eiche, E., Kontny, A., Neumann, T., Glodowska, M., Patzner, M., Kappler, A., Kleindienst,
S., Rathi, B., CirpkaQ., Bostick, B., Prommer, HBerg, M. (2020). Spatial and temporal
evolution of groundwater arsiencontamination in the Red River delta, Vietnam: Interplay of
mobilisation and retardation processgsience of The Total Environmgnt7, 137143.

Straub, D., Blackwell, N., Fuentes, A. L., Peltzer, A.,, Nahnsen, S., & Kleindienst, S. (2019).
Interpretdions of microbial community studies are biased by the selected 16S rRNA gene
amplicon sequencing pipelinBioRxiy, 2019.12.17.880468.

Straub, K. L., S ¢ h-Clavlnubb E. E., & Sdhink, B. .(200DB/ergsityhofferrbus
iron-oxidizing, nitratereducing bacteria and their involvement in oxygetependent iron
cycling. Geomicrobiology JournaR1(6), 371 378.

Stucker, VK., Silverman, D. R., Williams, K. H., Sharp, J. O., & Ranville, J. F. (2014). Thioarsenic
species associated with increased arsenic release during biostimulated subsurface sulfate
reduction Environmental Science & Technolo@y(22), 13367 13375.

Sutta, N. B., van der Kraan, G. M., van Loosdrecht, M. C. M., Muyzer, G., Bruining, J., & Schotting,
R. J. (2009)Characterization of geochemical constituents and bacterial populations associated
with As mobilization in deep and shallow tube wells in Bangdhdé/ater Researchi3(6),
1720'1730.

van Geen, A., Bostick, B. C., Thi Kim Trang, P., Lan, V. M., MaiN\. Manh, P. D., Viet, P. H.,
Radloff, K., Aziz, Z., Mey, J. L., Stahl, M. O., Harvey, C. F., Oates, P., Weinman, B., Stengel,
C., Frei, F., KipferR., & Berg, M. (2013). Retardation of arsenic transport through a Pleistocene
aquifer.Nature 501(7466), 204207.

vanden Hoven, R. N., & Santini, J. M. (2004). Arsenite oxidation by the heterotroph Hydrogenophaga
sp. str. NT14: The arsenite oxidase aitd physiological electron acceptdBiochimica et
Biophysica Acta (BBA)Bioenergetics16562), 148 155.

Wallis, 1., Prommer, H., Berg, M., Siade, A. J., Sun, J., & Kipfer, R. (200®. riveil groundwater
interface as a hotspot for arsenic releblsgure Geosciengd 3(4), 288 295.

117



Chapter 4

Wang, Y. H., Li, P., Dai, X. Y., Zhang, R., Jiang, Z., Jiang, D. W., & Wang, Y. X. (2015). Abundance
and diversity of methanogens: Potential role in high arsenic groundwater in Hetao Plain of Inner
Mongolia, ChinaSciene of The Total Environmer§l5 516, 153 161.

Wolthers, M., Charlet, L., van Der Weijden, C. H., van der Linde, P. R., & Rickard, D. (2005). Arsenic
mobility in the ambient sulfidic environment: Sorption of arsenic(V) and arsenic(lll) onto
disordered macdkawite.Geochimica et Cosmochimica Act#(14), 34833492.

Wrage, N., Velthof, G. L., van Beusichem, M. L., & Oenema, O. (2001). Role of nitrifier denitrification
in the production of nitrous oxid&oil Biology and Biochemistr$3(12), 17231732.

Xiu, W., Lloyd, J., Guo, H., Dai, W., Nixon, S., Bassil, N. M., Ren, C., Zhang, C., Ke, T., & Polya, D.
(2020). Linking microbial community composition to hydrogeochemistry in the western Hetao
Basin: Potential importance of ammonium as an electron donargdarsenic mobilization.
Environment Internationall 36, 105489.

Ye, Y., & Doak, T. G. (2009). Aarsimony approach to biological pathway reconstruction/inference
for genomes and metagenomiekoS Computational Biolog$(8).

Zhang, X., Szewzyk, U., & MaF. (2017). Characterization of Aquabaateri parvum sp. Strain B6
during nitratedependent Fe(ll) oxidation batchultivation with various impact factors
Transactions of Tianjin Universit23(4), 315 324.

118



Chapter 4

4.7 Supplementary Information

Table S4.1List of primers, primer sequences and thermal programs used for quantification of bacterial and
archaeal 16S rRNA genes, arsenate reductase gandp (Geobacter specific 16S rRNA genes, particulate
methanenonooxygenase gengmioA and methylcoenzyme M reductase subunit alpha gemesA).

Specificity ~ Primer Pri mer s eAdfE)Nnc Thermal program References
16SrRNA  341f CCTACGGGAGGCAGCAG 98 /:\23 E; (%BE Muyzeretal., 1993
genes of 60ALC2EE
Bacteria 534r ATTACCGCGGCTGCTGG 95ACE; -GEA«

40;

601 95 ACOEE
16S rRNA  Arl09f ACK GCTGAGTAACACGT 98 AEE; (®BEGroCkopf

genes of GTG CTC CCC CGC CAA 52AC2EE 1998
Archaea  Ar915r  TTCCT 72AC5E) x . Stahl, 1991
-1B:2 ACE;
52i 95 ACOEE
arrA arrA-F GGYSTGGGGCWSCGAYCC 95 AZE; (390E Songet al., 2009
arrA-R GGMASCCASTYGTGGGMC 62 AC0EE) «x
TT -1E; -BEAC (¢

95ACO0EE) «x
16SrRNA  Geo494F AGGAAGCACCGGCTAACTCC 50 AZE; -9 b E( Holmes etal., 2002
genes of Geo825R TACCCGCRACACCTAGT (95-AG EE;- 5 Andersonetal,

Geobacter 60EE) x 30 1998
pmoA A189f GGNGACTGGGACTTCTGG 9 6 ARE; (19H;, A.J. Holmesetal,
A682r GAASGCNGAGAAGAASGC 56 ACH;2 ACE) 1995
38; BEAC
mcrA ME1f GCMATGCARATHGGWATG 95 AEE; (90BE Halesetal, 1996
MELr TC 54AEO0EE
TCATKGCRTAGTTDGGRTA 72 AB0E) x
GT -10E
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Table S4.20bserved amplicosequencing variants (ASVs) and alpha diversity indices in water samples from
wells divided by

measure of

community
that incorporates

measure of community richness).

geochemical

phyl ogenetic

Zzones

as

proposed in Sto

e v e n n e sgsdlitativefnaadsurehobcomniuhity rickngse net i ¢
relationships between

Zone Well Observed ASVs Pielou e Faith pd Shannon
AMS12 2830 0.86 190 9.90
B AMS15 1906 0.79 130 8.64
AMS13 1860 0.77 109 8.35
VPNS3 882 0.68 76 6.65
VPMN5 738 0.64 54 6.08
C AMS5 1595 0.71 113 7.58
PC44 1905 0.80 124 8.69
AMS11/32 1766 0.71 120 7.64
AMS11/47 1897 0.86 122 9.32
PC43 2134 0.80 136 8.90
AMS32 950 0.78 73 7.67
AMS31 1841 0.79 119 8.54
D AMS11/25 2260 0.79 139 8.81
VPML38 1744 0.71 108 7.67
VPML54 1545 0.85 96 8.98
AMS36 1646 0.83 122 8.89
AMS4 2052 0.82 138 8.98
E VPML22 1097 0.69 81 6.96
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Table S4.3Quantitative PCR analysis bhcterial and archaeal 16S rRNA genes, arsenate reductase genes
(arrA), Geobactespecific 16S rRNA genes, particulate methane monooxygenase gem@3 and methy
coenzyme M reductase subunit alpha gemesA). The data is shown as gene copy numbers/mL in the
groundwater samples from different geochemical zones of the Van Phuc affitifégrslli et al., 2020)

Zone | Well Bacteria Archaea arrA Geobacter mcrA pmoA
AMS12 1256 N 13727 N146 N 47.a8 1 N 082 N 6

B AMS15 50610 N 542 N 949 N 522.471 N 1736 N 2
AMS13 [1132444 42118 9765 (9808 7390 1444555
VPN3 870 N 7459 N 26 N 1 6.3 N2 N 131 N 5
VPMN5 (159500 N 155N 3127 (1136 122 N18243 K

C AMS5 44786 N 1111 N2625 (2955 369 N174733 N
PC44 45676 N 468 N 7092 f713 N87 N 4481 N 1
AMS11/32|137296 N 131 N 252 N 201 N14 N 1087 N 9
AMS 11/47|1114633 N207 N 3051 (4271 133 N6070 N 3
PC43 16916 N 185 N 328 N 278 N91 N 1267 N 5
AMS32 111100 N8 N 1 1477 (1839 290 N6879 N 7
AMS31 32923 N 67 N 2346 N 204 N725N 2991 N 2

D |AMS11/25|9467 N 4182 N 290 N 250 N171 N3954 N 3
VPML38 31283 N 347 N 404 N 1180 18 N 6274 N 1
VPML54 126733 N6657 N3220 f1451 15 N 1613 N 4
AMS36 170866 N1862 N1417 (1903 1104 6266 N 1
AMS4 217300 N2044 N2154 (1793 996 N2690 N 5

E VPML22 19283 N 91 N 1142 N 100 N3 N 11466 N 3
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VPML22
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VPML54
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Figure S4.1Relative abundance of predicted fermentation pathways in groundwater samples as inferred from
16S rRNA amplicon sequences based on MetaCyc pathways.
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Figure S4.2Relative abundance of predicted methanogenic pathways in groundwater samples as iofarred f
16S rRNA amplicon sequences based on MetaCyc pathways.
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