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Abstract

Marine biogenic carbonates are comprehensive archives of paleoenvironmental conditions. The main
environmental variables that can be deduced from carbonate elemeantal isotopic composition

are past seaurface temperature, salinity and related oceeirculation patterns, andtrace element
concentration. These parameters are cruci@ understand climatdinked palesocean and
atmospheric conditions, and to furthermore allow for interpolation to future environmental
scenarios. However, the respectiversits in carbonates can be biased by diagenetic alteration, and
the abiotic processes involved in the diagenetic processes are being thoroughly investigated. A less
considered, but potentially profound (€o factor in early diagenesis are benthic microbial
communities. Microbemineral interactions are known to shape the earth’s lithosphere through
carbonate formation, dissolution, and geochemical alteration over geological timescales. However,
the benthic microbial impact on marine carbonate archives aftestpmortem deposition in
sediments has rarely been included in diagenetic concepts so far. The present study investigates the
carbonatealteration potential of benthic microbenineral interaction during early diagenesis,
thereby elucidéing the underlyingmechanismsand the potential consequences for carbonate

archive interpretation.

The investigations led to the following insights:

1) Incubation of aragonitic shell samples from the bivaluetica islandican (i) anoxic
seawater medium containing the anaerobic benthacterialstrain Shewanella sediminis
HAWEB3 and (ii) anoxic sediment slurries containing the respective natural microbial
communities, led to microbialliinduced shell structural and geochamal alteration
within a time span of only three months. Media carbonate chemistry reflected the
observed shelsample alterations, through an increase in total alkalinity, dissolved
inorganic carbon, and the saturation state of aragonite. Furthermorectmeentrations
of dissolved calcium (Ca) and strontium (Srsionboth the bacterial cultureand the
anoxic sediment medium increased, relative to the controls, over time. Subsequently
decreasing Caand Sf* concentrations in theébacterialculture madium hinted at cation
adsorption bycellwall and extracellular polymeric substanc@SPSYunctional groups
that furthermore prevented secondary precipitation of calcium carbonate (GaGGhe
supersaturated medium. This assumption was furthermore suggoby a moderate
increase in Sr concentrations in exposed areas of an aragonitic shell sample presumably

reflecting attachment of microbial bacterial cells and/or EPS to the carbonate. The
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suggested underlying processes are (i) hydrolysis of dhigéinous constituents of
periostracal] and inter and intracrystalline organimatrix through a S. sediminis
chitinaseand (ii) anaerobic metabolic usage of organic (i.e. foremost periostracal) shell
constituents by benthic microbial communities in orgapaor winter sediments. Both
processes apparently increased the shells” reactive surface area, thereby subsequently
inducing shell dissolution through minefabrewater exchange. Shell isotopic

composition displayed no clear pattern, relative to pristine samatekcontrols.

2) Coralaragonitic skeleton hard parts from the hermatypic coRbrites sp. were
incubated in (i) oxic seawater media at two temperatures (10°C and 20°C) containing the
aerobic benthic bacterial straiAlcanivorax borkumeniSK2, (i) anoxicseawater
medium containing thebenthic anaerobic strairS. sediminikHHAWEB3, and (iii) anoxic
sediment slurries with the respective natural microbial communities. In all incubations,
mediumcarbonate chemistry underwent an increase in pH, total alkglinétnd the
saturation state of aragonite, relative to the controls, over time. In the oXic
borkumensisncubations, concomitant withdrawal of2$(10°C incubation), and €and
S (20°C incubation) from the media, and the resulting increasgénmagnesium to
calcium (Mg/Cg and and magnesium to strontiuniMg/Sr) ratios indicated secondary
carbonate precipitation, with the 20°C incubation undergoing the stronger changes in all
parameters. In the anoxi&S. sedimini#ncubation and anoxisediment medh, an
increase in CAand Sf' concentrations and theelated decrease inMg/Caand Mg/Sr
ratios indicated carbonate dissolution. No characteristics of either precipitation or
dissolution were detected on the coral surface or in the coral geochemical composition,
and the coral isotopic composition was not significantly char(geel 0.5) The banges in
the incubation media apparently were induced through Ai) borkumensiscarbonic
anhydrase activity, and (ii), (iii) anaerobic microbial activity. Measured organic carbon
(Gry content in the coral samples of only 0.04% was primarily held resiplenfor

missing microbial carbonate alteration of the samples.

3) Foraminferal tests were incubated in (i) oxic seawater medium containing the aerobic
benthic bacterialstrain A. borkumenisSK32, (ii) anoxic seawater medium containing the
anaerobic benthibacterialstrain S. sediminislAW-EB3 and (iii) anoxic sediment slurries
with the respective natural microbial communities. Tests incubated in the Axic
borkumensigulture medium were intensively covered with precipitates at the end of the

experiment. The medium reflected the observed precipitation with an increase in pH,
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total alkalinity, and the saturation state of calcite, and a decrease iff, Mg", and St
concentrations over time. Secondary carbonate precipitation supposedly was induced
through A. borkumensiscarbonicanhydrase activity. In the anoxic incubations, no
microbiallyinduced changes in medium chemistry, test structure, or test geochemistry
were detected. This was apparently owed to low microbial actifitg was reflected in

the media chemistry

In summary, the present studies demonstrated that benthic microbial activity has the potential to
alter biogenic carbonate archives with respect to carbonate surficial structure and geochemistry over
very short time frames (i.e. 25 days tbree months), when compared to geological timescales.
Consequently, benthic microbial communities contribute to early biogenic carbonate diagenesis.
While the magnitude of microbial carbonate alteration is a function of time, (grgvidmperature,

and the G, share in the respective carbonate, microbiatiguced changes in carbonate properties

should be considered when interpreting these archives.






Zusammenfassung

Marine biogene Karbonate sind umfassende Archive von Ra#déweltbedingungen. Die Haupt
Umweltvariablen, die aus elementarer Zusammensetzung und Isotopenkomposition von Karbonaten
hergeleitet werden kdnnensind Meeresoberflachentemperatur, Salinitdt und Ozeanzirkulation,
sowie Spurenelementkonzentrationen. Diese Parameter sind entscheidend fur das Verstandnis
klimatisch gekoppelter Paladzean und Atmospharenbedingungen und erlauben dartber hinaus
Aussagen lier gegenwartige und zukinftige Umweltvariablen. Die entsprechenden Signale in den
KarbonatArchiven kénnen allerdings durch diagenetische Alteration verzerrt werden. Die dem
zugrunde liegenden, abiotischen diagenetischen Prozesse werden intensiv erfor&aint
entscheidender (K9 Faktor in der Frihdiagenese von Karbonaten sind benthische, mikrobielle
Gemeinschaften. Die Wechselwirkungen zwischen Milganismenund Mineralen pragten Uber
geologische Zeitraume hinweg die Hithosphare durch Karbonatbildg, -Auflésung, und
Veranderung der Karbon&eochemie. Dennoch wurde d&influss benthischer Mikroorganismen

auf KarbonatArchive nach deren poshortem Ablagerung in Sedimenten bisher selten in
diagenetische Konzepte mit einbezogen. In der vorliegen&udie wurde das Karbonat
Alterationspotenzial benthischer Mikmrganismenwahrend der Frihdiagenesend die zugrunde
liegenden Mechanismenminter Einbeziehung mdglichdfonsequenzen fir die Interpretation von

KarbonatArchiven untersucht.
Die Untersuchungn ergaben folgende Ergebnisse:

1) Die Inkubation aragonitischeArctica islandicaSchalenproben in (i) anoxischem Seewasser
Medium mit dem anaeroben, benthischen Bakterienstai@hewanella sediminlsSAWEB3, und
(i) einem anoxischem Sedimesiurry, der die natiirlichen mikrobiellen Gemeinschaften
enthielt, fihrte zu mikrobielinduzierter struktureller und geochemischer Veranderung der
Schalen in einem Zeitraum von nur drei Monaten. Die Karbonatchemie der Medien spiegelte die
beobachteten Schalenalterationemider: Im Verhéltnis zu den Kontrollen wurden ein deutlicher
Anstieg in Alkalinitat, gelosten, organischen Kohlenstoffkonzentrationen und dem
Sattigungsustandvon Aragonit festgestellt. Ferner stiegen die Konzentrationen der geldsten
Calcium (Ca) und Strbum (Sr) lonen in beiden Medien Uber die Zeit an. AnschlielBend
abnehmende C& und Sf' Konzentrationen in dem mikrobiellen Kultdedium lieRen auf
Kationen Adsorption durch funktionelle Gruppen in mikrobielellwandenund extrazellularen
polymeren 8bstanzen (EPS) schliel3en. Die Konzentrationsabnahme verhinderte dariiber hinaus
moglicherweiseKarbonatPréazipitierung im Ubersattigten Medium. Diese Annahme wurde von

einer leichten Zunahme von -Bonzentrationen in exponierten Schalenbereichen gestiitiz,
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2)

3)

offenbar die Anlagerung mikrobieller Zellen und/oder EPS an das Karbonat widerspiegeln. Als die
zugrunde liegenden Prozesse werden (i) die Hydrolys€higinbestandteile in de®rganik des
Periostracums und deinter- und intrakristallinen organischenMatrix durch S. sediminis
Chitinase, und (ii) die anaerobe Metabolisierung organischer Schalenbestandteile (vor allem des
Periostracums) durch benthische mikrobielle Gemeinschaften in W8geimenten, die arm an
organischem Kohlenstoff warenyermutet. Beide Prozesse haben offensichtlich die
Oberflachenstruktur der Schalen fiir Reaktionen deitn umgenderPorenwasser erweitert, und

somit die Auflosung der Schalen induziert. Die Isotopenzusammensetzung der Schalen zeigte

kein deutliches mikrobikinduziertes Alterationsmuster.

Aragonitische Skelettpben der hermatypischen Korall®orites sp wurden in (i) oxischen
Seewassermedieim zwei Temperaturen (10°C und 2Q°@ig jeweils den aeroben benthischa
BakterenstammAlcanivoraxborkumensisSK" beinhalteten, (ii) anoxischem Seewassermedium
mit dem anaeroben Baktexnstamm S. sediminisHAWEB3, und (i) einem anoxischem
Sedimentslurry mit den entsprechenden mikrobiellen Gemeinschaften inkubiert. In allen
Inkubationen unterlief die MediurKarbaatchemie im Verhaltnis zu den Kontrollen einen
Anstieg in pH, Alkalinitat, und dem Sattigungstand von Aragonit. In den oxischeA.
borkumensidnkubationen wurde eine gleichzeitige Abnahme der Konzentrationen vén Sr
(10°C Inkubation), sowie €aind SF*(20°C Inkubation) beobachtet. Die daraus resultierende
Zunahme der Verhéltnisse von Magnesium zu Calcium (Mg/Ca) und Magnesium zu Strontium
(Mg/Sr) deutete auf sekundare KarborRtazipitation hin. Die Verdnderung der Parameter war

in der 20°C Inkulimn stérker, als in der 10°C Inkubation. Der Anstieg vofi Qad Sf*
Konzentrationen in den anoxischen Inkubationen, und die respektive Abnahme der Mg/Ca und
Mg/Sr Verhaltnisse lieRen auf Karbomsatflosung schlieRen. DieOberflachen der
Korallenprobereeigten keinerlei Anzeichen von Karboafizipitierung oderAuflésung,

und die Isotopenchemie der Proben hatte sich nach den Inkubationen nicht signifikant verandert
(p > 0.5) Die Veranderungen in den Inkubationsmedievurden offenbar durch (i)
Carb@nhydraseAktivitat von A. borkumensis und (ii), (iii) anaerobe mikrobielle Aktivitéat
hervorgerufen. Fir die fehlendeAnzeichen mikrobielleAlteration der Korallenproben war

offenbarvor allemderen geringer Anteil organischen Kohlenstoffs (0.04%) veratitelo

Foraminifereschalenwurden in (i) oxischem Seewassermedium mit einer Kultur des aeroben,
benthischen BakteenstammesA. borkumensisSK2, (i) anoxischem Seewassermedium mit

dem anaeroben benthischen BaktnstammsS. sediminisAWEB3, und (i einem anoxischen
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Sedimentslurry und dessen natirlichen, mikrobiellen Gemeinschaften inkubiert. Schalen die in
dem A. borkumensidledium inkubiert wurden, waren intensiv mit (vermutlich Karbohat
Prazipitaten bedeckt. Das Medium spiegelte die beobetehPrazipitierung durch ansteigenden
pH, Alkalinitat, dem Séttigungsstandvon Calcit, und durch eine Ainme der Mg*, C&", und

SF* Konzentrationen wider. Die sekundédre KarboRadizipitierung wurde vermutlich durch
Carboanhydraséktivitat vonA. borkumensisnduziert. In den anoxischen Inkubationen wurden
keine mikrobielinduzierten Anderungen der Mediw@hemie, der Schalenstruktur, oder der
Schalengeochemie festgestellt. Dies war offenbar der geningkrobiellen Aktivitat geschuldet

die in dee Medienchemie reflektiert wurde

Zusammengefasst demonstrieren die vorgelegten Studien, dass benthische, mikrobielle Aktivitat das
Potenzial hat, biogene Karbonatarchive in Bezug auf deren Oberflachenstruktur und Geozhemie
alterieren. Die mikrobiell@lteration fand dariiber hinaugiber sehr kurze Zeitraume (d.h., 25 Tage

bis drei Monate), verglichen mit geologischen ZeitrAumestatt. Insofern tragen mikrobielle
Gemeinschaften zuFrihdiagenese von biogenen Karbonaten bei. Auch, wenn das Ausmald der
mikrobiellen Karbonatlteration eine Funktion von Zeit, (WachstugiBemperatur und dem
organischen Kohlenstoffanteil des jeweiligen Karbonates ist, sollten mikrobiell induzierte
Veranderungen von Karbon&tharakteristikabei der Interpretationdieser Archie in Betracht

gezogen werden.
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General Introduction
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1 Introduction

The origin of microbes can Weaced back about 3.5 billion years (Schopf and Packer, 1987), and
microbial influence on global biogeochemical cycling has been widely recognized (e.g. Jgrgensen,
1982; Thamdrup et al., 1994; Gruber and Sarmiento, 1997; Arrigo, 2005). Recent estimates of
microbial cell abundance on earth range between 9.2%Hhd 31.7x18& cells (Kallmeyer et al.,
2012) and microbes are literally present in all environments of the atmosphere, hydrosphere, and
lithosphere. Considering furthermore, that microbial diversgybased on their versatile metabolic
redox reactions that take place in direct exchange with the surrounding environment, the role of
microorganisms in shaping their respective habitat and its constituents becomes evident. To date,
microbemineral interation has become the focus of numerous studies (Vasconcelos et ab; 199
Ehrlich, 1999Benzera et aJ 2011). However, despite the reports on microbial potential to alter
biogeniccarbonates,the role of benthic microbial communities in the alterationtbese archives

during early diagenesis has yet to be investigated.
1.1 Microorganisms

The domains of life to date are categorized through 16S ribosomal ribonucleic acid (rRNA) sequences
of prokaryotes (bacteria and archaea) and the respective 18S rRNA sequences of eukaryotes. While
G§KS RSy2GlFGA2Y daYAONROA I that caNdd Todtlik all fheee dirylagin®ahd £ dzf | N
O2@SN) GKS ¢gK2fS LKef23SySiA0 GNBS 2F ftAFST 6A0GK
YR GYAONROALFITE oAff SEOfdAAGSte NBFSNI G2 GKS 3N

Microbial cells Bve an average size of only 500 néhum in diameter and contain neither a nucleus

nor further cellular organellestilitating metabolic reaction€onsequently, microbial metabolism is
cellwall facilitated, and direct exchange of metabolic educts amadpcts takes place with their
respective environment. To optimize this exchange, microorganisms have established a high cell
surface area to volume ratio. In addition, microbial cell walls contain amphoteric functional groups
that allow for pHdependent ation complexation through deprotonation of the respective moieties
(Beveridge and Murray, I%; Beveridge and Koval, 1981; Fein et al., 1997; Small et al., 2009). Both

characteristics lead to high microbial eslirface reactivity.
1.11 Microbial biofilms and extracellular polymeric substances

Biofilms consist of microbially secreted extracellular polymeric substances (EPS) that provide a
habitat for microbial microcolonies (Costerton, 1987mThe EPSgellike substance provides

mechanical stabilityor microbial cellsn a diffusiondriven system, and allows for cell attachment to

10
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solid substrate by generation of a hydrophobic environm@dbnlan, 2002)Within the EPSthe
continuous exchange @fenetic material, nutrients and metabolitggneratesnicroenvironments of

strong chemical heterogeneity (Hunter and Beveridge, 20068 main EPS constituents include
polysaccharides, proteins, nucleic acids, lipids, and humic substances that act as chelating agents
(Sutherland, 2001juthermore, amalogous to themicrobial cell wall, EPS contain functional groups

that facilitate cation complexation (Guibaud et al., 2005).
1.12 Microbial life in marine sediments

Marine sediments provide a habitat for highly diverse microbial communities. Microbial distribution
in the sediment is governed by the availability of electron acceptors for metabolic breakdown of
labile organic carbon. The main available electron acceptors are oxyggn ni@ate (NQ),
manganese (Mn(1V)), iron (Fe(ll), sulfate,{5@nd organic miter, that are distributed vertically in

the sediments. The resulting vertical microbial zonation is based on the energy yield of the respective
electron acceptors per mole organic carbon until it is exhausted (Jgrgensdh),Qfftt et al. 2011)

(Fig. 3: Oxygen reduction in the upper parts of the sediment is vertically followed by anaerobic
reduction of N@. In exhaust of NDthe next energetically favorable electron acceptors are Mn(lV)
that is reduced to Mn(ll) and Fe(lll) being reduced to Fe(Ibhasoxidant. Further down the
sediment, sulfate reduction, anaerobic oxidation of methane (AOM), and methanogenesis are the
predominant microbial metabolic pathways. These metabolic redox processes by no means are
hermetic, but intertwined: metabolic prattts of one microbial group can be used to fuel the
metabolism of another, and microbial competition for electron donors can lead to usage ef non
competitive substrates by microbial communities (Maltby et al., 2015). Consequently, marine

sediments are intesely imprinted by benthic microbial activity.

11
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0
Zone Porewater chemistry Metabolism AG
(kJ mol?)
oxic _(-)2 Oxygen respiration -770
NO; Nitrate reduction -463
MnZ* Manganese reduction -557
suboxic
Fe?* Iron reduction -697
SOF Sulfate reduction -98
HS Anaerobic oxidation
of methane -16.6
CH, Methanogenesis -57
Fe®*

Figure 1. Scheme of the biogeochemical zonation in marine sediments (modified @ftgerken and Kasten, 2006). The
main zones have been proposed by Froelich et al. (12B3pciated Standard Gibbs free energies were added after Orcutt
et al. (2011).

1.2 The marine carbonate system

Carbonate formation and dissolution in the marine realm are governed by the marine carbonate
system that regulates the carbon dioxide gC@xtange with the atmosphere: Atmospheric £O
dissolves in the oceans to form carbonic acidQ®, or CQ (), that dissociates to bicarbonate
(HCQ) and carbonate (Gf) ions (Fig. 2). In equilibrium conditions, the respective thermodynamic

constants ae expressed in terms of ion activities:

Ko Ke Ko
CQ(f) + HO <> HCQ<>HC@+ H<>CE+2H (1)

12
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With CQ(f) representing the unhydrated G@olecules in solution, and the equilibrium constants

being formulated as:

o — (1.1)
o — (1.2)
VJ— (1.3)

The dissolved carbon dioxiderms are resumed as the total dissolved organic carbon (DIC):
DIC = [C+ [HC@] + [CT] (2)

At equilibrium conditions, seawater has a pH ranging between 7.9 and 8.4 (Pilson, 1998) and the rate

and direction of reaction (1) is mainly determined by the total alkalinity (TA) of seawater:
[TA] = 2 [C&] + [HCQ] + [B(OH)] + [OH] - [H] (3
Therespective carbon species contributing to TA are defined as the carbonate alkalinity (CA):
[CA] = 2 [C&] + [HC@Q] (3.1)

Formation and dissolution of carbonate (CalC®tructures in seawater is determined hife
thermodynamic equilibrium constants; K1.2) and K (1.3), andfollows the general principle of

carbonate formation in aqueous solutions:
C&'+ 2 HC@<> CaCo+ HO+ CQ  (4)

Calcium carbonate precipitates in two major mineralogical forms: rhombohedral calcite and
orthorhombic aragonite. The differences in crystal structure lead to differing solubility of the two
CaC@ polymorphs, with calcite being more stable than aragonite. The mirsgatific solubility

product constant{ “ ) for CaC@is expressed as follows:

K= [C&T[CQ"]  (5)

13
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The degree of saturation of any substance is determined by the ratio of the ion product to the

solubility product constant. For calcium carbonate this is denoted as thesGa@@ation sl I 4§ S 6 KoY

L z (5.1

where [C&1., and [C& s, represent the concentrations of dissolved”Cand CG@ at a given

temperature, salinity and pressure.

Consequently, seawater undersaturation with respect to GaC® 1)finduces mineral dissolution,

GKAES &AdzLISNBFGdzNF GA2Y 0K B MO AYyRdzOS& YAYSNIf LN
Co,

ATMOSPHERE

HYDROSPHERE

Figure 2. The marine carbonate system and related Ca@€cipitation and dissolution (modified after Kanwisher, 1960).

1.3 Marine biogenic carbonates

The diversity of biogenic carbonates in the marine realm encompasses structures ranging from
microbiallyinduced stromatolite formations to metazoan exand endoskeletons. The underlying

two main biomineralization pathways will therefore briefly be descrilvethe following.

14
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1.3.1 Biologically induced mineralization

Biologically induced mineralization is governed by the interaction of biological activity with the
environment (Lowenstam, 1981) and is predominantly mediated by microbial communities (Frankel
and Bazylinski, 2003, Dupraz, 2009). The influence of metabolic redox reactions on environmental pH
and CQ concentrations fosters carbonate precipitation, often directly on cell walls (Weiner and
Dove, 2003). Induced mineralization is furthermore fad#iththrough biofilms and associated EPS,
and prominent examples for this biofikdriven process are fossil and recent stromatolites (Braissant

et al., 2009). The mineral structures deriving from induo@deralization processes are unordered

and vary in mghism, polymorphism and geochemical composition, thereby resembling

inorganically precipitated minerals (Franke and Bazylinski, 2003).
1.3.2 Biologicallycontrolled mineralization

Biologicallycontrolled mineralization is almost exclusively conductednistazoan organisms, and
earliest calcifying metazoans can be traced back until the Proter@anitbrian transition (Knoll et

al., 2003). The process involves the active ion uptake from the surrounding environment, related
transport to mineralization sitesand elaboration of an organic matrix from which nucleation
subsequently takes place. Mineral nucleation, polymorphism, and morphology are under delicate
physiological andyenetic control and result in highly ordered minerals (Lowenstam and Weiner,
1989; Rlini et al., 1996; Lexalisman et al., 2001; Addadi, 2006), with the organic matrix being
incorporated in the intraand intercrystalline carbonate structure (Marin et al., 1996).

Biogenic carbonates focused on within this thesis originate from coetrdliomineralization of
bivalves, corals and foraminifera. While both the bivalve shell and the coral skeleton purely consisted
of aragonite, the foraminiferal tests were calcitic and allowed for potential polymadegendent

susceptibility of the sample® microbial alteration.
1.4 Paleoenvironmental application of biogenic carbonates

Understanding the variations in past oceanic and atmospheric conditions is a prerequisite for the
evaluation of present and potential future environmental variables. Fbssind recent metazoan
carbonate exe and endoskeletons are valuable archives fdhe reconstruction of
paleoenvironmental conditions. This is owed to the fact that, dyrime biomineralization process
trace elements of the surrounding environment are irparated in the resulting calcium carbonate
structure. Conservative elements in seawater like’M@4&*, and St with a comparably long
residence time are well suited as proxies for pateean temperature reconstruction which is linked

to most other climate variables (Beck et al., 1992). The inverse correlation betweesurdaee

15
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temperature (SST) and trastemert uptake allows for palethermometry application of Sr/Ca

ratios, foremost in aragonitic coral skeletons (e.g. Weber et al., 1973; Swart et al., 2002) and bivalve
shells (e.g. Vander Putten et al.; 2000; Schone et al., 2013), and of Mg/Ca ratios in calcit
foraminiferal tests (e.g. Nurnberg, 1995; Elderfield and Ganssen, 2000).

Moreover, stablecarbon and oxygensotopes {**C I y R®0)tare frequently applied tools in

LI £t S2SYBANRYYSyYyGlFt NB&ASFNOKY ! NBe omopi®®@e aidl G§SFK
directly related to temperature variations in the seawater in which Gg&€xipitation took place,

therefore allowing for deduction of pa# OS+y G SYLISNIY (dzZNB NBIFPYSad C
composition in biogenic carbonate is reflecting the oxygewstopic composition of the ambient

seawater during calcification, from which, in combination with tretemental records, ocean
thermohaline circulation patterns and iesheet dynamics can be deduced (Lea et al, 2000).

| RRA G A 2y M€ fsignaturelipigifies information on ocean circulation patterns, and the
variability of atmospheric G@oncentrations (Duplecy et al., 1988).

To allow for accurate interpretation of these proxies the respective organisms must have
precipitated the carbonate structures iequilibrium with their environment. However, genetic and
physiological control on the biomineralization process, as well as metaaotickineticisotope

fractionation, can compromise prosgignature robustness (McConnaughey, 1989).
1.5 Alteration of biogenic carbonates
1.5.1 Diagenesis

Diagenesis is, per definition, the sum of physical, chemical, or biological processes that are altering
sediments or sedimentary rocks after their deposition in water. Early diagenetic processefeincl
organic matter degradationand carbonate dissolution and compaction (Berner, 1980). The
diagenetic impact on marine skeletadnd nonskeletal carbonates include the neomorphism of
metastable carbonate polymorphs, and the dissolution andrestalliation of sedimenideposited
CaC@structures leading to subsequent alteration of their isotopic composition through pore water
crystal lattice exchange (Bathurst, 1971, Brand and Morrison, 1987, Tucker and Bathurst, 1990). On
the biological side, boring ganisms that weather carbonate structures, thereby enhancing reactive
surface areas have been included in diagenetic concepts (Golubic et al., 1975). The share of microbial
influence in the early diagenetic alteration of carbonate structures, and spdbifitee role of
benthic microbial communities after deposition in marine sediments has been acknowledged

(Hillgartner et al., 2001), but scarcely been investigated to date.

16
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1.5.2 Microbe-carbonate mineral interaction

A wide range of microbial metaboliedox processes has the potential to alter carbonate structures
through their influence on the marine carbonate system. While several metabolic activities induce
carbonate precipitation through generation of carbonate alkalinity (e.g. photosynthesis, esulfat
reduction, and methanogenesis) (Knoll, 1985; Talbot and Kelts, 1986; Braissant et al., 2007), others
foster carbonate dissolution through generation of DIC (e.g. oxygen respiration; Walter and Burton,
1990). Benthic metabolic activity extends over thdoe zonation in the sediments: Aerobic oxygen
respiration in the upper, oxic sediment zone (Fig. 1) generatesti@Dis shifting the carbonate
system to the right (Eqgn. 1), thereby inducing acidic conditions in the adjacent environment that
foster carbomate dissolution. Anaerobimetabolic processes in the suboxind anoxic zone of the
sediment lead to the formation of HGCcontributing to total and carbonate alkalinity in the
respective environment (Eqns. 3 and 3.1, respectively). The additional anodvCQ through
methanogenesis leads to an increase in pH that could further induce carbonate precipitation through
generation of C& I YR + NBfIFGSR AyONBIFasS Ay GKS51)0FND2YLI
Additionally, the EPS in microbial biofilresaikey player in carbonate precipitation, or inhabitation of

this process, respectively (Dupraz et al., 2009; Decho, 2010). EPS monomers contain attached
functional groups that complex cations involved in the precipitation process (i€, @', and St).

The degradation or modification of EPS through the respective microbial community results in the
release of metabolic HGCand the cations into the environment, and to subsequent carbonate
precipitation through an increase in carbonate alkalinity in& S K Ay GKS &ae8adSY 05
the other hand, the affinity of EPS functional groups for*Mand C&' can inhibit carbonate
precipitation by withdrawal of the cations from the environment (Flemming, 1995). Furthermore, the
pure attachment of badrial cells to minerals through EPS can lead to weathering (Uroz, et al., 2009;
Krause et al., 2014), or etch pit formation (Davis et al., 2007). Eventually, even single bacterial cells
can bind cations through celall functional groups, thereby fostegncarbonate precipitation or

inhibition with the binding capacity being a function of (B¢veridge and Murray, I9).
2 Objectives

The main objective of this study was to constrain the role of benthic microbial activity in the
alteration of biogeniccarbonate archives during early diagenesis, and to identify the processes

involved.
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Three invitro laboratory experiments were conducted with biogenic carbonate hard parts incubated
in natural seawater culture media including heterotrophic, benthic miabbirains and natural

anoxic sediments to answer the related research questions:

1 Is microbial alteration of biogenic carbonates at the seafloor and in the upper sediment

column a significant component of the early diagenetic system in carbonate research?

1 Are potential microbial alteration processesflectedin crystal structure, geochemistry, and

isotopic composition of biogenic carbonates?

1 Does microbial activity affect the stability of carbonate archives?
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Abstract

The earliest diagenetipost mortemexposure of biogenic carbonates at the seafloor and in the
uppermost sediment column results in the colonization of hpadt surfaces by bacterial
communities. Some of the metabolic redox processes related to these communities have the
potential to alter carbonate shell properties and hence affect earliest diagenetic pathways with
significant consequences for archive data. During a tmeath in vitro study, shell subsamples of

the ocean quahodirctica islandicalLinnaeus, 1767) were incubated in natuealoxic sediment
slurries and bacterial culture medium of the heterotropl8bewanella sediminislAWEB3. Bulk
media analyses revealed an over €2 f R A Y ONB I & S pagdiyandéchabgessin Mg¥Ca, |l y R
Mg/Sr, and Sr/Ca ratios relative to the corlgan both incubations. The latter were most effected in

the anoxiesediment incubation with a 25% decrease in Mg/Ca, relative to the control. Incubated
shellsample surfaces displayed weak but detectable surface dissolution features, and a minor loss in
calcium concentrations. No such alteration features were detected in control media and shell
samples. This study depicts the potential influence of benthic bacterial metabolism on biogenic
carbonate archives during the initial stages of diagenetic altematidhin a, compared to diagenetic

time scales, relatively short experimental duration of only three months. Our results suggest that
foremost the biological effect of bacterial cation adsorption on divakation ratios has the
potential to complicate prxy interpretation. Results shown here highlight the necessity to include
bacterial metabolic activities in marine sediments in the study of diagenetic pathways and iR paleo

environmental proxy application to these archives
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Introduction

Marine Hogeniccarbonates represent one of the most important archives in paleoenvironmental
reconstruction (Dodd, 1963; Williamst al, 1982; Wilson and Opdyke, 1996;; Schone, 2013;
Immenhauseret al., 2016) However, éllowing deposition as part of the marine sedimartord,
biogenic carbonates are subject to diagenesis. Processes involved include degradation of organic
matter, diagenetic neomorphism of metastable carbonate phases by thermodynamically more stable
polymorphs, and related exchange of isotopes and elemletoncentrations between marine pore
water and carbonate crystal lattice. Traditionally, research on early carbonate diagenesis in the
marine realm has primarily focused on abiotic factors (Bathurst, 1975; Berner, 1980; Swart, 2015).
Clearly, this apprazh has limitations as carbonates in marine sediments are exposed to a manifold of
microbial influences that were acknowledged (Walker, 1984; Nealson, 1997; Vasconcelos and
McKenzie, 1997; Riding, 2000) but often not considered in detail. Microbial naitatizof skeletal

and nonskeletal carbonates is known to contribute to carbonate alteration (Tucker and Bathurst,
1990). Moreover, microbial micritization was found to considerably influence stabilization and
cementation of shallow carbonate arenites (g#irtneret al,, 2001).

These processes, however, most likely do not capture all relevant micreibidllged changes in the

early stages of seafloor and shallow burial diagenetic pathways. Given its great diversity in marine
sediments, microbial metabaliactivity has the potential to alter primary morphology, mineralogy,
chemistry, and isotopic and elemental properties of biogenic carbonate archives, thereby affecting
paleoenvironmental proxy application. Alteration can be induced in two manners: igreity
YAONRBOAIf aGaYAYAYy3AE F2NI AYOGNI AaKSEf 2NBFYAO YIGdS$s
related dissolution, reprecipitation, and neomorphic processes and (ii) by increasing the shell
reactive surface of carbonate archives. The lafpeocess takes place via the disintegration of
intercrystalline organic matter, thus creating pathways and enhancing-¢lidonate reactions
rates.

The vertical distribution of electron acceptors in marine sediments induces a subsequent succession
of heterotrophic bacteria of distinct redemetabolic demands, with the bacterial preference of
electron acceptors depending on the energy yield per mole organic carbon of the respective oxidant
until it is exhausted (Foelickt al, 1979; Jorgensen, 2006; Otciet al, 2011). The resulting
metabolic products potentially shift the (micoenvironmental chemistry to acidic or alkaline
conditions that could supportarbonate (CaC{ dissolution or secondary carbonate nucleation,
respectively (Sotaeret al., 2007) Corrosion of shell carbonate as a result of microbial aerobic
oxidation was detected at the oxamoxic boundary layers of hydrocarbon sed@siet al., 2006;

Himmleret al, 2011). In addition, numerous studies report the direct attachment of bacterial cells to

27



Chapter2 ¢ Anaerobic microbial activity affects earliest diagenetic pathways of bivalve shells

minerals through extracellular polymeric substances (EPS), which are predominantly consisting of
polysaccharides (Sutherland, 2001). The attachment subsequently le&ithér mineral weathering
(Paine, 1933; Dechet al, 2005; Urozet al, 2009; Krausest al, 2014), excavation and etch pit
formation (Daviset al, 2007), or inhibition of etch pit formation and mineral dissolution through
detection of CaCthigh energy sites (Luttget al., 2005).

A wide range of microbial metabolic activity facilitates carbonate precipitation (Greenfield, 1963;
Chafetz and Buczynski, 1992; Dupeaal., 2004; Wright and Wacey, 2005; SancRemméanet al,
2007), and biofilm EPS either functions as a precipitafailitating microenvironment (Aloigt al,
2006) or, in contrast, as an inhibitor of precipitation (Decho, 2010). Kawaguchi and Decho (2002)
experimentally tested the influence of EPS on Ga@ymorphism, where partly lithified layers of
EPS from a microbial stromatolite induced calcite crystal formation, while unlithified EPS layers
induced the formation of aragonite. Many bacteria are capable of divalatibn complexation
(Beveridge and Muay, 1980; Konhauset al, 1993), and the EPS of sulfatlucing bacteria (SRB)
was reported to specifically bind calcium ions (Braissdrdl, 2007). The latter group is known to
induce carborisotope fractionation (Londry and Des Marais, 2003), emidlence for a twestep
fractionation process in Ca isotopby nonstoichiometric dolomite precipitating SRB has recently
been provided by Krauset al. (2014).Furthermore, cation complexation by functional groups of
gram negative bacterial celall lipopolysaccharides (LPS) was confirmed in previous studies
(Schindler and Osborn, 1979; Coughdéin al, 1983; Selvarengaet al, 2010). These findings
demonstrate the necessity for an improved understanding of microbiadiyced carbonate
alteration in marine sediments during earliest diagenetic stages.

A threemonth in vitro experiment was conducted, during which shell subsamples of the bivalve
Arctica islandicawere incubated in either anoxic seawater medium that contained the marine
benthic bacteriaktrain Shewanella sediminlSAW-EB3 or anoxic slurries of natural marine sediment.
Arctica islandicas a widely used archive for reconstructing the more recent climate dynamics with a
focus on the North Atlantic domain. It is the longest living 1eolonial animal with a potential
lifespan of over 500 years (Abeateal, 2008; Butleet al., 2013).Furthermore,passive diffusion and
uptake of seawater and carbonate ions as well as the active transport 6faGd Sf* into A.
islandica hemolymph result inshellCaC@ precipitation in near isotopic equilibrium with its
environment (Schone, 2013; Shiaial, 2014). The endobenthic, burrowing lifestyleAfislandica
accounts for immediate poghortem exposure to pore fluids and related earliest diagenetic
processes.

Out of the many bacterial species with metabolic carborateration potential Shewanella
sediminisHAWEB3 (Zhacet al, 2005) a facultative anaeroli, gramnegative, heterotrophic

bacterium, was chosen for the bacteriallture incubation As a psychrophilic organisfirst isolated
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from marine sediments off the coast of Halife&, sediminigs a representative of colddapted
bacteria. This organisris capable of oxidizing and fermentimfdfacetylglucosamine (Zhaet al.,

2005), an integral constituent of the bivalve shell intend intracrystalline organic matrix (Watabe,
1965; Weiner and Addadi, 1991; Marin, 201%hile the bacterial culture allogd for distinct
experimental effects that could be assigned to a single bacterial species with fermentative metabolic
activity, the in vitro sediment incubation represented an anoxic sediment system with a natural
anaerobic benthic microbial community thagxpectedly could foster carbonate precipitation
processes through metabolic generation of alkalinity.

In the context of this study the following research questions were addressed: (i) Do microbial
metabolic processes in marine sediments alter biogemida@nates during seafloor and shallow
burial processes? (i) If so, are alteration processes recorded in crystal ultrastructure and mineralogy,
chemistry, and isotopic composition of biogenic carbonates? (iii) If so, does microbial activity affect

the diagenetic stability of carbonate (here specifically aragonite) archives?

Work presented here is of significance for those concerned with the interpretation of proxy data
from marine carbonate archives in general and sheds light on mierab@nate interadbn in the

earliest marine porevater diagenetic realm.
Methods

Seawatermedium and bacterial culturing

All incubations were carried out in media using modified natural seawater. North Sea water was
sampled soutkeast of Heligoland (54° 06” N, 008° ®) during R/V Heincke cruise -BEL. The
seawater was stored in a bulk container (IBC) at 10°C and circulated with an EHEIM compact 600
aguarium pump (EHEIM, Deizisau, Germany) to allow for steady oxygenation. Seawater aliquots for
the experiment were stélized with a UV water sterilizer (Wiegandt GmbH, Krefeld, Germany),
followed by filtration through a 0.2 um Whatman Polyeap5 AS Filter (GE Healthcare Life Sciences,
Buckinghamshire, UK).

Shewanella sediminldAWEB3 was obtained from the Leibniz Ihgt DSMZ German Collection of
Microorganisms and Cell Cultures (Braunschweig, Germany). The culture was grown at 10°C in DSMZ
medium 514 with the following composition (§1 peptone, 5; yeast extract for bacterial media (Carl
Roth, Karlsruhe, Germahyl; Fe(lll) citrate, 0.1; NaCl, 19.45; Mg&&H,0, 12.6; Ng5Q, 3.24; Cagl
w210, 2.39; KCI 0.55; NaH{£0.16; KBr, 0.08; SgC0.034; HBG;, 0.022; NaF, 0.0024; (WNG;,

0.0016; NgHPQ w2H,0, 0.01; and 2.9 pl Nsilicate (Table 1). Medium pidas adjusted to 7.6 with

1M NaOH. Prior to inoculation, sterile culturing vials ameedium were purged with NCO, gas
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(80%/20%). From the third generation on, tBesediminisulture was inoculated to sterile seawater
medium containing 100 mg' ladditional Fe (lIl) citrate, 1000 mg Yeast, and 200 pl Resazurin as
redox/oxygen indicator. Seawater medium was purged witrahd 900 ml were transferred to a
sterile 2 | gadight flat flange beaker with a final 1100 mj Neadspace of 0.2 bar above atnpberic
pressure. At the experimental start, 10 ml of tie sediminiculture were inoculated into the
medium. Controls included the bactefizee sterile seawater medium containing 100 mig |
additional Fe (lll) and 1000 myeast with 200 pl steril®esazurin. Both incubations were kept at

10°C during the whole experiment.

Table 1. Composition of the bacterial culture medium.

Component gLt
Peptone 5.00
Yeastextract 1.00
Fe(lll) citrate 0.10
MaCl 19.45
MgCl, * 6H,0 12.60
Ma 50, 3.24
CaCl,» 2H,0 2.39
KCI 0.55
MNaHCO; 0.16
KBr 0.08
srcl, 0.034
H.BO, 0.022
Ma-silicate 0.004
MaF 0.0024
[NH,)NO; 0.0016
Na,HPO, » 2H,0 0.01

Anoxic sediment slurries

Anoxic sediment samples were obtained with R/V Suedfall from Piep, Blisum (German Bight, 54° 50°
N, 8° 89" E), at 17 m water depth with a Waen grab sampler. Samples were extricated from
organic debris and subsequently stored at 0.9°C in sterile 1 InDilaaks that were closed with
sterilized butyl rubbers. Slurries were prepared from sediment and sterile seawater (1:2) in sterile 2 |
gastight flat flange beakers with a 1100 mb Readspace of 1 bar above atmospheric pressure.
Controls contained sedinmé and sterile seawater (1:2) without shell samples. To each incubation

200 pl sterile Resazurin was added.
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Bivalve shells

Arctica islandicdivalves were dredged alive in 2010 from the seafloor off NE Iceland at water depths
between 40 and 120 metersif commercial purposes. Valves were disposed on shell mittens where
they were collected briefly after disposal. Shells of adult specimens (~ 70 yrs) with approximately the
same shell heights (distance umbweentral margin of ca. 10 cm) and valve thickn@ss5 mm) were
selected for the alteration experiments. The maximum valve lengti.oflandicais reported to

reach approximately 13 cm. Note that growth rates of bivalves differ between specimen and bivalves
with nearidentical dimensions are nota prori of the same ontogenic age. Based on
sclerochronological data, the age differences between specimens used in this study were estimated
to be 10 years or less. Each of the selected valves was cleaned and divided into two halves using a
thin diamond sawSubsequently, a ca. 2.5 cm wide longitudinal shell section including portions of the
central axis of the bivalve and the hinge was cut from one of the half valves. This longitudinal section
was then cut into approximately 8 to 10 subsamples of similaredsions, depending on the
respective valve size. The subsamples were further sawn to approximately 1 x 1 x 0.5 cm sized pieces
for the alteration experiments (Fig. 1) and all available shell parts except for the umbo regions were

used for the incubations.

Figure 1. Scheme of sheBample division. Valves were first cut in half and subsequently subdivided for the incubations
(modified after Ritteret al., 2017).

Incubation procedure and posincubation treatment

Shell sample edges were fixed with sterile plastic cable ties. Inert T&lonming ladles, disposed of
handles, were used to attach sewing threads of differing lengths that were knotted to the cable ties

and allowed for free distribution of samples ireste 2 | flat flange beakers (Fig 2). Samples were
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hanging in theS. sediminisulture medium, respectively, or deposited on the sediment surface. Flat
flange beakers were smoothly pivoted every other day to mimic natural seawater movement.
Seawater or mdium sampling was conducted with, Bushed syringes and the withdrawn volumes

(12 ml per sample point) were replaced with §as. The samples were transferred to sterile N
purged 50ml Duran flasks, from which the aliquots for subsequent analyses of rmedidonate
chemistry were taken. After an incubation period of 101 days at 10°C in the dark, samples were
carefully rinsed with sterile seawater, followed by ulparified water with a pH adjusted to ca. 8

with NH,"-solution. Samples were dried in paitaf-sealed Petri dishes at a temperature of 40°C and
then stored at room temperature for upcoming analyses. Liquids from the-sleglhing procedure
(approx. 2 ml each) were preserved in formalin (final concentration 2%) at 4°C. For cell staining and
analysis 100 pl of each liquid sample was transferred to 5 ml 1x sterile PBS and filtered on a 0.2 um
2 KFGYFyYyn ydzOf S2LR2NBun LRfeal0FNb2yl{iS YSYONIyYyS TFAf
were dried at room temperature, embedded in 1% lowelt agaroseand dried at 37°C. Staining of

the filters was conducted with 4,6 diamidiftphenylindole (DAPI) solution (1pl thifor 15 minutes

in the dark, and filters were transferred to microscope slides. A drop offading agent (CitiFluor

AF1 solution) was laced on the filter before sealing with a cover slip. The slides were examined and
photographed with a Zeiss Axio Imager.M2 stereomicroscope, using a DARSdijtémaging was

carried out with the ZEN pro 2012 software (Carl Zeiss Microscopy GmbHGaemany).
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A c Gastight butyl stoppers -
(- <
O
Gas phase \ % %6%0 %% / L ‘Iadlt‘e Gas phase \)\°° °o o_w‘- s ‘Iadh‘e
Seawater

Seawater
medium
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B Gastight butyl stoppers D Gastight butyl stoppers
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Seawater
medium
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Figure 2. Sketch of the incubation seips: (A) TheS. sediminisulture, (B) the celfree control, (C) the anoxic sediment,

and (D) the sediment control. In the upper top of a-gight flat flange beaker, an inert skimmitadle, disposed of the
handle, served as mounting for shell samples that were fixed with cable ties and hung into the medium/deposited on the
sediment via threads.

Media carbonate system and seawater geochemistry

Measured carbonatesystem parameters werg@H, Total Alkalinity (TA) and dissolved inorganic
carbon (DIC). Measurements of pH and TA were done on the 12 ml aliquots. TharpCde
saturation state of aragoniteMagonitd Were calculated on the basis of measured pH and DIC
concentrationsafter Zeebe and WolGladrow (2001yith MATLABSampling for all parameters was
conducted on a regular basis (daily to weekly). The pH was measured with a Schott Instruments Lab
850 pH sensor (Sl analytics GmbH, Mainz, Germany). The pH sensor was calibrated with reference
solution buffers (4794, L 4, L 4799,SI analytics GmbH, Mainz, Germany) according to the
PhysikalisciTechnische Bundesanstalt (PTB) and the National Institute of Standards and Technology
(NIST)Measuring was conducted directly after sampling on the whole 12 ml aliquot with the pH
electrode fixed to a stand. As the Duran flasks had to be opened during the measurements, the

measuring time was restricted to 20 seconds each, to keep the equilibration of anoxic samples with
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the ambience uniform. Total alkalinity was determined viarepell titration of 0.5 ml samples with

0.01 M HCI in a titration vessel after Pavlova (Pav&ival., 2008), using a Metrohm 876 Dosimat
plus (K Metrohm, Florida, USA). During titration, the vessel was continuously purged withgiip

CQ released byacid addition. All TA measurements were calibrated with IAPSO seawater standard.
For DIC measurements 1.8 ml samples were treated with 10 pj sigQGiated solution in a 2ml glass
vial, crimp sealed and stored at 4°C for further proces$i@. concentrdon was determined as GO

with a multi N/C 2100 analyzer (Analytik Jena, Jena, GermBing)detection limit was 0.1 ppm with

a precision of 2%~or minor and traceelement concentrations 1 ml medium samples were acidified
with 0.1 ml HN@Suprapuf (1/100 v/v)in a 2 ml cryo vial and stored at 4°C for further processing.
Divalentcation concentrations were measured by inductively coupled plasma atomic emission
spectroscopy (IGRES JY 170 ULTRATRACE, HORIBA, Kyoto, Japan). The detection limit Was 2 mg
for C&", 6 mg T for Mg™ and 25 pg't for SF*, with a precision of 2%.

Shell structure and elemental composition

All incubated shell samples were examined with a Leica M 165 FC binocular stereomicroscope (Leica
AG, Wetzlar, Germany) prior to and after incubation and pictures were generated using Leica AS
software. Raman spectroscopy was conducted on one sample @abation type prior to and after
incubation with aLabRAM HR800 spectrometéfioriba Jobin Yvon GmbH, Bensheim, Germany).
Samples were analyzed at room temperature and studied withoutigr@tment. Along a transect of

1 cm, the carbonate was excited witte 473 nm line of &d-YAGQaser. Scattered radiation from the
samples was measured in a 90° scattering geometry. The Raman spectra were obtained at an interval
of 0.65 cn (0 ¢ 4000 cnt) and a slid width of 100 mm. Scanning electron microscopy (SEM) an
electronr-microprobe (EMP) mapping were applied postubation to one sample of each incubation

type, the respective controls, and a narcubated shell sample each, with a JEOL JXA 8200 Electron
Probe Microanalyzer (JEOL Ltd., Tokyo, Japan). For SBfgeanaample surfaces wea@-dried and
sputterO2 F G SR dzaAy3 | L FGAYydzYk3d2ftR GFNBSGDP {9a AY
filament current.

Prior to the EMP mapping, shell samples were sawn in quarters, and the sawn surface of one quarter
eachwas ground using Hermes water grinding papers (P1200, P2400 and P4000) at a pressure of
25N. Each grinding step was followed by drying and cleaning of the sample with pressurized air.
Samples were subsequently embedded in epoxy resin (Araldite® 2020ntdmntSexas, USA) and

dried over night at 50°C. Electron microprobe mapping was applied to determine element
distribution in relation to the surface structures observed by SEM. The maps were obtained by
wavelength dispersive spectrometry (WDS) mode, anceaggd to gather 8 accumulations of the

selected area. Standards (Calcite, KAN1-2V6&trontianite A2_modernCoral) were measured prior
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and after mapping to calculate trace element concentrations. For quantitative wavelength dispersive
analyses the elemertoncentrations were subsequently measured along a mapping area of 600 um
parallel to the exposed rim of the sample x 300 um in the direction ofexmosed, inner sample
parts, simultaneously measuring Mg (TAP, Ka), Sr (TAP, Strontianite), Ca (PEHDN) e S
(PETH). The measurements were conducted at a beam current of 50 nA with a beam spot size of 3
pm. Accelerating voltage was set to 15 kV.

Micro %ray Fluorescence (MRF)mapping of S was conducted at the PHOEMNi¥amline (Paul
Scherrer Institte, Switzerland). Prior to the analyses, the samples were cut parallel to the growth
direction and mounted on a glass holder in order to perform element mapping along a transect from
the inner to the outer shell rim. The thin sections were polished thiekhess of 200 um. During
measurements a fixed Si (L¥honochromator (Bruker ACCEL, Germany) with an energy resolution
higher than 0.5 eV was used. Fluorescence signals were collected with a detector equipped with four
elements of silicon drift diodes QRTEX, USA). With a bearrergy of 2800 eV the strontiulnedge
electrons were excited to display the strontium distribution in the shell samples. Contemporary
detection of phosphorug-edge electrons allowed for discrimination between phospherabk resn
(Kérapox 439, Kémmerling, Pirmasens, Germany) and phosphoansA. islandicashell. The

element maps were generated with a $@hresolution of 5 um.
Carbon and oxygen isotope analyses

Following incubationA. islandicashell material was sampled fiis carbon (¢ **C) and oxygefi *°0)

isotopic values. Samples were retrieved from one incubated shell block per incubation type. Sample
material was scratched off with a scalpel directly beneath the outer organomineralic (periostracal),
the inner biominerd&ic (aragonitic) parts of the shell (see Rit&tral, 2017, for a detailed description

of the sampling procedure), as well as from all surfaces of subsamples exposed to the ambient
medium. A total of 0.4t 0.04 mg of the sulsample were transferred intglass vials and dried at
105°C for 48 hours. The glass vials were then closed gastight and transferred into an autosampling
device at 70°C. The atmosphere within the vials was removed by flushing with helium gas, and a few
drops of phosphoric acid were aeld to the sample. Carberand oxygen isotope values were
subsequently measured from the liberated £@as using a Thermo Finnigan MAT253 mass
spectrometer (Thermo Fisher Scientific Inc., Waltham, USA) interfaced to a GasBench. Carbon and
oxygenisotoperegzf & | NB IAGSY Ay :: NBEFGAGS (G2 GKS =+t 5.
data, international standards CO1, CO8 and -MB%s well as an ihouse standard have been

measured additionally to the samples.
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Results

Seawatermedium

During all incubadns, no color change in the added resazurin/resorufin indicator from colorless
(anoxic conditions) to pink (partially or fully oxic conditions) was observed, confirming continuous
anoxic conditions. Clear trends were observed in pH, TAKangune anddivalentcation ratios in

the medium chemistry of both th&. sediminisncubation and the anoxisediment. The cefree
control medium had fluctuating values in all measured parameters that hint at spurious mistakes, but
showed no trend in the developmi of any of the parameters over time. The increasing pH, TA and
Karagonite IN the sediment control reflectedhatural anoxic sediment conditions with live bacterial
communities, and no trend in medium divalecdtion concentration and/ofratios was obsemd.

Total alkalinity (TA), DIC ariagonite iN both incubation media increased markedly during the
incubation period (Figs.3, 4). The initial pH of 7.3 inSheediminisulture medium decreased to 7.1

on day 4 and increased to 7.6 on day 31. After a decrease to pH 7.5, the pH increased to values
between pH 8 and 7.7 at the end of the experiment (Table 2). Total alkalinity increased from 1.8 to
22.8 mmol kg over the entre incubation period. Undersaturation with respect to Aragonite at the
experimental start was followed by an increas€Kagoni from 1.1 to 10.2 (Fig. 3A). The dissolved
inorganic carbon (DIC) increased from 1.4 to 22.5 mi@li¢. 3B), and pG@creased from 1463 to
9467 patm (Table 2). In the anosiediment incubation, pH values were fluctuating between 7.7 and
7.9 throughout the experimental duration. Total alkalinity increased from an initial 2.9 to 6.3 mmol
kg", Karagonitefrom 1.9 to 4.9 Fig. 4A), an®IC concentrations went from 2.8 to 6.2 mmib[(Fig. 4B)

The pC@values were not tightly correlated to pH: The initial p@®764 patm increased to 2080
patm on day 1 and varied between 1458 and 2094 patm until the end of the experiffieble 2).

Cd" concentration in theS. sediminisulture medium increased from an initial 10.3 mmibtd 11.3

mmol I on day 31, stayed at values between 10.9 and 10.7 mihahtl finally decreased to 10.5
mmol I* at the very end of the experimenFig. 3D). Mg and Sf* concentrations decreased from an
initial 52.9 to 49.5 mmol*and from 86.7 to 79.4 umol'] respectively (Fig.3C, 3E). Consequently,
the Mg/Ca ratio decreased from an initial 5.1 to a constant value of 4.7 at the end of tharegpér

and the Sr/Ca ratio decreased from 8.4 to 7.6, while the Mg/Sr ratio slightly increased from 0.61 to
0.62 (Fig. 3F, 3G, 3H). In the anesddiment incubation a strong increase irfGeom initial 10.3 to

13.8 mmol t, in Md¢* from 52.5 to 53.4 mml I, and in ST from 86.4 to 96.8 pmol™i during the
experiment (Fig. 4C, 4D, 4E) led to a decrase in the Mg/Ca ratio from an initial 5.1 to 3.9, in the Mg/Sr
ratio of 0.06 units, and in the Sr/Ca ratio from 8.4 to 7.0 (Fig. 4F, 4G, 4H, Table 2).
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Nore of the trends in the5. sediminigncubation were observed in the carbonate chemistry of the
celHree control medium, where pH and TA remained stable with values around pH 8 and a TA of 2.3
mmol kg, while Karagonite Values fluctuated between 2.7 and7lat the end of the experiment, with a

drop to 1.4 on day 51 (Fig. 3A). DIC increased from an initial 2.4 to 2.7 thmwlday 70 and
commuted in ranges of 1.9 and 2.2 mmoktéwards the end of the experiment (Fig. 3B). The pCO
values ranged between 428 and 540 patm with two peaks on day 20 (616 patm) and day 37 (717
patm), and no trend was recognizable in the values throughout the experiment (Tablé2)M§a

and St* concentrations ranged between 10.4 and 10.1 mritpbR1 and 51.2 mmol*, and 87.5 and

82.5 umol 1, respectively (Fig. 3C, 3D, 3E). Consequently, the Mg/Ca ratio was at a constant 5.1 and
the Mg/Sr ratio remained stable at 0.6 during the whole experiment, while the Sr/Ca ratio
moderately decreased, comped to the sample bearing sediment, from 8.4 to 8.2 (Fig. 3F, 3G, 3H).
The pH in the sediment control slightly decreased with values fluctuating between 7.7 and 7.9 (Table
2). Total alkalinity increased from 6.7 to 12.0 mmoFkgnd'KAragomteincreasedrom an initial value

of 3.6 to 6.6 during the experiment (Fig. 4A). DIC concentration increased from an initial 6.5'mmol |
to 10.8 mmol  at day 70, and decreased to 10.7 mnib| Hropped to 7.2 at day 51, and increased

to values between 10.1 anf.0 towards the end of the experiment (Fig. 4B). The ,pGilues
predominatly ranged between 2100 and 3600 patm, dropped to 1738 and 1675 patm on days 2 and
3, respectively, and increased to 5957 patm on day 37 (Table 2)c@wmentrations fluctuated
between 10.2, 10.6 and 10.1 mmd), lwhile Md" concentrations increased from an initial 51.3 to
52.5 mmol T at day 48 and further decreased to a value of 50.1 mmdbwards the end of the
experiment. St concentrations decreased from 87.7 to 86.1 prtib(Fig. 4C, 4D, 4E). The Mg/Ca
ratio decreased from 5.1 to 4.9, the Mg/Sr ratio varied around 0.6, and the Sr/Ca ratio decreased
from initial 8.6 to 8.4 (Fig. 4F, 4G, 4H; Table 2).
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as the continuous variation in the catiaontrol concentration apparently caused by spurious errors.
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apparently caused by spous errors.
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Shell surface structure and bacterial abundance

Stereomicroscopic examination prior-tand after the incubation displayed partial loss of surface
material at areas of shell samples, that were exposed to bothstheediminisulture and the anoxic
sediment (Fig. 5B, 5D). Further SEdamination of postncubation samples revealed stepwise
corrosion of surficial shell structures compared to the sample incubated in th&@eltontrol (Fig.

6). Filteredliquid samples fromhe sheHlcleaning procedure of thé&. sediminiculture and the

anoxic sediment contained dense biofilm fragments, visualized by the DAPI staining (Fig. 7), foremost

in the bacterial culture, while the cdilee control liquid did not display any bactergallls.
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Figure 5. Stereomicroscopic pictures of shell samples prior(feft) and after the incubation (right). Pictures show samples
that were incubated in (A,B) the bacterial culture, (C,D) the anoxic sediment, and (E,F)-freeacahtrol. Rednarks
display macroscopically visible surfealéeration features. Mark that light regimes were not 100% reproducible prior to

and after the incubations.
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Figure 6.Scanning Electron Microscopy (SEM) pictures of shell samples incubated in$Aj#ukminisulture, (B) the
anoxic sediment, and (C) the eftte control. Dotted circles indicate altered areas, arrows indicate swdasmlution
features.
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CE—
Figure 7 .Stereomicroscopic pictures of biofilm fragments isolated from the cleaning procedure of (8) skeeiminis
culture, and (B) the anoxic sediment. Cells were stained 4y8hdiamidine2-phenylindole (DAPI).

44



Chapter2 ¢ Anaerobic microbial activity affects earliest diagenetic pathways of bivadhells

Shell elementacomposition

Electron Microprobe mapping of the shell sample expose8.tsediminigFig. 8A)and the sample
exposed to the anoxic sediment (Fig. 8B) displayed a declinecoinCantrationsin outer shell parts
relative to inner parts, and relative to the céiée control sample (Fig. 8C). Concentrations in Ca
ranged from39 wt% of pristine, inner shell parts down to 31 wt% in outer sample parts exposed to
the bacterial culturewith the afected area protruding ca. 90 um from the outer to the inner sample
part. No notable change in Ca concentration was quantified in thdreellcontrol sampleover the
same distance from outer to inner sample area with values of 38 and 39 wt% and no @eoveas

the distance (Fig. 8C). Furthermore, the sample incubated inSheediminisulture medium
displayed an increase in phosphorous concentrations on the outer surface. Nevertheless, these
differences were at the limits of the analytical resolutioxamination of samples exposed to the
celHree control did not display any change in phosphorous distribution throughout the samples.
EMP mapping of the sample exposed to the anoxic sediment (Fig. 8B) displayéms€an outer
surface parts relative tinner parts, and the control sample. The Ca concentration rarfiged 38

wt% in inner shell parts down to 30 wt% in sedimerposed shelparts, with the affected region
protruding > 200 um into the inner regions of the shell sample. ThRE map of thsample
exposed taS. sedimini¢Fig. 9displayed a $fincrease of 23 ppm in the outer shell parts, and & Sr
increase of up to 46 ppm in the inner shell parts. & iBcrease of 23 ppm in the outer shell parts
and 57 ppm in the inner shell parts wabserved for the sample exposed to the anoxic sediment.
The respective areas of the control sample revealed’5irfirease of less than 11 ppm in the outer
shell parts and 80 ppm in the inner shell parts (Fig. 9). Raman spectroscopy prior to and after the
experiment displayed the doublet of bands at approximately 701 and 705tbat is typical for
aragonite (Fig. 10).
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Yot s

Figure 8. Electron Microprobe (EMPnaps of shell samples incubated in (A) tBe sediminiculture, (B) the anoxic
sediment, and (C) the cdlee control (note fissure in the control sample leading to rim artifacts that resemble loss in Ca).
Samples were sawn perpendicular, the upper sample parts are the surfaces exposed to the incubatitoeetiparts are

the inner, pristine samplarea. Maps show intensity in counts per second. BSE pictures display the measured areas within

the samples.
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Figure 9. u-XRFmaps of Srdedge along the transects @&. islandicashells incubated in (A) th®. sediminisulture, (B) the

celifree control and (C) the anoxic sediment. Concentrations are displayed in counts per second. The very left and right

parts of the maps display the resin in which the samples were embedded. In sample (A) the periostratillrpresent,
and is characterized by an absence of strontium.
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Figure 10. Example of output from a Raman spectroscopic smarducted on arA. islandicashellsample after incubation
in the bacterial culture medium (the conducted transect is d¢atitd on the samplpicture). The doublet displays the
bending mode v4f the carbonate ion in aragonite.
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Shell carbon and oxygen isotope ratios

Isotope data measured from subsamples exposed to incubation experiments must be placed against

the background variability of seasonal cycles in carbon and oxygen isotope ratios typiéal for
islandicabivalves. Previous higiesolution analyses of sampteaterial used in this study (Rittet

al., 2017) documents a primary spatial variability of 1.1 F2 NJ 2 E@3Sy | yR now: T2
bivalves studiedWith reference to isotope data analyzed after the incubation experiments, oxygen

isotope compositionsf shell surfaces directly beneath the periostracum and various other portions

of subsamples exposed to the bacterial culture and the anoxic display a range:ofabd 1:4:

whilst carbon ranges from 1.0 t0:2.9 | Y.Rto 3:1: = NBALISOGADSIIpWabet I 6f S«
samples were not analyzed as both carbon and oxygen in the minute volumes of aragonite that were
dissolved or did exchange with the experimental fluid is too small to affect the bulk water or

sediment isotope ratios.
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Table 3.4% | V@values of shell samples incubated in $iesediminisulture, anoxic sediment, and the céiée
control for sample surfaces. Unaltered reference samples (no incubation) served as further references.

13 18

Sample Treatment Comment 6[%::]"']3 [G%EPDE’ ts

CHA-M-019 Al17 B15  §. sediminis Periostracum 1.49 0.03 4.09 0.06
ICHA-M-051 AI32 B11 S, sediminis Contact periostracum - mineral 1.81 0.02 2.03 0.11
CHA-M-019 Al17 B1 6 S. sediminis Contact periostracum - mineral 2.19 0.02 2.36 0.08
CHA-M-051 AI32 B1 1 S. sediminis Beneath contact 1.81 0.01 1.74 0.13
CHA-M-019 Al17 B1 6  S. sediminis Beneath contact 294 0.04 221 0.06
CHA-M-019 Al17 B15  S. sediminis Mineral 1.95 0.02 2.63 0.05
CHA-M-051 AI32B1 1 S. sediminis Lower side 1.04 0.04 2.66 0.08
ICHA-M-019 Al17 B1 6 §. sediminis Lower side 1.59 0.02 2.87 0.05
CHA-M-051 AI32B1 1 S. sediminis Sawn area 1.20 0.03 2.76 0.09
CHA-M-051 AI32B1 1 S. sediminis Sawn area 1.24 0.03 2.73 0.09
CHA-M-019 AlI17 B1 6 5. sediminis Sawn area 277 0.02 2.57 0.11
CHA-M-014-Al12 B4 Anoxic sediment Periostracum 2.65 0.05 3.69 0.03
ICHA-M-012 AI10 B5 Anoxic sediment Contact periostracum - mineral 2.77 0.02 2.90 0.04
ICHA-M-005 Al3 B7 Anoxic sediment Contact periostracum - mineral 2.44 0.06 2.52 0.09
ICHA-M-012 AI10 B5 Anoxic sediment Beneath contact 3.08 0.04 261 0.10
ICHA-M-005 AI3 B7 Anoxic sediment Beneath contact 248 0.03 2.30 0.07
CHA-M-014-Al12 B4 Anoxic sediment Mineral 3.12 0.03 2.57 0.07
ICHA-M-012 AI10 B5 Anoxic sediment Lower side 2.55 0.02 3.69 0.07
ICHA-M-005 AI3 B7 Anoxic sediment Lower side 0.61 0.06 2.71 0.07
ICHA-M-012 AI10 B5 Anoxic sediment Sawn area 2.90 0.05 2.77 0.05
ICHA-M-005 AI3 B7 Anoxic sediment Sawn area 2.04 0.04 233 0.06
CHA-M-004 AI2 B1 Cell-free control Periostracum -1.03 0.02 0.89 0.07
ICHA-M-048 AI29B1 6 Cell-free control Contact periostracum - mineral 2.60 0.01 1.85 0.04
ICHA-M-048 AI29B1 6 Cell-free control Beneath contact 3.14 0.02 2.40 0.10
CHA-M-004 AI2 B16  Cell-free control Mineral 1.88 0.01 1.07 0.03
CHA-M-048 AI29B1 6 Cell-free control Lower side 2.81 0.01 4.13 0.07
CHA-M-048 AI29B1 6 Cell-free control Sawn area 2.82 0.03 3.40 0.06
ICHA-M-048 AI29 B1 12 Unaltered Contact periostracum - mineral  2.26 0.05 1.95 0.09
ICHA-M-048 AlI29 B1 13 Unaltered Beneath contact 2.24 0.04 2.54 0.03
CHA-M-048 AI29 B1 15 Unaltered Lower side 1.23 0.01 2.27 0.07
CHA-M-048 AI29 B1 14 Unaltered Sawn area 1.54 0.02 251 0.08
ICHA-M-048 AI29 B1 20 Unaltered Contact periostracum - mineral 2.97 0.03 2.73 0.11
ICHA-M-048 AI29 B1 21 Unaltered Beneath contact 3.37 0.02 233 0.09
ICHA-M-048 Al29 B1 23 Unaltered Lower side 2.30 0.04 3.07 0.05
ICHA-M-048 AI29 B1 22 Unaltered Sawn area 2.68 0.02 2.56 0.04
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Unaltered reference samples (this study)

4 - \
=
[
B S. sediminis 3 A n -‘ - -
]
O ¥ [ |
. ; U |
B Anoxic sediment —_ 'Y ™
-] | |
21 8 L = " .
m Cell-free control = P -
N S
W Unaltered reference 19 © n
a . . -
w High-resolution study of pristine
material (Ritter et al., 2017)
0 T T T T 1
1 2 3 4 5
520 %o (VPDB)
-1 [ |
2 |
Figure 11.4™ I ®Rvahes for sample surfaces of shell samples incubated irStreediminisulture, anoxic sediment,

the celHree control, and unaltered reference samples.

Interpretation and Discussion

Despite the- in comparison to geological time scalegxtremely short experimental duration of
three months, remarkable patterns in the carbonate chemistry of the liquid phase of botls.the
sediminisculture and the anoxisediment are found. These aftgions are echoed by alterations of

the surficial shell ultrastructure and the elemental composition of shell. Surficial aragonite
dissolution of bivalve subsamples is amongst the most obvious features induced by bacteria
biomineral interatction. The mostifficult data are present in isotope ratios of pristine versus
incubated shell subsamples. We consider the observed outcome of the present study noteworthy

and will discuss their implications in more detail in the following chapters.
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Microbial alteration of the shell's aragonitic structure and geochemistry
Alteration at the species levelS. sediminis

The ability to hydrolyze chitin polymers by means of a chitinase, and to furthermore oxidize and
ferment the chitirmonomer unit N-acetylglucosanme (Yanget al, 2006; Rodionowet al, 2010)
makesS. sediminian ideal candidate for carbonate alteration experiments. Chitin is one of the main
structural constituents of the mollusk organic matrix from which aragonite biomineral nucleation,
growth, and architecture is controlled (Lowenstam and Weiner, 1989; Weiner and Addadi, 2011). The
degradation of the resulting intraand intercrystalline organic framework (Marigt al., 1996)
consequently increases the reactive surface for entering paater (medium-) fluid as well as
bacterial cells and EPS, and with it potentially enhancing the effects of alteration processes. The
suggested underlying mechanisms for aragonite dissolution inStheediminigulture incubation
include the hydrolysis of chitin pamers byS. sediminighitinase, followed by fermentation dfl-
acetylglucosamine during cell attachment to the mineral and subsequentsiédice dissolution
through acidic fermentation products.

Results of stereomicroscopiand SEM analyses displaystluctural dissolution features, and are
further supplemented by the loss of Ca detected by stathple EMP mapping as well as the
increased Ca concentrations in theS. sediminisulture medium. Yet Sf concentrations in the
medium decreased over timalthough, expectedly, values should have increased due to aragonite
dissolution. We explain this intuitively contradictory outcome through the effect of divalent cation
scavenging by bacterial biofilm EP8cCalla, 1939)As biofilm fragments werésolated from
incubated shell samples, we expect the presence of BESorption of divalent cations occurs via
electrostatic binding sitewithin the EPSwith the charge of functional groups allowing for binding of
the cations as a function of pH (LiudaRang, 2002, Comtet al., 2008). The reportedy values
range from 4.8 for carboxylup to 11 for hydroxyl groups. A study by Guibaedal. (2008)
additionally suggested ERhding affinity to be catiomspecies specific. The hydration enthalpy
differsamong Mg, Ca, and Sr ions, with the latter showing the lowest valu®4d#.7¢n | 1TW Y2f
(Burgess, 1978). Given the decreasirng @mncentration in the medium over time, preferred binding

of SF* to EPS functional groups, relative to’Car Mg, is feasible and could account for the
enrichment of St on the sample margins detected by the{RF mappindExchange of lost shell €a

with pore fluid S¥ from enriched bacterial EPS could have fostered this enrichment. However, no
high-resolution analyse of the biofilms are at hand to underpin this hypothesis, and the high Sr
concentrations at the control inner shell rim speak for a general highiéc@rtent in that region.
Furthermore, the cell wall cBhewanellasp. has a high adsorption affinitipr dissolved $f with a

maximum sorptive capacity of reactive surfaces fd¥ 8f 0.075 §. algd and 0.079 mmol-¢ (S.
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putrefacien$ when cells are coated with Fe(lll) oxide (Sratlhl, 1999). Whilst in this study the
addition of Fe(lll) to theS. sediminisculture medium could have facilitated a cell waltation
interaction similar to the observations by Smallal. (2009), the described Srscavenging abilities

are a function of pH and the process requires protonated functional groups gilb(®.5- 5.9) that

serve as St binding sites. However, given that the pH in bacterial EPS can differ substantially from
that of the surrounding environment (Hunter and Beveridge, 2003}, édisorption within theS.
sediminisEPS is feasible despite themparably high pH in th8. sediminisnedium. Adsorption of
divalent cations could also account for the observed“Mdecrease in the mediumThe
simultaneously observeihcrease of Cé concentrations presumably results from the observed loss
of Ca in he shell, and CGAadsorption is consequently reflected by the subsequent decrease?h Ca
medium concentration. Moreover, cation complexation by bacterial EPS, here specifically EPS
functional groups, could explain why despitee strong increase in TA BN aXonie NO inorganic
carbonate precipitation took place within the medium according to microscopic observations.

The undersaturation of theS. sediminisncubation medium with respect to Aragonite at the
experimental start (Fig. 3) remains unresolyed solely the inoculated bacterial culture could have
KIER 'y STTS Qdoniedy theruBdersalmvatio remained for five days. Furthermoré'Ca
02y OSYUNI GA2Y A R MRonedf2he medBnT. The nset of lkaSeri@ir@entatitn is
depicted in the slight pH decrease that is correlated with an increase in TA. The incredding Ca
concentrations in the medium indicate subsequent shell dissolution, caused by fermentation
products, and C& values furthermore suggest a c#ag dissolution process from day 37 on.
However, pH and TA increased beyond this point of time, and the p&Ohed a peak value of
12,500 patm (Table 2). It is therefore apparent that pH and TA in the medium were dominated by
CQ degassing into the heagace, with the latter being foremost by sample equilibration with the

atmosphere during the sampling procedure.
Alteration at the community level: anoxic sediment

The microbial biota in marine sediments accounts for diverse metabolic processes (Jay @&
Orcutt et al, 2011)that, via the generation of alkaline or acidic metabolites, either facilitate
carbonate precipitation or dissolution, respectively. During earliest burial into sediments, biogenic
carbonates are exposed to anaerobic bactedamnmunities such as denitrifiers, Mand Feoxide
reducers, and sulfateeducing bacteria. Respective respiratory processes account for an alkalinity
increase in the environment through generation of HCOhis in turn facilitates authigenic
carbonate ngleation and precipitation (Berneat al, 1970; Castanieet. al, 1999; Van Litlet al,
2003). Closedystem model calculations suggest that sulfate reduction does not induce carbonate

precipitation but, in contrary, leads to a drop in both pH and sation index (SI) due to generation
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of one mole H per mole sulfur turnover (Meister, 2013). In contrast, experimental approaches
demonstrated that SRB in particular can have an enhanced effect on environmental alkalinity, pH and
Sl, e.g., through the usagef metabolic hydrogen ({1 and formate produced by bacterial
fermentation (Gallagheet al,, 2014). At present, both statements are controversially discussed. The
sulfatereduction zone is vertically followed by the methanogenic zone, whepasG@thdravn from

the system via archaedriven methanogenesis (Nealson, 1997; Jgrgensen, 2006) implying a further
increase in pH. Overall, the majority of anaerobic microbial metabolic processes accounts for an
increase in systeralkalinity and pH that has the patéal to facilitate carbonate precipitation in
marine sediments. While the anoxsediment medium of this study displayed distinct increases in TA
and Karagonite OVEr time as it was expected from anaerobic microbial organic matter degradation,
stabilization in CQpartial pressure, medium divalew@tion concentrations (Fig. 4C, 4D, 4E) and
shellsample constitution (Figs. 5, 6, and 8) indicated that rather caat®odissolution caused these
increases. The increase in'Stoncentrations in the incubation medium resulted in a decreasing
Mg/Sr ratio. A comparably stronger increase irf ‘@ancentrations was consequently reflected by a
distinct decrease in Mg/Ca arfsf/Ca ratios. In contrast, the anoxdediment control displayed no
clear trend in divalentation concentrations.

Cell aggregations isolated from the incubated shell samples confirmed the attachment of bacterial
biofilms to the shell surface, stereomicompic examinations of the shell outer surface indicated
exfoliation, and SEM pictures displayed a stépe retreating surface structure. No evidence for a
newly formed carbonate phase was found on these surfaces. Additionally, Raman spectroscopy of
the sample provided no indication of carbonate polymorphs other than aragonite, thus excluding
microbiallyinduced nonrstoichiometric dolomite or high Mgalcite precipitation. EMP mapping
revealed Ca loss on the sample part exposed to the sediment. The EMBitintmaps displayed a

decrease in CAconcentration towards the shell surface over a depth of > 200 pm. This decrease in

Cd"adzlLI2 NIIa GKS 20aSNIBSR &l NUzO G dzhNdofe atdRndigaesSa I &

slow, continuous dissolution peess. Data from the sedimenbntrol medium displayed strong
variations in all measured medium parametarsd an increase in carbonate system parameters over
time, the latter reflecting anoxisediment habitats dominated by bicarbonagenerating anaerobic
metabolic processes. However, the distinct increase iA" @ad Sf* concentration over time
determined in the anoxisediment incubation was not reflected in the sedimeontrol data.

All sediment samples were taken in the midst of April, when sprilogrb in the North Sea
supposedly was just developing (Wiltsheeal,, 2008), and subsequent sedimentation of organic
carbon had probably not reached the seafloor (water depth at sampling station = 17 m). It is
therefore plausible that, in exhaust of alable labile organic carbon in the sediment, constituents of

the shell periostracal, interand intracrystalline organic matter were used as metabolic substrates by
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a variety of bacteria. The subsequent increase in reactive surface area would have sdpport
dissolution processes, which in turn resulted in the addition of Ca and Sr ions into the anoxic
medium. Metation complexation on the charge of bacterial cell walls is a function of pH (Konhauser
and Riding, 2012). The increasing pH in the medium, tregufrom carbonate dissolution and
anaerobic organic matter degradation, might have led to an increasing net negative charge of cell
wall surface and/or EPS functional groups. Both effects would consequently lead to a high affinity for
binding of the methcations. This could furthermore explain the increase éf@munts in the outer
sample marginghat was detected via {XRF mapping and presumably reflects direct microbe

mineral interaction in that area.
Tentative interpretation of carbon and oxygen itmpe data

t NSJA 2 dza f EC wililek DM Js@ridicashells from different origins range betweef.7:
(Butleret al, 2009) and ¥4 06 { OK | y B ¥ R°0 malugs b&tweenl.7: 6 5 dey/aD 12009)

and +3:6 6 { O&tlaly 8004) Ritter et al. (2017) when studying the bivalves used for this
SELISNAYSY(z NBLRZNFSRI LISEA [ TINREY NDattoesdiBindfiom i': |y |
bH ®n { 2Cornsegdently, domltered naturalA. islandicashells exhibit a substantial inteand
intra-shell isotopic variability that induces a significant level of complexity when comparingnite
postincubation sample isotope geochemistry. Moreover, as has been documented in previous work,
the simple sawing or drilling of aragonite, and even scratginaterial off the surface with a scalpel,
may induce a partial neomorphic change to calcite. Neomorphism in turn affects both carbon and
oxygen isotope ratios depending on the percent transition from aragonite to calcite (Staudigel and
Swart, 2016). Albf these issues strongly suggest that an overinterpretation of these data is not
encouraged.

In essence, bacterially altered shell subsamples as well as those from the -sedixient
experiments display an increased scatter for both carbon and oxygetiveelto highresolution
micromilled samples from pristine shells (Ritter et al., 2017). Clearly, the range in oxygen (values of
>Z: 0is more significantly increased relative to carbon. Remarkably, the ff@smnriched sample is

from a celifree control periment. Moreover, when comparing isotope data from different
incubation experiments and different sampling sites, no obvious picture emerges (Fig. 10).
Considering these issues, the authors suggest that the present data are potentially interesting and
relevant, particularly in the light of previous work suggesting an impact of microbe metabolism on
carbonate isotope ratios (Londry and Des Mara@)3). At present it seems unclear to which degree
the choice of a specific sampling site within a subsar(giéer shell, inner shell, surface, center), the
sampling bias resulting in aragonitalcite neomorphism, and the primary seasonal variability in

aragonite isotope geochemistry must be placed against genuine badteliged patterns. The way
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forward mug lie in significantly expanded experimental duration (>12 months) and a very detailed

and careful sampling strategy of comparable material from comparable shell subsamples.
Conclusions

The presented study identifies the potential of marine benthic bdatér affect ultrastructural and
geochemical properties of\. islandicashells over an experimental time span of three months.
Processes observed included the partial dissolution of the surficial shell crystal ultrastructure and the
alteration of the biomineral's geochemical and (to a less indicative degree) isotopic coimpogdie
further hypothesize that the disintegration of interystalline organic matter opened pathways for
reactive fluids to enter the carbonate hard parts, leading to enhanced rates ofcuimbnate
interaction. We suggest that microbialiyduced argonite alteration could play a so far
underappreciated role in seafloor and earliest burial diagenetic realms. These alteration processes

have- over geological time scaleshe potential to compromise aragonitic proxy archives.
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Abstract

Marine sediments are chemically imprinted by aerobic and anaerobic bacterial communities and
their respective metabolic redox processes. Consequently, benthic heterotrophic bacteria have the
potential to alter sedimentleposited biogenic carbonates durirggarliest to early diagenesis. To
investigate the alteration effects of heterotrophic bacterial activity on biogenic carbonates,
aragonitic hard parts of the scleractinian coParitessp. were incubated in benthic oxic and anoxic
bacterial cultures and anxic sediment slurries over varying time spans and at differing incubation
GSYLISNI GdzNBaod ! ff AyOdzol GA2Y YSRAI &KMmdOR | &0 NE
time. Decreasing Gzand St* concentrations in one oxic bacterial culturedium led to a respective
increase in medium Mg/Ca and Mg/Sr ratio and a decrease in the Sr/Ca ratio. Incred$ampC3t"
concentrations in the anoxic bacterial incubation had the opposite effect on the respective divalent
cation ratios. Despite the istinct changes in media carbonate chemistry, changes in surficial,
geochemical and isotopic alteration on coral samples were subtle. AnalyBisritdés G4 content
revealed a low organic share in the bulk carbonate. Apparently, bactemaitijated carlonate
alteration is a function of time, (growthtemperature, and the availability of organic carbon in the

respective carbonate species.
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Introduction

Coral aragonitic skeletons are elaborate recorders of paleoenvironmental conditions, archiving ocean
temperature, chemistry, and circulation over their lifetime through their geochemical and isotopic
composition (e.g. Beck et al., 1992; Druffel, 1997; Cohen and Mc Connaughey, 2003). Specifically
ocean temperature is directly related to coral calcificateomd elemental composition: The inverse
correlation between seaurface temperature (SST) and coral uptake of 8 C&" during
biomineralization results in a robust skeletal Sr/Ca thermometer for past ocean temperature
reconstruction (Weber et al., 1978mith et al., 1979; Alibert and Mc Culloch, 1997; Swart et al.,
2002; Inoue et al., 2007). The Sr/Ca thermometry is further supplemented when correlated to coral
1180, reflecting SST and oxygen isotopic composition of oceanic water masses (Beck &2al., 19
Gagan et al., 1998; Mousan et al., 2003). Furthermore, coral Mg/Ca ratio serves as an accurate
proxy for SST reconstruction (Mitsuguchi et al., 1996), albeit that the accuracy of Mg/Ca proxy
application may be compromised by vital, RBST effectsrocoral Mg" uptake (Fallon et al., 1999;
Gagnon et al., 2007).

Many coral skeletons are not precipitated in isotopic equilibrium with the surrounding environment
(Weber and Woodhead, 1972; Swart, 1983, Adkins et al., 2003), anéquilibrium calcificabn

may furthermore lead to heterogeneity of skeletal traglemental distribution (Harriss and Amy,
1964; Allison et al., 2001; Sinclair et al., 2006). Algal symbionts (zooxanthellae) in hermatypic corals
favor the formation of calcium carbonate (Cafr@uring coral calcification by local photosynthetic
removal of C@from the system, and supply of energy for the transport of bicarbonate ¢(hl@ad

C&" (Chalker and Taylor, 1978). However, photosynthetic activity during skeletogenesis can lead to
variabilty in C&" uptake (AlHorani, 2005) thereby potentially compromising coral Sr/Ca ratios
(Cohen et al., 2002). Bioerosion through endolithic microorganisms and/or external microborers
affects coral skeletons during life history and after death (Le Carmfdsumard efal., 1995; Tribolet,

2007; Glynn and Manzello, 2019 0st mortem coral skeletons are subject to early diagenetic
processes, such as organic matter degradation and carbonate dissolution, crystal lattice exchange,
and CaC@polymorph replacement. These gmesses have the potential to substantially alter
carbonate structure, geochemistry and isotopic composition, thereby compromising the reliability of
proxy applications. Consequently, research on diagenetic impact on marine carbonates is conducted
intensely, but is foremost considering abiotic alteration factors (e.g. Bathurst, 1975; Berner, 1980;
Enmar et al.,, 2000; Hendy et al., 2007; Swart, 2015). Studies on the biotic share in diagenetic
processes include microbial alteration of carbonate isotopic casitipm (Walker, 1984), mediation

of dolomite diagenesisMasconcelos and McKenzie, 1997), as well as micritization of skelethl

non-skeletal carbonates (Tucker and Bathurst, 1990) and shallow carbonate arenites (Hillgartner et
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al., 2001). Thepostdepasitional alteration potential of marine benthic bacterial communities on
carbonate structure and geochemistry, however, has scarcely been taken into consideration. Marine
sediments provide a habitat for highly diverse microbial communities that shapedheironment
through intertwined metabolic redox reactions. These reactions are governed by the availability of
electron acceptors with different energy yields for the organisms that account for a distinct vertical
bacterial distribution within the sedimes (Froelich et al., 1979; Jgrgensen, 2006; Orcutt et al., 2011)
(Table 1).

Table 1 Microbial metabolic redox reactions with carbonea#teration potential, and associated Gibbs free energies
(modified after Orcutt et al., 2011).

Pathway Reaction AG® (kJ/mol)
Oxic respiration CH,O + 0, > C0O, +H,0 -770
Denitrification CH,0 + 4/5 NO3 > 1/5 CO; +2/5 N, + 4/5 HCO5 + 3/5 H,0 -463
MnO; reduction CH;O + 3C0; + H,O + 2Mn0O; > 2 Mn2++4HC03' -557
Fe(lll) oxide reduction CH,0 + 7C0, + 4Fe (OH);-> 4Fe™ + 8HCO, + 3H,0 -697
Sulfate reduction CH,0 + % S0.* -» HCO;s + 1/2H,$ -98
Anaerobic oxidation of methane (AOM) CHa + SO,* -» HCO5 + HS + H,0 -16.6
Methanogenesis from H,/CO, H,+ % HCO; + % H > % CH, + % H0 -57
Methanogenesis from acetate CH3;COOH -> CH, + CO, -4.2
Fermentation from ethanol CHs;CH,OH + H,0 -» CH;COOH + 2H, -181
Fermentation from lactate CH;CH,COO + 3H,0 -> CH;COO0H + HCO; + 3H, -1.075
Acetogenesis H, + % COsY +% H > % CH;COO + H,0 -90

The resulting alkalaor acidic bacterial metabolic products induce a respective rzormtion that

may foster carbonate precipitation or dissolution, respectively. In the upper zone of the sediment,
exposure to acidified niches originating from oxic respiration and gemerati CQ potentially leads

to CaC@dissolution. Aerobic metabolic activity is vertically followed by anaerobic sH@Derating
metabolic processes (i.e. foremost denitrification, Mn(IV), Fe(lll), and sulfate reduction) that lead to
an increase in allimity and thereby foster secondary carbonate precipitation. Bacterial cells and
biofilms were reported to either induce carbonate precipitation, foremost associated with sulfate
reduction Dupraz et al., 2004; Wright and Wacey, 2005; Aloisi et al., 2B@6¢chezRoman et al.,
2007, Krause et al., 2018r, in contrast, inhibit precipitation through sorption of organic molecules,
such as extracellular polymeric substances (EPS), to carboiselsq, 201D Direct attachment of

bacterial cells and biofilms carbonates can induce weathering of carbonate surficial structures
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(Paine, 1933; Decho et al., 2005; Uroz et al., 2009; Krause et al.,)2BLdthermore, bacterial cell

wall lipopolysaccharides (LPS) and EPS in biofilms contain functional groupsathetige and bind
divalentcations from the environment(Schindler and Osborn, 1979; Coughlin et al., 1983;
Selvarengan et al., 2010).

Within a previous study, evidence for bivalve shell surface dissolution and subsequent changes in
aragonitic shell elem#al composition through anaerobic benthic bacterial activity was provided
(Lange et al., in revision): There, shell samples were incubated for three months in seawater media
containing aShewanella sediminldAW-EB3culture or an anoxic sediment slurnar8ples from both
incubations showed surficial dissolution features after the incubation, that were reflected by a strong
increase in media total alkalinity (TA), dissolved inorganic carbon (DIC) and the saturation state of
' NI 32 %rggoﬁte)éoveé fne. Furthermore, a decrease in Ca concentrations was observed on

exposed sample parts and was reflected by & @mcentration increase in the incubation media.

In the present study, aragonitic hard parts of the scleractinian deoatessp. were tested for their
susceptibility to bacterial carbonate alterationPorites are hermatypic corals containing
photosynthetic endosymbionts of the singtelled algaeSymbiodynium Due to their ample
distribution and longevity,Porites aragonitic skeletons are frequently used archives for SST
reconstruction (Weber and Woodhead, 1972; Alibert and McCulloch, 1997; Quinn et al., 1998; Felis
et al.,, 2003). The coral samples wdneubated in three experimental sefps: The first setip
compised oxic natural seawater media containing the benthic bacterial strdicanivorax
borkumensisSK2, an aerobic, heterotrophic, hydrocarbonoclastic bacterium first isolated from
sediment slurries off the island Borkum, North Sea (Yakimov et al.,, 2B@sknt experiments
showed the capability oA. borkumensiso precipitate high Megalcite through means of a carbonic
anhydrase (Krause et al., 2014b). In the secondupetcoral samples were incubated in anoxic
natural seawater medium containing the béit strain Shewanella sedimini|HAWEB3. The
facultative anaerobe, heterotrophic bacterium has the ability to oxidize and ferment N
acetylglucosamine, an integral component of the aragonitic #rded intracrystalline organic matrix.

The third setup conprised anoxic slurries of natural seawater and marine sediment, the latter
containing the respective natural benthic bacterial communitiBgesearch questions based on
previously obtained results were: (i) Are the observed alteration features on shellesmpd the
underlying mechanisms applicable to coral surface structure, geochemistry, and isotopic composition
(ii) Will the extended reaction area (i.e. coral pore space) enhance the degree of bacteddlbted
carbonate alteration? (iii) Are bacteligmediated alteration processes a function of (growth

temperature and/or experimental duration?
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Methods

Bacterial culturing and seawater medium

Both the Shewanella sediminiand the Alcanivorax borkumensistrain are representative for
ubiquitously dstributed benthic heterotrophic bacteria, with the potential to interact with biogenic
carbonates: WhileS. sediminichitinase activity can degrade the chitinous constituents of the
mineral organic matrix, thereby opening pathways that facilitate disgsmiutprocesses,A.
borkumensismay provoke carbonate precipitation through carbonic anhydrase activity. Bacterial
cultures were obtained from the Leibniz Institute DSMZerman Collection of Microorganisms and
Cell Cultures (Braunschweig, Germany). $Sleediminisculture was grown at 10°C in DSMZ medium
514 with the following composition ()t peptone, 5; yeast extract, 1; Fe(lll) citrate, 0.1; NaCl, 19.45;
MgC} w6H0, 12.6; Ng5Q, 3.24; Cagko2H,0, 2.39; KCI 0.55; NaH{0.16; KBr, 0.08; Sg(0.034;
H:BG;, 0.022; NaF, 0.0024; (WNGQ;, 0.0016; NgHPQ w2H,0, 0.01; and 2.9 pl Nsilicate. Sterile
culturing vials and media were purged with/GIO, gas (80%/20%) prior to inoculation of the
cultures. The initial pH of the sterile media was adjusted.3. TwoA. borkumensigultures were
grown under oxic conditions at 10°C and 20°C, respectively, with the very same medium composition
and additional 1% pyruvate as carbon source. From the third generation oi%. tbediminisulture

was inoculated @ anoxic sterile natural seawater containing 100 fhgdditional Fe (Ill) citrate and
1000 mg T yeast. BothA. borkumensisultures were inoculated to oxic sterile natural sweater
containing 100 mg* additional Fe (Ill) citrate, 1000 m{ yeast, anl 1% pyruvate. The seawater
media were autoclaved prior to inoculation and media pH was adjusted to 7.4. At the experimental
start, 900 ml of sterile seawater media each were transferred to sterile 2 -tigjatsflat flange
beakers. For incubation of th& sediminisulture, the beakers were closed with sterile butyl rubbers
and the seawater medium, with additional 200 ml sterile Resazurin as a redox indicator, was purged
with N, to establish anoxic conditions. The beaker had ahd¥dspace of 0.2 bar alse atmospheric
pressure. Subsequently, 10 ml of ti& sediminisulture were inoculated to the media. The
respective celfree control was incubated under the very same conditions without the bacterial
culture, and the incubations were kept at 10°C in daek throughout the experiment. The flat flange
beakers for theA. borkumensigcubations were closed with sterile cotton plugs after inoculation of
10 ml of the cultures each. The twh. borkumensicultures and their correspondent cdiee
controls wae kept at 10°C and 20°C respectively throughout the experiment. While the 10°C
incubation reflected the temperature regime at the natural habitat, the growth optimum Xor
borkumensidgs at 20°C and potentially allowed for enhanced development of thieireubver the

same experimental time span.
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The seawater was sampled off Heligoland (54° 06” N, 008° 00" E) during RV Heincke dlidse HE
subsequently stored in an intermediate bulk container (IBC) at 10°C, and constantly aerated with an
EHEIM compadd00 aquarium pump (EHEIM, Deizisau, Germany). For the experiments, aliquots of
the seawater were sterilized (UV water sterilizer, Wiegandt GmbH, Krefeld, Germ) and filtered
through a 0.2 um Whatman Polyca/5 AS Filter (GE Healthcare Life Sciences, igjnzknshire,

UK).

Anoxic sediment slurries

The anoxic sediment incubation represented natural sediment containing the corresponding
anaerobic bacterial communities with the aforementioned carboraiteration potential. The
sediments were obtained with RV Suedfall from Piep, Blisum (German Biggbt)’54, 8° 89" E) at 17

m water depth. Sediments from the German Bight are charactetiged alternating mixture of clay,

silt and sand, with a carbonate share about 1 t015%, and a share in quartz of up to 90% in the

mean.Sediment sampling was condudtavith a VanVeen grab. Following extrication of organic
debris the sediments were transferred to sterile 1 | Duran flasks, and flasks were closed with
sterilized butyl rubbers. The sediment samples were subsequently stored at 10°C in the dark. Due to
a lov measured g, content of only 1 wt% (CaHdirba NAL500 Elemental Analyzer), the sediments
were enriched with organic carbon to represent orgamdh sediments that provide sufficient
organic carbon as electron donor for heterotrophic metabolic activiyr enrichment with organic
carbon, algal cultures (DT's Premium Blend Phytoplankton) were lyophilized, subsequently sonicated
and weighed. Prior to the incubations, 1.2 g of algae per 100 g sediment wet weight was added to
both, the sediment and the cdrol sediment, to increase their initial,gcontent to 3 wt% (Carlo

Erba NAL500 Elemental Analyzer). Slurries were prepared from sediment and sterile seawater (2:1
mixture), and to each of the slurries 200 pl sterile Resazurin was added as a redaomdibe
slurries were transferred to sterile 2 | gidght flange beakers and the beakers were closedtigds

with butyl rubbers. The beakers were subsequently flushed withas to drive @out of the system

and ensure anoxic conditions. Both incubas had a Blheadspace of 0.2 bar above atmospheric
pressure and were kept at 10°C in the dark throughout the experiment. Controls contained slurries

(2:1 mixture) without coral samples.
Coral samples

Poritessp. specimens were sampled alive in appréxZ m depth during field work at the fringing
reef, Gulf of Agaba, in 1993. The corals were stored at room temperature prior to this study. Before
the experiment, the corals were sawn parallel to their respective growth direction. Slices were

further divided into subsamples of approx. 1 x 1 x 2 cm. Subsamples were chosen from the
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apparently pristine, inner skeleton parts that contained neither alteration features (e.g. boring

traces), nor organic remains that were visible on the outside regions of the coral
Incubation procedure

Sterilized plastic skimming ladles were disposed of handles, and sewing threads of different lengths
were attached to the handles to allow for free sample distribution in the media or on the sediment
surface. Corabample edges weréixed with sterile plastic cable ties and knotted to the threads.
Ladles were attached to the uppermost inner part of 2 | flat flange beakers containing either media
or sediments, and beakers were closed with either sterile cotton plugs (oxic incubabiobsityl
rubbers (anoxic incubations). For more details of the experimental setup see &galgén revision).

Prior to the incubation start, anoxic set ups were purged witlhaNa headspace of 0.2 bars to ensure
anoxic conditions. 10 ml of bacterialltures were inoculated to the oxic and anoxic media. To each

of the anoxic incubations, 200 ml Resazurin was added as a redox indicator. Oxic incubations were
kept at 10°C and 20°C, all anoxic incubations were kept at 10°C in the dark. During the ancubati
period, beakers were pivoted smoothly every other day. Sampling of seawater or medium was
conducted with N flushed syringes and the withdrawn volumes (12 ml per sample point) were
replaced with N gas. The samples were transferred to sterileptrged50 ml Duran flasks, from
which the aliquots for subsequent analyses of medium carbonate chemistry were taken. Due to
extensive cell growth, the oxic incubations were stopped on day 25 to prevent cell death after the
stationary growth phase. Two third of éhS. sediminisnedium was exchanged on day 62 due to
extensive growth of the culture. Sediment incubations were running for three months. After the
incubations, coral samples were rinsed with sterile seawater (cleaning for upcoming analyses) and
subsequetly ultra-purified water (prevention of salting out seawater and resulting analytic bias).
The latter was adjusted to pH with NHolution. Samples were dried in parafiealed Petri dishes

at 40°C and subsequently stored at room temperature for analykiuids from the coralleaning
procedure (approx. 2 ml each), including the biofilms, were preserved in formaldehyde solution (final

concentration 2%) at 4°C.
Cell staining andanalysis

For cell staining, the afore preserved liquid samples were vedeand 100 pl of each sample was

NI yAaFSNNBR G2 p Yt ME &GSNAES t.{ FyR FTAfGSNBR
membrane filter (GE Healthcare, 37586 Dassel). The filters were dried at room temperature,
embedded in 1% lownelt agarose andiried at 37°C. Staining of the filters was conducted with 4,6

diamidino2-phenylindole (DAPI) solution (1ul tifor 15 minutes in the dark, and filters were
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transferred to microscope slides. The slides were examined and photographed with a Zeiss Axio
Imager.M2 stereomicroscope, using a DAPI fitet; imaging was carried out with the ZEN pro 2012

software (Carl &ss Microscopy GmbH, Jena, Germany).
Media carbonate system and seawater chemistry

Media sampling was conducted daily to weekly. Carbonate system parameters measured were pH,
and Total Alkalinity (TA). The saturation state of aragoife.fnid Was @lculatedafter Zeebe and
Wolf-Gladrow (2001).The pH was measured with a Schott Instruments Lab 850 pH sensor (Sl
analytics GmbH, Mainz, Germany). The sensor was calibrated with reference solution hu4f7&, (

L 4796, L 4799SI analytics GmbH, Maingermany) according to th&hysikalisciTechnische
Bundesanstalt (PTB) and the National Institute of Standards and Technology (Ni&TpH
measuring was conducted directly after sampling on the whole 12 ml aliquot in opened Duran flaks.
To allow for unifom equilibration of all samples with the environment, the measuring time was
restricted to 20 seconds each. TA measurements were conducted in ancefletitration vessel

after Pavlova (Pavlova et al., 2008), using a Metrohm 876 DosimafiMistohm, Horida, USA). Of

each sample, 0.5 ml subsamples were titrated with 0.01 M HCI. During the titration, samples were
continuously purged with Nfor withdrawal of released GO Calibration of the samples was
conducted with a IAPSO seawater standard. Minand traceelement concentrations were
determined with 1 ml medium samples treated with 0.1 ml HNSDprapuf (1/100 v/v) prior to
analyses. Concentrations were measured by inductively coupled plasma atomic emission
spectroscopy (IGRES JY 170 ULTRATRABERIBA, Kyoto, Japan). The detection limit was 2'mg |
for C&", 6 mg T for Mg” and 25 pgtfor SF*, with a precision of 2%.

Coral structure and elemental composition

Raman spectroscopy was conducted on each of the dried coral samples priandoafter the
experiment to analyze carbonate polymorphism. Analyses were conducted with@AM HR800
spectrometer(Horiba Jobin Yvon GmbH, Bensheim, Germany) at room temperature. The carbonate
was excited along a transect of 1 cm, with the 473 nm line Nft&r AGlaser. Scattered radiation

from the samples was measured in a 90° scattering geometry. The Raman speairabtained at

an interval of 0.65 cih (0 - 4000 cmt) and a slid width of 100 mm. Scanning electron microscopy
(SEM) anetlectron-microprobe (EMP) mappingere conducted with a JEOL JXA 8200 Electron Probe
Microanalyzer (JEOL Ltd., Tokyo, Japan). SEVapglied to determine alteration features on the
biofilm-free coralsample surfaces. For SEM micrographs, samples wedgiait and sputter coated
usingalJt F GAydzyk 32t R GFNBSG® LYI3ISa ¢SNE [Codpgsh NB R
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inporosii @ ¢ SNB RS (CNWIANISRR ARG Timagind. Batnpled were mounted on

a holder and scanned with a Skyscan 1172 (Bruker, Kontich, Belgium) priandoafter the
experiment. Scanning was conducted with an acceleration voltage of 100 kVcamneat of 100 YA,
applying a Cu filter. -¥ay projections were captured over a full 360° rotation. The resulting images
were processed with the NRecon reconstruction program (Bruker, Kontich, Belgium). Prior to
calculation, the first 10 pictures of scaghslices of 5 um, each were cropped. The highest standard
deviation in picture size was 0.43% pixels. Calculation of percentagespace per area of each slice

prior to- and after the incubations was done with ImageJ. The sample incubated in the li6ft€ece
control was used as a control for all samples incubated in either bacterial cultures, or the anoxic
sediment. Scans of the 102C borkumensigcubation were excluded from the analyses as the areas
scanned preand postincubation were not idential, and are therefore not included in the analyses.

EMP mapping was conducted for the calculation of sample marat trace element concentrations.

Prior to mapping, samples were sawn into quarters, embedded in epoxy rasidife® 2020,
Huntsman, TexadJSA), and dried overnight at 50°C. The sawn sample surface was ground using
Hermes water grinding papers (P1200, P2400 and P4000) at a pressure of 25N and cleaned with
pressurized air after each grinding procedurellowing grinding with P4000, samplesre exposed

to a subsonic bath for 510 seconds each, to extricate remaining fibers from the sample pore space.
Samples were carbon coated prior to analyses. EMP maps (JEOL JXA 8200 Electron Probe
Microanalyzer, with a precision of 2%) were obtainediaywelength dispersive spectrometry (WDS)
mode, and repeated to gather 8 accumulations of the respectively selected area. Préaodtafter

each mapping, standards were measured (Calcite, KAN®, \BBontianite A2_modernCoral). For
quantitative wavelenth dispersive analyses the element concentrations were measured along a
mapping area of 100 um parallel to the exposed rim of the sample x 150 um in the direction-of non
exposed, inner sample parts. Mg (TAP, Ka), Sr (TAP, Strontianite), Ca (PETJ),aAdFETPETH)

were measured simultaneously. The beam current was 50 nA with a beam spot size of 3 um, the
accelerating voltage was 15 kV.

Micro Xray Fluorescence {{RFmapping was conducted at the PHOER&amline (Paul Scherrer
Institute, Switzerland)Prior to the analyses, the samples were cut parallel to the growth direction
and mounted on a glass holder. The thin sections were polished to a thickness of 200 um. Element
mapping was conducted along an average length of 500 um from the outer samgte thin central

part of the skeleton segment. During measurements a fixed Si-¢hdhpchromator (Bruker AXS
GmbH, Karlsruhe, Germany) with an energy resolution higher than 0.5 eV was used. Fluorescence
signals were collected with a detector equipped witlur elements of silicon drift diodes (VORTEX,
USA). To display the?Sdistribution in the samples, the 8r-edge electrons were excited with a

beamenergy of 2600 eV. Simultaneous detection of phosphortedddé electrons allowed for
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discrimination betveen phosphorusich resin (Kdrapox 439, Kébmmerling, Pirmasens, Germany) and
phosphoruspoor coral carbonate. The element maps were generated with a spatial resolution of 5
um. Due to space limitation on the sample mounting device, only one control wagd use
representatively for all incubations. To avoid analytic bias caused by different incubation conditions,

an unaltered reference control sample was chosen for the analyses.
Carbon and oxygen isotope analyses

For coral carbon(t *C) and oxygent t?0) isotgpe analyses, subamples were retrieved from one
incubated coral block per incubation typg®@ample material was first scratched off with a scalfmeh

0KS 2dzivyzad alyYLXS adaNFIFOS FyR GKS AYyYyYSNI al YLX S
Subsequently, the coral samples were drilled with a Proxxon precision drill (Proxon, Foéhren,
Germany) to a depth of approx. 1 mm depth where further mialevas retrieved. From the sample

exposed to the 10°@. borkumensiincubation, two surface subsamples were taken from different

sample areas to allow for repeat determination due to EMP mapping results. All subsamgptes
transferred to glass vialshé& vials were closed gastight and transferred into an autosampling device

at 70°C. Subsequently, a few drops of phosphoric acid were added to the sample. -Gartbon

oxygen isotope values were measured from the liberated @G using a Thermo Finnigan N2A3

mass spectrometer (Thermo Fisher Scientific Inc., Waltham, USA) interfaced to a GasBench. Carbon
YR 2E@3Sy Aa202LJS NB&adz Ga I+ NB .For@drgction of the NBf |

measured data an additional-mouse standard was measuregl the samples.
Results

Oxic incubation media

In the 10°CA. borkumensisncubation, carbonatesystem parameters increased over time. The pH
increased from initial 6.5 to 8.3, Total Alkalinity increased from 2.4 to 29.2 mrﬁolaktgiKAragomte

from 0.1 b 16.09 (Fig. 1A, B)). The ¥gnd C&" concentrations showed no specific trend, with
values between 51.7 and 50.9 mmdl, land 5.1 and 5.2 mmol'] respectively, while the Sr
concentration showed a 5% decrease from 85.5 to 81.3 pum¢Hiy. 1C, DE). The resulting Mg/Ca

ratio stayed between values of 5.0 and 5.2, the Mg/Sr ratio increased from 0.6 to 0.62, and the Sr/Ca
ratio decreased from 8.5 to 8.2 (Fig. 1F, G, H). The pH values in the 10 aalhtrol went from

initial 7.7 to 7.9, with arop to 7.4 on day 8. Total Alkalinity remained at values of 2.0 to 2.2 mmol
kg’l, and Karagonite WENt from 1.2 to 2.2 (Fig. 1A, B). Divakeation concentrations in the control
remained stable: The M§concentration had values from 50.2 to 49.5 mmibl C&" values were

between 9.6 and 9.8 mmoaf| and the St concentration between 82.7 and 83.2 pmdl(Fig. 1C, D,
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E). The resulting Mg/Ca ratio had values around 5.1, the Mg/Sr ratio was around 0.61 to 0.6, and the
values of the Sr/Ca ratio were tveeen 8.47 and 8.52 (Fig. 1F, G, H).

In the 20°CA. borkumensigicubation, the pH increased from 6.6 to 8.3, TA increased markedly from
2.4 t0 40.1 mmol KG Karagonefrom 0.1 to 74 (Fig. 2A, Bjhe Md" concentration decreased from an

initial 50.5 mnol " to 47.2 mmol T and increased to 50.1 mmat bn day 23, at the end of the
experiment (Fig. 2C). The®and Sf* concentrations decreased from 9.9 to 9.4 mmibkhd from

83.1 to 77.2 umol™, respectively (Fig. 2D, E). The Mg/Ca ratio ineedsom an initial 5.1 to 5.3,

and the Mg/Sr ratio from 0.6 to 0.7. The Sr/Ca ratio decreased from 8.4 to 8.2 (Fig. 2F, G, H). The pH
in the 20°C celiree control ranged between 7.7 and 7.6, Total Alkalinity increased from 2.3 to 2.6
mmol kg' on day 20and decreased to 2.50n day 24. TKgagonite Value remained at 1 throughout the
experiment (Fig. 2, B). The Kigoncentration had values between 51.0 and 52.0 mriplG&*

values were stable around 10.3 mmdl The S¥ concentration ranged from 83.tb 84.0 pumol

(Fig. 2C, D, E). The Mg/Ca ratio remained stable between 5 and 5.1, the Mg/Sr ratio stayed at 0.6, and
the Sr/Ca ratio was between 7.9 and 8.0 throughout the experiment (Fig. 2F, G, H).
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Anoxic incubation media

In all anoxic incubations, the added resazurin indicator did not change from colorless (anoxic
conditions) to pink (partially or fully oxic conditi®) confirming constant anoxic conditions. In e
sediminisincubation, the carbonate system parameters changed notably during the incubation
period: The pH increased from 7.2 to 7.7, and after the medium exchange from 7.1 to 7.8 (Fig. 3A).
Total Alkaliity increased from an initial 3.7 to 16.4 mmol'i@y R'I Rragole IMCTeaSEd from 0.5

to 8.2 (Figs. 3A, B). After medium exchange the values for pH increased from 7.1 to 7.7, TA
increased from 12.2 to 35.3 mmol K§ I Yid&ne fOM 3.2 to 165 (Fig. 3A, B). The Kig
concentration decreased from initial 51.8 to 49.9 mmiblahd further to 49.1 mmol after the
medium exchange (Fig. 3C). Thé*@ad Sf' concentrations increased from 10.0 to 10.8 mmd| |

and 82.9 to 89.1 pmolIrespectively, prior to medium exchange. After the medium exchange the
C&* and Sf* concentrations remained stable with values between 10.0 and 9.9 miaind 83.4

and 83.2 umol1, respectively (Fig. 3D, E). Prior to the medium exchange, the Mg/iGaleareased

from an initial 5.2 to 4.7, and remained stable at 5.0 after the exchange. The Mg/Sr ratio decreased
from 0.62 to 0.57 prior to the medium exchange and remained stable at 0.6 afterwards, and the
Sr/Ca ratio remained stable throughout the exipeent at a avalue of 8.3 (Fig. 3F, G, H). The pH in
the cellree control slightly increased from 7.2 to 7.3, TA ranged around 2.5 mriiahkgughout

the experiment, andKamgonite femained stable around 1 (Fig. 3A, B). The”l\ttgncentration was
between 50.0 and 51 mmol!] C&" values remained stable between 9.9 and 10.2 mriphhd St
concentration had values from 80 to 81 pumo(Fig. 3C, D, E). The Mg/Ca ratio in thefced control

was 5.0 to 5.1, the Mg/Sr ratio remained stable around @r@l the Sr/Ca ratio was between 8.0 and

8.1 (Fig. 3F, G, H).

In the anoxic sediment incubation, the pH increased from 7.4 to 7.7, TA increased from 4.8 to 9.9
mmol kg'S I YR iMcreased from 1.0 to 7.0 (Fig. 4A,B). Divalent cation concentratitsos
increased with time: The Mg concentration increased from 52.8 to 54.1 mmdi the C&'
concentration from 10.2 to 12.0 mmot,land the St concentration from 94.3 to 106.4 mmot (Fig.

4C, D, E). The Mg/Ca ratio decreased from 5.2 to 4e5\Mity/'Sr ratio decreased from 0.6 to 0.5, and

the Sr/Ca ratio decreased from 9.2 to 8.9 (Fig. 4F, G, H). The pH values in the anoxic sediment
control increased from an initial 7.4 to 7.8, TA increased from 5.8 to 12.0 mmia Kgdbnite
increased from 3 to 6.6 (Fig. 4A, B). The ¥gC&" and St concentrations increased from 52.1 to
53.7 mmol T, 10.0 to 10.8 mmol* and from 93.3 to 100.1 mmot,Irespectively (Fig. 4C, D, E). The
Mg/Ca ratio decreased from 5.2 to 5.0, the Mg/Sr ratio fromt0.6.5, and the Sr/Ca ratio from an
initial 9.3 to 9.2 at the end of the experiment (Fig. 4F, G, H).
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Coral structure and bacterial abundance

The SEM micrographs of samples from all incubations displayed intact surface structures with no
distinct signs of secondary carbonate precipitation or surface dissolution (Fi§eBiquantitative
pore-space calculation from-CT scans showed an increase in pore space on the coral sample
exposed to the 20°@. borkumensisncubation (preexperiment 38.16 + 0.94%, peskperiment

33.94 + 1.14%), and a decrease in pore space was observed in the 1@f&e aalhtrol sample (pre
experiment 35.66 *+ 0.45%, pestxperiment 34.76 +£0.39%) (Table 2). The pgpace on the sample
exposed to theS. sediminigncubation decreased from 43.37 = 1.61% (prrperiment) to 40.48 +
0.15% (posexperiment). No noticeable change in pore space on the sample incubated in the anoxic
sediment (preexperiment 37.31 *+ 0.48%, peskperiment 35.6 + 2.24%).

Filteredliquids from the cleaning procedure of samples incubated in the bacterial cultures and the
anoxic sediment incubation contained dense cell aggregates, visualized by the DAPI staining (Fig. 6),
with the highest density in th&. sedimmis culture. In the A. borkumensis culture, biofilm fragments

were visible. No cells were detected in the sample from thefoedl controls.
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Figure 5Scanning Electron Microscopy (SEM) micrographs of coral samples incubated in (A) thedORGCmensis
incubation, (B) the 10°C cétee control, (C) the 20°&. borkumensiscubation, (D) the 20°C cétee control, (E) thes.
sediminisculture, (Fthe cellfree control, and (G) the anoxic sediment. (H) Nimcubated reference sample.
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Table 2.Percentage of pore space on coral samples prieata after incubation determined by-2dy microtomography
scans and subsequent semiantitative analyses. dte that the sample incubated in the 10°C A. borkumensis culture was
not comparable and is therefore not listed.

i ]
Famphe Fores (p) Pore spaoe (%] FPores {px] Pore space (%)
. borkumensis 20°C
E_O0E O35 115 ITEOZIS 37es 1300335 3443
£ 008 O35 130 ITITOTE I7EE 02230 E s
E_OOE_C95 131 ITSA3AT 3453
£ D08 O35 177 3743043 3373
£_D0E T35 13 IESTEIS 33ss
D08 C95 134 ITE4I0E 3361
K_OOE_C95_13%  ZEIIESE 3z
D08 _C95 135 IS4EE00 zEs
K_OOE_C95 137 ZEINEaT 3430
£_OOE_C95 1IE  ITO4TOL 3304
Putman 122257 3354
Eo 53023 114
I5. s=diminis
< DOS_330_ 118 1SR 4078
% O0S5_E30_ 120 1527452 4043
D05 530 171 137353 4043
€ O0S5_E30 132 1530720 4075
< D05 330 173 1313734 4030
€ O0S5_E30_ 134 1530235 4052
< _D0S_530 173 1522570 4044
« OO05_E30_ 175 1540033 4065
€005 _530 137 1532052 4053
« O05_E30_1I% 1923555 4041
Pitman 74T 4337 1527500 4043
55370 FE= Y 17437 o5
oo sadirment
008 C-24_ 115 1SI743S ERE-] 3477
008 C-24 130 1523074 ITTE 1TTIZOE Erherd
008 O34 131 1545431 ITED 17ETEEE 452
008 C-24 137 ASTT43S 3550 1FTEI00 341
003 034 133 1338EE0 a8 1TIEME 454
008 C-24 134 1SEEITL 3747 1TEEETE 3453
| 003 C-34 13 133183 IT0E 1TEEEEL B 02
003 C-24 136 1STA0EE 3731 1TSAETI 3459
008 C-34 137 1S0TE0S 3735 144293 4157
0334 13F O ASTSOES S 1TETEA0 3455
1232457 3731 122207 3560
24717 o4 113850 7324
_OOm_CI3 115 ASTIIIT 348 1552030 3533
170 ATIITIS 357 1238203 3542
1553935 333 1224228 3448
153359 3533 1214700 3413z
1T40TES 3533 1TSEETO 3414
124 ATATT4S 3534 1353051 3E09
173 AT24408 3535 1EIE0EE 3543
136 ATOSI43 3545 1347342 3457
127 ATO435 3542 1523353 3454
1TI0IE EEE=—] 1223321 3452
1713003 EE8 1237401 4 7E
23502 045 Pl 03g
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Figure 6.Cell aggregates and biofilms in the liquid retrieved from the cleaning procedure of coral samples incubated in (A)
the 10°CA. borkumensigicubation, (B) the 20°&. borkumensigcubation, (C) thé&. sediminigicubation, and (D) the
anoxic sediment incubatiorCells were stained with,6 diamidine2-phenylindole (DAPI).

Coral elemental composition

The EMP maps displayed a decrease of Ca and Sr in the outermost sample areas exposed to the 10°C
A. borkumensigncubation (Fig. 7A). While the €a@oncentration decreased from 20 wt% in inner,
pristine sample areas to 6 wt% on the exposed sample rim, the loss in Sr concentration was visible,
but below detection limit (0.2 x 10 as was the loss in Sr in the rimtbé sample exposed to the

20°CA. borkumensigcubation (0.2 x 18) (Fig. 7A, C). In both samples the supposedly affected area
protruded < 5 pm into the respective sample. Signs of phosphorous concentration increase were
detected in the sample rim expodeo the 10°CA. borkumensigncubation. Samples exposed to the

S. sediminisulture or the anoxic sediment displayed no changes in element concentrations relative

to the respective controls (Fig. d8). Strontium concentrations determined by means oKk

analyses displayed average values of 20 to 30 wt% in all incubated samples and controls and the
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unaltered reference. A minimum concentration of 10 wi% was determined at all sample pores, and
peak values reached were 2030 wt% in the incubated samplesich 30wt% in the unaltered
reference (Fig.9, 10). No other carbonate polymorph than aragonite was detected in the RAMAN

analyses (Fig. 11).

Figure 7 Electron Microprobe Ca and Sr maps of coral samples incubated in oxic incubatigps s¢4) in the 10°E.
borkumensisncubation, (B) the 10°C cétke control, (C)in the 20°&. borkumensigcubation and (D) the 20°C chlbe

control . Samples wersawn perpendicular, the upper sample parts are the surfaces exposed to the incubations, the lower
parts are the inner, pristine samplgea. Maps show intensity in counts per second.
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Figure 8Electron Microprobe Ca and Sr intensity maps of coral samples incubated in anoxic incubatips: $4) in thes
sediminisculture, (B) in the celiree control, (C) in the anoxic sediment. (D) Niocubated reference sample. Samples were
sawn perpendialar, the upper sample parts are the surfaces exposed to the incubations, the lower parts are the inner,

pristine samplearea. Maps show intensity in counts per second.
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0 2000 4000 6000 8000 10000 12000 14600 16000 18000 2000t

Figure 9.u-XRFmaps of strontium dedge along the transects of coraraples incubated in oxic incubation agis:

(A) the 10°@\. borkumensigcubation, and (B) the 20%4C borkumensigicubation. (C) Noincubated reference sample.
Concentrations are displayed in counts per second. Note, that for all incubations @niynatiered reference sample was
analyzed.
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Figure 10. ui-XRFmaps of strontium {edge along the transects of coral samples incubated in anoxic incubatiarpset
(A) theS. sediminisulture, and (B) the anoxic sediment. (C) Niacubatedreference sample. Concentrations are displayed

in counts per second. Note, that for all incubations only one unaltered reference sample was analyzed.
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Figure 11 Example of output from a Raman spectroscopic scan conducted on coral sample after incubation in the 10°C
borkumensidbacterial culture medium (the conducted transect is indicated on the saipiptere). The doublet displays the
bending mode v4 of theatbonate ion in aragonite.

Coral carbon and oxygen isotopy

The carbon isotope ratios in the coral sample exposed to the AOB®rkumensisulture were*G

enriched in the two subsamples taken from the sample surfa@89 + 0.03 and0.94 + 0.04 )

relative to the subsurface.17 + 0.03 ) and tol mmsample depth2.43+002 0 o ¢ L@t S 00
the 10°C celf NB S O%oNalue® vie®l.84 + 0.04 (surface)-2.00+0.03 6 &dzo & dzZNF | OS 0 =
-1.63+0.04 O™ YY CarBanlisétapebdata for theample exposed to thé\. borkumensis

20°C incubation werel.77 + 0.04 2 y suif&&-1.69+ 002 2y (KS & dz@2220:NF| OS>
0.04: at 1 mm depth, and values in the 20°C-6&le control were-1.99 + 0.04 sarface, -1.77+

0.05: ¢ & dzo & dzNF4A3HGAEE o/ RYY R $'E0iv&luesboin th& Sample exposed to

the S. sediminisulture was-1.80+ 0.04: sarface,-2.14+ 0.04 ¢ & dz0 & dzNF396®0%> | Yy R

(1 mm depth), while in the respective céie control values ranged frorl.26+0.02: 2y (KS
samplesurfaceto -1.76+ 0.04: 2y (G KS & dzd.29NBX* OSE My RY RSLIGIK® Ly

exposed to the anoxic sediment, carbon isotope compositions wefis+ 0.03: 2 Yy suif&cé-
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178+ 002 2y GKS & dzaa4zNma: O $1¥mml sgiiple depth. The three unaltered

reference samples had"*C values 0f1.94 + 0.04:1.98 + 0.02, and1.66 + 0.02 2y (G KS al YLJX
surfaces-1.88,+ 0.03-2.38+ 0.03 and-1.58+0.03% 2y (KS & dzol&ds\0m4-DBA> | yR
0.03 and-1.44+003% 4 m YY &l YLX S 1RS&allieximthed. baikSniensB§°C G K S
sample, attest was applied for comparison of mean variances between the sampldrezitontrol

samples and unaltered reference samples. The results showed no signifiifarénce (p > 0.05).

The oxygen isotope data in the sample exposed to the 209®rkumensigncubation were-3.39+

0.11 and-3.22+0.06: 2y GKS (62 & dzo a Isiifade Gspecive33y+ ORNB Y G KS
on the subsurface, aneB.80+ 0.04: tFlmm sample depth (Table 3). In the 10°C cell free control

values ranged froml.7+ 0.04 sarface, t0-3.24+ 0.06: 6 & dzo & dzNFH76X0DE 16WIR Y'Y
depth). Thet **0 data for the 20°@.. borkumensiincubation sample were3.33 + 0.0Z 2y (K S
samplesurfacg-2.88+0.04: 2y (KS & dz2.90d0051 OSE M yWRY A YLX S RS LI
the sample incubated in the 20°C eeéle control hadt *C values 0f3.05 + 0.06 sarface), -3.39+

0.05: 0 & dzo a dzNJB.U2ADOE b v R Yif). R® sample exposed to tf® sediminis

culture hadt *°0 values 0f3.34 + 0.08 (surface)-3.42 0.05 0 & dzo & dzNF.64HGAT-= 6w/ R

mm depth), and the *®0 in therespective control sample wa8.38+ 0.03 2 Y suif&&-3.18+

0.05: 2y siubsuBace, and3.86«£': |G wmMYY al YL S RSLIK® {I YLI Sa
sediment incubation displayed moderate enrichment#i0 with increasing depth, with a surface

value of-3.50 + 0.06 X-3.34+0.05% 2y (KS & dz827dzN0mB4 OB H HebtR Yhe

unaltered control samples had surfac&O values 0f3.62 + 0.11;3.18 + 0.07, and3.36 + 0.0Z7 =

values on the subsurface wer.47+ 0.04 -3.14+ 0.06 and-3.11+0.04 = | YR (KS @I f dzSa

sample depth were4.01+ 0.08 -3.42+ 0.03 and-3.57+ 0.05: &
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Table 3.4%%

{FrYLXEAY3 61 a8 O2yRdzO0GSR 2V

3 V@values of coral samples incubated in the 10°C and 2086rkumensisulture, theS. sediminis
culture, the respective controls, and the anoxic sediment. Unaltered reference samples serve as additional controls.

1 mm sample depth.

GKS SELIRAaSR 2dzivzal

Incubation Sample region  8"Cyppg carsonate [%0] 8 Oyppgcarponate [%60]
A borkumensis 10°C surface 1 0.94+0.04 -3.22+0.06
surface 2 -0.39+0.03 -3.39+0.11
subsurface -1.17+0.03 -3.15+0.10
1 mm depth -2.43+0.02 -3.80+0.04
A. borkumensis 10°C cell-free control surface -1.77+0.04 -3.33+0.06
subsurface -2.00+0.03 -3.24+0.06
1 mm depth -1.63+0.04 -3.75+0.07
A. borkumensis 20°C surface -1.77+0.04 -3.33+£0.07
subsurface -1.69+0.02 -2.88+0.04
1 mm depth -2.22+0.04 -2.90+0.05
A. borkumensis 20°C cell-free control surface -1.99+0.04 -3.05+0.06
subsurface -1.77 +0.05 -3.39+0.05
1 mm depth -2.43+0.04 -3.42+0.06
S. sediminis surface -1.80+0.04 -3.34+0.06
subsurface -2.14+0.04 -3.42+0.07
1 mm depth -2.39+0.04 -3.64+0.07
S. sediminis cell-free control surface -1.26+0.02 -3.38+0.03
subsurface -1.76+0.04 -3.18+0.05
1 mm depth -1.49+0.02 -3.86+0.06
Anoxic sediment surface -1.55+0.03 -3.50+0.06
subsurface -1.78+0.02 -3.34+0.05
depth -1.74+0.04 -3.27+0.04
Unaltered control 1 surface -1.94+0.04 -3.62+0.11
subsurface -1.88+0.03 -3.47+0.04
1 mm depth -1.77+0.04 -4,01+0.08
Unaltered control 2 surface -1.98+0.02 -3.18+0.07
subsurface -2.38+0.03 -3.14+0.06
1 mm depth -2.21+0.03 -3.24+0.03
Unaltered control 3 surface -1.66+0.02 -3.36+0.07
subsurface -2.58+0.03 -3.11+0.04
1 mm depth -1.44+0.03 -3.57+0.05

Discussion

Within the present study, the media of bacterial culturand sediment incubations underwent

RAAUAYOUG AYyONBI &5a with yhe IaflerSindidating Cag®verdaturation in all

al YLX §

a dzNJF |

incubations. As no similar effect was observed in the control media, the increases could have been

induced by either coral dissolution, or bacterial activity that was increasing alkalinity and could

consequently have facilitated sewtdary carbonate precipitation in the incubations. The latter

assumption was supported by cation withdrawal from the oxic incubation media over time, but no

related changes on sample surface structures were observed by SEM, arst@ddtl samples from
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the cleaning procedure displayed no signs of secondary carbonate nucleationqGamtitative pore

space analyses did not show distinct changes in sample porosity. Element mapping and carbon
isotope analyses reflected the natural variation in the respectibaracteristics of incubated
samples, control samples, and unaltered references. It is therefore apparent, that the observed
changes in the incubation media derived from bacterial activity. The present results display rather
weak effects (if at all) of hetotrophic bacterial activity on coral aragonitic carbonate under the

given experimental conditions. In the following we will discuss these observations in more details.
Microbial alteration of coral structure and geochemistry
Oxic incubations

Alcanivorax borkumensis cultures were incubated with coral specimens at two different
temperatures: The 10°C incubation reflected the temperature of the organism’s natural habitat (i.e.
11-12°C, Ellet and Jones, 1994), the 20°C incubation was an approximatian dokumensis
optimum growth conditions (2B80°C, Yakimov, et al., 1998). Media of both the 10°C and the 20°C
AyOdzol GA2Y RAALI I 8 SR fuagond WitkRigher valugsONER 2GS inclibdtiont | |y
compared to the 10°C regime (Figs. 1A, B; 2AABecent study showed tha. borkumensiss
capable of precipitating biofillassociated highMg calcite (Krause et al., 2014b). Divalent cation
concentrations and ratios, foremost in the 20°C medium, indicated bacterial withdrawalf G4

and Sf" from the media and subsequent carbonate precipitation. Looseaggjtegates and biofilm
fragments were visible in samples retrieved from the catabning procedure of bothA.
borkumensigulture media. In case of secondary carbonate precipitation,iaswstalline spherulites

or dumbbelishaped structures should have been present in the samples, but no signs for
precipitation were detected (Fig. 6). The cation withdrawal presumably was based on cation binding
through EPS and bacterial cell walls: Dintsation complexation by EPS electrostatic binding sites
was reported by Liu and Fang (2002), ah&é EPS of bacterial biofiims mediates carbonate
precipitation through interaction of metabolically induced alkalinity gradients and the cation
scavenging dlity of EPS functional groups (Pentecost, 1985; Decho, 2B@ihermore, an increase

in medium pH induces a net negative charge of bacterial cell walls (Konhauser and Riding, 2012) that
enhances the bacterial capacity for cation adsorption (Yee and, R2€@1). For equilibrium
conditions, the anionic bacterial surface ligands in the 20°C culture would facilitate enhanced cation
binding, and the pH and TA increase in the medium would have amplified the precipitation process.
Consequently, CaG@recipitation by A. borkumensifollowing colonization of coral sample surfaces
was plausible, with the decreasimgtion concentrations in the 20°C culture medium displaying the

onset of precipitationln the 10°G\. borkumensigicubation, Mg*and C&’ concentratons remained
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stable, while St was withdrawn from the media, and specificifpr cation species of EPS
electrostatic binding sites has been suggested by Guibaud et al. (20@8)herefore possible that

SF* was the cation species foremost scavenged by the bacterial EPS. Furthermore, having the lowest
hydration enthalpy of the herein examined cation specie$,iSipreferentially prone to bind to cell

wall functional groups, relative to Mgor C&". The oberved growthtemperature related
differences in cation scavenging suggest a hierarchy in cation scavenging prior to precipitation,
where St*is the first cation complexed by the bacteria, followed by @ad Md@". The stained cell
aggregates and biofilfragments displayed no signs of secondary precipitation (Fig. 6) and no other
polymorph than aragonite was detected by RAMAN analyses (Fig. 11). While analysis of the pCT
scans of the sample exposed to the 2@ horkumensigncubation revealed a porspece increase

of approx. 5% after the incubation (Table 2), the SEM micrograph showed no obvious dissolution
characteristics (Fig. 5), and no related decrease in cation concentrations was detected through EMP
mapping or KXRF analyses of the respective samfiigs. 7, 9) However, EMP maps displayed a
decrease in Ca concentration in cosaimples from the 10°&. borkumensigncubation (Fig. 7) and

an increase in phosphorous concentration was observed at sample sites close to the areas of
decreasing cation cwentration. The determined deviations, specifically in phosphorous
concentration, were close toor below detection limit, and rim artefacts, due to the phosphorous
content in the embedding resin in general cannot be ruled out. However, as thevalélbuter
membrane of grarmegative bacteria consists of phospholipids, and bacterial biofilm EPS contains
phosphodiester bound DNA, the increase in phosphorous concentration could reflect bacterial
samplesurface colonization in the respective areas. If thaswhe case, cell death in the exceedingly
growing culture could have led to a related release of weak acids that in turn would have induced
initial dissolution on the coral surface, and subsequent opening of pathways for reactive fluids and

bacterial ceb.
Anoxic incubations

¢ KS AYONEBI &S aahnf todgelihed with the ihcsedsingl€aand St* concentrations in the

S. sediminisulture medium prior to medium exchange, hinted at carbonate dissolution. As the Sr/Ca
ratio in the medium remained stable during the incubation, the dissolution rate was probably
constant (Fig. 3)S. sediminiss capable of chitin hydrolysis and subsenufermentation of the

chitin monomer Nacteylglucosamine (Yang et al., 2006; Rodionov et al., 2010). Chitin is an integral
part of the aragonitic organic matrix that provides a template for biomineralization processes
(Watabe, 1985; Weiner and Addadi, 919 Ehrlich, 2010), and a predominantly chitin containing
organic matrix was isolated from aragonitic parts of the scleractinian ¢uellopora damicornis

(Wainwright 1963). Hence, degradation of the coral organic matrix thrdbigeediminighitinase
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activity could have induced partial dissolution of coral samples during the present experiments.
However, recent studies on scleractinian corals, including those of the genus Porites, reported the
mucopolysaccharide glycosaminoglycan to be the dominantnicgenatrix constituent in various
species (e.g. Constantz and Weiner, 1988; Fricain et al., 2000; Puverel et al., 2005), and the exact
corakmatrix composition is yet unresolved for many genera. In addition, no deacetylase activity has
been reported forS.sediministo date. Furthermore, the &; content measured in the bulk aragonite

of coral samples was low (i.e. 0.04%) and samples chosen for the incubations were free of outer
organic remains that could have provided a carbon source for the bacteria. While SEM micrographs
showed no signs of sendary carbonate precipitation on the coral sample (Fig. 5), a-ppeee
decrease of approx. 7% after the incubation was determined by analysis of@iegcans (Table 2).
EMP mapping displayed no change in Ca or Sr concentrations in the exposed saaphatwould

reflect either secondary precipitation or dissolution (Fig. 8). Hence, both-gimaee increase and the
increase in Ca and St concentrations in the medium remain unresolved, unless dissolution has
taken place in areas other than those exaed (e.g. deeper pore regions) that would account for the
latter. The observed decrease in Mgoncentration in the medium might reflect the extensive
growth of the S. sediminigulture: An early study by Webb (1968) reported a high affinity of gram
negative bacteria for Mg uptake, specifically during their exponential growth phase. Considering
the function of Md" as the cefactor for DNA polymerase, andvgn the increasing. sediminisell
density, selective bacterial Mguptake would be plausible

In the anoxic sediment incubation, TA values were high, but only slightly increased throughout the
SELISNAYSyilod | Sy0Ss (KS Qadppardtpis rélated to b ificBeashiy ONS | &
Cd&" concentration over time (Fig. 4). The simukaus increase in Srconcentration hinted at
aragonite dissolution. However, analysis of th€Ti scans did not support this observation (Table 2),
and neither EMP nor uXRF mapping displayed a decrease in coral aragonite Ca and Sr concentration
in sampleparts exposed to the anoxic sediment (Figs. 8, 18pparently the availability of labile
organic carbon in the fertilized sediments made it unnecessary for the bacteria to approach the hard
to obtain coral organic carboifhe majority of anaerobic baatal organic matter degradation leads

to an alkalinity increase in the sediment, where respiratory H@Ogenerated by denitrifiying
bacteria, Mr and Fereducing bacteria, and sulfate reducers. The latter are furthermore regarded as
major contributors o elevated environmental pH and alkalinity values due to their additional
withdrawal of the bacterial fermentation products hydrogen and formate from the system (Gallagher
et al., 2014). The entirety of these processes is reflected by the changes in medium| AagRie K

and, apparently, lead to the same trends in the sedimemttrol incubation. However, the increase

of C&"and St* concentrations observed in the sediment was not observed in the sediment control.

Given that both incubations derivedofn the very same bulk sediment, a similar share in carbonate
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constituents can be assumed. Dissolution of sedirdarived carbonate (i.e. aragonite) should
therefore have been reflected in medium divalent cation concentrations of both the anoxic

sediment,and the anoxic sediment control.
Isotopic composition

Skeletons of hermatypic corals in general display a high variability in carbon isotopic composition,
caused by rates of symbiotic photosynthesis to respiration. If photosynthetic rates are high,
enhaned '°C fixation through zooxanthellae leads to the subsequent us&ofor coral calcification

(for a comprehensive review, see Swart, 1983). The present dataset reflects this variability to a
certain degree. However, coral samples exposed to the X°rkumensisincubation showed
increasing *°C values from the pristine, deeper sample parts to the exposed surface parts, relative
to the cellfree control and unaltered samples. Thé’C values recently reported fonodern Porites
species in the Gulff)Agabarange from-1.25: to -3.37: (AFRousan and Felis, 2012), and both
subsamples taken from the surface of the 108Cborkumensisample exceeded the maximum
reported value by far-0.94 + 0.04 and -0.39 + 0.03 0 ®urthermore, deviations from the
presumable pristine areas at 1 mm depth to the exposed/outmost surface lie between 0.23 and
0.23: in the celifree control sample and the unaltered reference samples, values in the A0°C
borkumensissample deviate between 1.49 and 2:04 However, the p vake > 0.05 obtained from

the t-test displayed no significant difference betweanborkumensisample and any of the control
samples. The *®0 values of incubated and control coral samples lie at the lower end of values
reported for Poritesspecies €.74t0 -3.81: T D NZ ( ( 2 {-1A85 to+3.60¢p BAFRoysE et al.,
2002), but no trends in the spatial isotope distribution from pristine inner, to exposed outer areas
was observed. Hence, bacterial activity during the experiment apparently was not refiiectad

samples” oxygen isotopic composition.
Conclusions

The present data did not confirm an alteration pattern that is simply transferrable from bivalve
(Lange et al., inrevision) to coral aragonite, nor did the comparably large sample surfacecofahe
compared to the bivalve lead to enhanced coral carbonate alteration by bacteria from any incubation
setup. The crucial factor appears to be the relatively low fraction of available organic carbon in the
coral sampleswith a mean of 0.04%) compardd the bivalve shell samples (with a mean of 3%
including periostraca, and 0.4% in the bulk aragonBagsed on the medium divalent cation data, the
degree of alteration (i.e. carbonate precipitation) potential in the oxic incubation w#th

borkumensisncreased with growth temperature. However, this was not supported by structural,
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geochemical, or isotopic corahmple analyseshich is probably owed to the short incubation time

of only 25 days. Given the changes in carbonate chemistry of all inculvaéidia, but the cell free
controls, over time, it could be hypothesized that coral aragonite might be prone to bacterial
alteration within a longer experimental duration. The apparentMgptake ofS. sediminisver time

further suggests a susceptibiliof organierich calcitic structures to bacterialiyediated alteration.

The observed subtle changes within a short time span could, over geological timescales, have an
enhanced effect on coral structure and geochemistry. Within the present study, howewss,such
alterations were detected, which leads to the final conclusion that orgpodar coral aragonites
selected in this study appear to be less susceptible to microbial alterations compared to the more

organicrich shells ofA. islandica
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Abstract

Foraminiferal tests are frequently applied archives for paleoenvironmental research, andgaast
surface temperatureOl'y ©6S RSRdzOSR TNRY O2YoAy&®RHoweidrt @3S a
both planktonic and benthic foraminifera undergmstmortem depostion in marine sediments.
Here, products of microbial metabolic redox processes induce conditions in the proximal
environmert that either foster CaC¢precipitation or-dissolution. The structural and geochemical
imprint of these processes on foraminifersdsts may compromise the interpretation of these
archives. Within the present study, bulk planktonic and benthic foraminiferal tests were incubated in
oxic and anoxic bacterial culture media or anoxic sediment slurries over a time span of two months.
While tests incubated in the anoxic bacterial incubations or the anoxic sediment showed no signs of
alteration, the tests incubated in an oxic medium, containing a culture of the carbonic anhydrase
bearing bacterial straimlcanivorax borkumensi8K2, were sistantially overgrown by secondary
carbonate precipitates. The respective incubation medium displayed a distinct increase in foremost
¢! I ofRandwithdrawal of M, C&*and St* over time. In the celfree control incubation, no
corresponding deslopment was observed, and control tests were not affected. The distinct
alteration of foraminiferal tests byA. borkumensisiuring only two months indicate a potential of
carbonic anhydrase bearing bacteria in general to compromise the explanatory pdwbese

archives.
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Introduction

Foraminifera are ubiquitously distributed in the marine realm, and while these highly diverse protist
organisms cover planktonic as well as benthic habitats, the majority of modern Foraminifera
experience aenthic lifestyle (Gupta, 1999). The habitats of benthic foraminifera comprise a wide
range of sediment depths of varying organic content, with the correlation between organic carbon
(Gry flux and abundance being specispendent (Altenbach, 1999; Mulya 2006). Besides
foraminiferal diversity and ample distribution, their prominent fossil record makes them subject to a
wide range of paleocenvironmental studies (e.g. Savin and Douglas, 1973; Belanger et al., 1981;
Graham et al., 1981; Nagler et al., 200grtin et al., 2002 Creech et al., 2010) and the adaptation
capability of some foraminiferal species to oxygen minimum zones is foremost of interest in the
reconstruction of past ocean bottom water oxygenation (Loubere et al., 1993Z#suliet al., 2008
Furthermore, the incorporation of Mgin tests is a function of temperature, therefore the
magnesium to calcium ratio (Mg/Ca) of foraminiferal test allows forssgéace temperature (SST)
reconstruction (Nurnberg et al., 199B|derfield and GansseB000)from which in turn paleacean
salinity and ocean circulation patterns can be deduced by analytic combination with the test’s
2E& ISy AYDP dompdiition (kea et al., 200Mowever, biological factors, such as the
gametogenesis during the sgad foraminiferal reproduction cycle or physiological control during
mineralization, can lead to variations of the Mgptake in foraminiferal tests (Nnberg et al., 1996;
Hastings1998). Furthermore, the Mg concentration in foraminiferal tests is taxospecies specific
(Blackmon and Todd, 1959; Lea, 2003), and highly inhomogeneous (Eggins et al., 2003). For example,
the Mg/Ca ratio in tests of symbiotitearing foraminifera differs significantly from that of symbiont
free species (Sadekov et al.,0&). Specifically benthic foraminiferal tests are subject to microbial
endolithic boring after settling in the sediment (Golubic et al.,, 1984; Peebles and Lewis, 1988).
Additionally, early diagenesis can abiotically alter traf@ment concentration and @dopic signature

of both benthic and planktonic foraminiferal tests during lifetime and post mortem, e.g. through
cation exchange (Towe and Hemleben, 1976), cementation (Mitchell et al., 1997), and non
stoichiometric reprecipitation (Kozdon et al., 2013fostmortem, foraminifera are subject to a
redox zonation in marine sediments. The availability and energetic yield of electron acceptors for
metabolic redox processes determines the distribution of microbial communities in marine
sediments: In the oxicone of the sediment, aerobic organic matter degradation generatesa@@®
consequently an acidic proximal environment. The energetically next favorable electron acceptor for
metabolic redox reactions is NQvertically followed by Mn(1V), Fe (1l1), arﬂfS(FroeIich et al,,
1979; Jorgensen, 200®rcutt et al., 2011). The related anaerobic reductive metabolisms generate

metabolic HC®, thereby fostering alkaline (mictpenvironmental conditions, and further increase
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in alkalinity is induced by methagens that withdraw COfrom the system for methanogenesis.
Hence, benthic microbial metabolism and the respective metabolic products either create
environmental conditions that potentially support carbonate dissolution or precipitation, and could
thereby substantially alter the properties of biogenic carbonates after deposition in marine
sediments.

In two previous studies, bivalve or coral aragonitic hard parts, respectively, were incubated in
bacterial culture media and anoxic sediments (Lange et alevision). Results showed distinct
bacterial alteration effects in bivalv&hell surface structure and geochemistry, while no comparable
impact was observed on coral samples. The main underlying factor apparently was the low share of
organic carbon in thecoral carbonate (0.04%) compared to that of the bivalve shell (3%).
Foraminiferal tests have a,fshare of about 1%. Given, that the thickness of foraminiferal tests
varies between only 20 and 5@m, the organic constituents are comparably easy to appnofor
bacteria. Furthermore, the high surface to volume area of bulk tests would expectedly increase the
reactive surface for bacterial activity.

To investigate the susceptibility of foraminiferal tests to bactdriduced alteration, in the present
study bulk foraminiferal tests were exposed to a culture of the aerobic bacterial sdaamivorax
borkumensisSK2, the anaerobic bacterial straiShewanella sediminislAWEB3, and aranoxic
sediment slurry A recent study by Krause et al. (2014) reported carbanitydrase activity foA.
borkumensiswhich induced increasing alkalinity, supersaturation with respect to ¢a@® the
subsequent precipitation of highlg calcite.S. sediminisiydrolyzes chitin plymers by means of a
chitinase and subsequently oxidizes and ferments the resulting monoraetdylglucosaminéYang

et al., 2006; Rodionov et al., 2010his could consequently lead to degradation of the carbonate
associated organic matrix and to subsent CaCe@dissolution. Thereby, both bacterial cultures
account for a potential to alter biogenic carbonate archives.

The experiments within this study were conducted to answer the following research questions: (i)
Are foraminferal calcitic tests pron® postmortem aerobic and anaerobic microbial alteration in
sediments, with regard to test structure and/ogeochemistry? (i) If so, will the alteration
characteristics compromise paleoenvironmental (i.e. foremost paleotemperature) interpretation of

these archives?
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Methods

Seawater sampling and treatment

Natural North Sea water for the incubations was sampled during R/V Heincke cruEl lButh

east of Heligoland (54° 06" N, 008° 00" E). The seawater was subsequently stored in a bulk container
(IBC) at 10°C and oxygenated with an EHEIM compact 600i@quaump (EHEIM, Deizisau,
Germany). Prior to the experimental stadeawateraliquots were sterilized with an UV water
sterilizer (Wiegandt GmbH, Krefeld, Germany), and filtered through a 0.2 um Whatman PoRiap

AS Filter (GE Healthcare Life ScienBaskinghamshire, UK).

Anoxic sediment slurries

Anoxic sediment samples were obtained with a multicorer on board R/V Alkor during cruise AL 473 in
GKS OSyidNrt .FftGAO {SI+ oD2GflyR 5SSLJ prsondc b
Samples were extricated from organic debris and stored.8t@ in sediment cores closed with

sterilized butyl rubbers. For slurry preparation, the North Sea water with a salinity of 33 was diluted

to a salinity of 11.5, equivalent to th&otland Deep samplingtation where the sediments were

retrieved: Prior to he incubation, 500 ml seawater were diluted with 9 aliquots of 100 ml deionized,

sterile water. After every dilution step, pH and TA were controlled.
Foraminifera sampling and preparation

Foraminiferal samples were obtained during Meteor cruise M77/1 ludf coast of Perul(® 13.3 S,

78° 35.6 [Eat a water depth of 640 m and a sediment depth df &m with a multicorer in November

2008. After extraction from the obtained sediment cores, the samples were transferred to-Whirl
tF1xn LI &GAO otempetatule BiR°Clfo® tuither brdceetling. The surface sediment

al YLX $&4 O2NNBaLRYyRAYy3 G2 GKS (2L) OSYydGAYSGSNI g SNE
mix of hardshelled planktonic and, foremost, benthic specimens were subdivided into-sgjrEn

fractions of 63125, 125250, 250315, 315355, 355n n 1< YR Bnan >Y | yR 1 SLIX
room temperature for further proceeding. For the experimespecimenswith a size 0400 um

were chosen for determination of possible surfadéeration effeds. The tests were divided in 6

groups of 55 mg each and transferred to sterile petri dishes. Prior to incubation, the tests were
soaked in 70% ethanol for 1 week to ensure that no life bacterial cells from the tests were present in

the experiment. Tests &re subsequently dried at 40°C, and stored in sterile plastic vials. Gaze with a

mesh size of 100 pm was sewn into sachets of 3x3 cm size. One corner of each sachet was left open

to allow for transfer of the tests to the sachets. Filling of the sachetsdwas with sterile Eppendorf
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pipette celtsaver tips (Eppendorf, Hamburg, Germany), and the open sachet corners were closed
with the remaining sewing thread. The filled sachets were transferred to sterile petri dishes, soaked

in 70% ethanol for three daydried at 40°C, and stored at room temperature for further proceeding.
Bacterial culturing and incubation procedure

Shewanella sediminldAWEB3 andAlcanivorx borkumensiSK2 cultures were obtained from the
Leibniz Institute DSMZ German Collection of Mroorganisms and Cell Cultures (Braunschweig,
Germany). TheS. sediminisculture was inoculated in DSMZ medium 514 with the following
composition (g1): peptone, 5; yeast extract, 1; Fe(lll) citrate, 0.1; NaCl, 19.45;, MGELO, 12.6;
NaSQ, 3.24; @C} w2H,0, 2.39; KCI 0.55; NaH£0.16; KBr, 0.08; SpC0.034; HBG;, 0.022; NaF,
0.0024; (N®NG;, 0.0016; NgHPQ w2H,0, 0.01; and 2.9 ul Nsilicate. Anoxic conditions were
established by purging of sterile culturing vials ameédium with N/CG, gas (80%/20%), medium pH
was adjusted to 7.8. The culture was grown at 10°C in the dark. From the third generation on, the
culture was transferred to a sterile seawatmedium in sterile, butytubber sealed glass vials. The
medium was purged with Nand contained 100 mg'iadditional Fe (lII) citrate, 1000 myeast, and

200 pl Resazurin as redox/oxygen indicator. The DSMZ medium 514 was further used for growth of
the A. borkumensisulture with addition of 1% pyruvate. Culturing was carried owtérmile culturing

vials under ambient oxic conditions at 20°C. From the third generation on, the cultures were
transferred to sterile glass vials containing sterile seawater with additional 100 fg (Ill) citrate,

1000 mg 't yeast, and 1% pyruvate.

For the S. sediminisncubation, flasks were containing 900ml sterile seawater medium with an N
headspace of 0.2dy above atmospheric pressuréen ml of theS. sediminisulture were inoculated

into the medium in sterile butytubber sealed 1 | Duran 8&s at the experimental start. Controls
contained the same seawater medium without bacterial cells. For the experimental duration, both
incubations were kept at 10°C in the darkTen AvBBorkumensigulture were inoculated into the
medium in sterile 1 | Dain flasks. Flasks were closed with sterile cotton plugs after inoculation of the
bacterial culture. The control contained the sterieawater medium without bacterial cells. Each of
the bacterialculture media and the respective controls contained onéhsaavith foraminiferal tests
hanging in the media. Both the incubation and control were kept at 20°C throughout the
experimental duration. Due to extensive cell growth, two third of theborkumensisnedium were
exchanged on day 48 to prevent cell deaththie culture. After contamination of the initial controls,

the control runs were repeated for all incubations and sampling of the control media was conducted
on a twoweek basis.

The final anoxic sediment slurries contained 300 mg sediment with a stdréiiquot of 600 ml

seawaterdeionized water mix each, and 200 pl sterile Resazurin was added to each of the
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incubations as a redox/oxygen indicator. Slurries were transferred to two sterile 1 | Duran flasks,
closed with sterile butyl rubbers, and purgadth N, gas to ensure anoxic conditions. The anoxic
sediment incubation contained a sachet with foraminifera, deposited on the sediment surface, the
control contained a 900 mg aliquot of the slurry without foraminiferal tests. Both incubation set ups
hadan N headspace of 0.2 bars above atmospheric pressure. The incubations were kept at 10°C in
the dark throughout the experimental duration and the flasks were smoothly pivoted every other
day. After the incubation period, the sachets with the foraminfeesits were carefully rinsed with
sterile seawater, followed by ultraurified water with a pH adjusted to ca. 8 with JHdolution.
Sachets and tests were dried in parafiimaled Petri dishes at 40°C. The dried tests were discharged

of the sachets, and we stored in petri dishes at room temperature for upcoming analyses.
Media carbonate system and seawater geochemistry

Sampling for all seawater medium parameters was conducted on a regular basis (daily to weekly).
Medium pH was measured with a Schott hstents Lab 850 pH sensor (S| analytics GmbH, Mainz,
Germany). The pH meter was calibrated with reference solution buffe¥god, L 4796, L 4798|
analytics GmbH, Mainz, Germany) according toRhgsikalisciTechnische Bundesanstalt (PTB) and
the Natimal Institute of Standards and Technology (NIE®).total alkalinity measurements, open

cell titration of 0.5 ml samples with 0.01 M HCI in a titration vessel after Pavlova (Patlala

2008) was conducted, using a Metrohm 876 Dosimat pkisMetrohm, Florida, USA). The TA
measurements were calibrated with IAPSO seawater standard. During titration, the vessel was
continuously purged with Nto strip released COfrom the samples. The saturation state of
aragonite Kaagonid Was calculatedafter Zeebe and WolGladrow (2001) For measurements of
dissolved inorganic carbon (DIC) 1.8 ml samples were treated with 10 plddgCated solution in a

2ml glass vial, crimp sealed and stored at 4°C for further procesBiltg).concentration was
determined as CQvith a multi N/C 2100 analyzer (Analytik Jena, Jena, GermEmg)detection limit

was 0.1 ppm with a precision of 2%or minor and traceelement concentrations 1 ml medium
samples were acidified with 0.1 ml HN®prapuf® (1/100 v/v)in a 2 ml cryo vial and stored at 4°C

for further processing. Divalemtation concentrations were measured by inductively coupled plasma
atomic emission spectroscopy (MBES JY 170 ULTRATRACE, HORIBA, Kyoto, Japan). The detection
limit was 2 mgtfor C&*, 6 mg 1 for Mg?* and 25 ug for SF*, with a precision of 2%.
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Test structure and elemental composition

All incubated tests and neimcubated reference samples were examined by means of scanning
electron microscopy (SEMAnd electroamicroprobe (EMP) mapping pestcubation. For SEM
analyses, sample surfaces wea@-dried and sputtercoated using a platinum/gold target. SEM
AYF3S&a 6SNB | OljdzANBR (i mp inappidgyas agpliedttddeterminef A f | Y &
element distribution in relation to the surface structures observed by SEM. The mapping was
conducted with a JEOL JXA 8200 Electron Probe Microanalyzer (JEOL Ltd., Tokyo, Japan). Prior to the
mapping the tests were embedded in epoxy resin (Araldite® 202@tskian, Texas, USA) and dried

over night at 50°C. The resin was ground on the next day, using Hermes water grinding papers
(P1200, P2400 and P4000) at a pressure of 25N. Each grinding step was followed by cleaning and
drying of the samples with deionizedater and pressurized air, respectivel$ample polishing was
conducted with different grain sizes of alursdica and diamond paste, and the sample surfaces

were subsequently cleaned in a supersonic bath for a few secdrus.maps were obtained by
wavelength dispersive spectrometry (WDS) mode, and repeated to gather 8 accumulations of the
selected area. Standards (Calcite, KAN1-2V6&trontianite A2_modernCoral) were measured prior

and after mapping to calculate element concentrations. For quantitatieeelength dispersive
analyses the element concentrations were subsequently measured along a mapping area of 600 pum
parallel to the exposed rim of the sample x 300 um in the direction ofexmosed, inner sample

parts, simultaneously measuring Mg (TAP), k& (TAP, Strontianite), Ca (PETJ), P (PETH) and S
(PETH). The measurements were conducted at a beam current of 50 nA with a beam spot size of 3

um. Accelerating voltage was set to 15 kV.
Results

Oxic bacterial culture medium

The pH in theA. borkumensigulture medium increased from initial 7.2 to 8.4 on day 48 (before
medium exchange). After the medium exchange the pH increased from 7.7 to 8.0. Total alkalinity
increased from 4.2 to 17.0 mmol k@n day 48, and increased from 9.2 to 23.2 mmot kffer
SEOKI y3ISsS 2F (KS YSRaldeY incbe@skdfdm Mtb 65dn dayK4B, aftl from 23
after the medium exchange to 44 at the end of the experiment (Fig. 1B). Thechhentration
decreased from 51.8 to 50.1 mmdiprior to medium exchage and varied between 49.5 and 49.9
mmol I' afterwards (Fig. 1C). The*Ceoncentration decreased from 10.0 to 9.3 mmibbh day 48

and further decreased to 9.2 mmot &t the end of the experiment (Fig. 1D). Initial mediurf" Sr

concentrations of 78.3 umof becreased to 70.7 umof bn day 48 and increased to 73.0 punibht
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the end of the experiment (Fig. 1E). The Mg/Ca ratio increased from 5.2 to 5.5 on day 48 and from
5.3 to 5.4 after the medium exchange (Fig. 1F). ThéSMmtio increased from 0.66 to 0.72, and
after day 48 from 0.67 to 0.68, while values of the Sr/Ca ratio were between 7.8 and 7.9, with a drop
to 7.6 after the medium exchange (Fig.G, H). In thefi@d! control, the pH slightly decreased during

the experiment from 7.6 to 7.4 and TA alternated at values between 2.3 and 2.8 mm¢Fkg 1A).

¢ K Saciddalue varied between 1 and 2 (Fig. 1B). Thé Mancentrations in the cefree control

were decreasing from 52.5 to 49.8 mmid(Fig. 1C), Gconcentrations decreased from 10.3 to 10.2
mmol I' (Fig. 1D) and ST concentrations were alternating between a minimum of 80.6 prilarid

a maximum of 84.3 pmot'I(Fig. 1E). The Mg/Ca ratio was constant at around 5.1 (Fig. 1F), and the
Mg/Sr ratio & around 0.63 (Fig. 1G). The Sr/Ca ratio went from an initial 8.04 to 8.13 at the end of
the experiment (Fig. 1H).
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Figure 1. Medium chemistry of theA. borkumensisncubation: Temporal development of (A) pH (circles) and Total
Alkalinity (TAp & lj dzl N&4(GE) divalénicaion concentrations, and {H) divalentcation ratios. Solid symbols show

bulk-medium values, open symbols show control values. Red lines indicate the medium exchange on day 48.
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Anoxic bacterial culture medium

During the experiment, no change in the added resazurin indicator from colorless (anoxic conditions)
to pink (partial or fully oxic conditions) was observed. The pH irBtheediminisnedium alternated
between 6.8 and 7.0, TA values increased from 2.2.8® and 4.4 mmol kbat the end of the
SELISNAYSY(l oO06CAID H! 0P ¢KS YSRAdZY 6| dcacdefTURANE | § dzNI
the experimental start and increased to 1 and 0.7 at the end of the experiment (Fig. 2B). The Mg
concentrationswere around 50.0 mmol 1 until day 43, where they decreased to 49.0 mmb{Fig.

2C). The Chconcentrations increased from 9.8 to 10.2 mmbahd decreased to values of 9.9 mmol

I* at day 43, and 9.8 mmot ht the end of the experiment (Fig. PDThe St concentration increased

from initial 77.1 to 85 umolYion day 35 and decreased to 82.9 and 82.4 pmaitlthe end of the
experiment (Fig. E). The pH in the ¢ede control had values between 7.1 and 7.2, and TA values
were between 2.3 an@.6 mmol kg with a peak of 2.9 on day 48 but without a visible trend (Fig.

H! 0 ® cgieBectdd undersaturation in the medium with values between 0.4 and 0.6 throughout

the experiment (Fig. 2B). Initial Kfgconcentrations in the control fluctuat between 51.9 mmol

52.5 mmol T and 50.7 mmol ' towards the end of the experiment (Fig. 2C). Th& Eancentrations

were between 10.0 and 10.3 mmél! (Fig. 2D), and the 8rconcentrations decreased from 83.9 to

80.2 umol T (Fig. 2E). The M@a and Mg/Sr ratios were constant throughout the experiment with
values of 5.1 and 0.6, respectively, (Fig. 2F, G) the Sr/Ca ratio slightly decreased from 8.1 to 8.0 (Fig.
2H).
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Anoxic sediment

During theexperiment, no change in the added resazurin indicator from colorless (anoxic conditions)
to pink (partial or fully oxic conditions) was observed. The pH in the asediment incubation
decreased from initial 8.1 to 7.8 and-established at 8.1, TA ireased from 2.5 to 4.7 mmol Rg

0 CA 3 d,eincneabded Hom 3 to 6 on day 62, and decreased to 4 on day 69 (Fig. 3B). The initial
Mg®* concentration of 18.4 mmol*ldecreased to 17.4 mmot|(Fig. 3C). The €aoncentrations

were between 3.7 an@.8 mmol T throughout the experiment (Fig. 3D), and thé*Soncentrations
decreased from initial 29.5 pmot to 28.9 umol T at the end of the experiment (Fig. 3E). The Mg/Ca
ratio decreased from 4.9 to 4.6 (Fig. 3F), the Mg/Sr ratio remainedestth0.6 (Fig. 3G), and the
Sr/Ca ratio decreased from 7.9 to 7.7 at the end of the experiment (Fig. 3H). In the-sedxment
control, the pH was between 8.0 and 8.1 throughout the experimental duration, and TA increased
from 2.1 to 4.7 mmol K{Fig. 3 0 ® & Kilcredsed from 2 to 5 (Fig. 3B). The’Mmpncentrations
decreased from 18.3 to 17.4 mmdl (Fig. 3C), the Gaconcentrations had values between 3.7 and

3.8 mmol T (Fig. 3D), and the 8rconcentrations slightly decreased from 29.428.9 pmol t at the

end of the experiment (Fig. 3E). The resulting Mg/Ca ratio decreased from 5.0 to 4.6 (Fig. 3F), the
Sr/Ca ratio remained at 0.6 (Fig. 3G) and the Sr/Ca ratio decreased from 8.0 to 7.7 (Fig. 3H).
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Test surface structure and elemental composition

Foraminitral tests incubated in thé. borkumensigulture medium were extensively covered with
carbonatelike structures (SEM micrographs, Fig. 4A). SEM micrographs of the samples incubated in
the S. sediminiculture (Fig. 5A) or the anoxic sediment (Fig. 6A) showed no signs of surficial
alteration reldive to the respective controls (Figs. 5B, 6B). Electron Microprobe mapping of the
incubated tests displayed an increase of Mg and, foremost, Ca in tests frorA.therkumensis
culture medium relative to mapped values of the samples from thef#l control (Fig. 7A, B). No
deviation in element concentration was detected via EMP mapping of samples fro8 sediminis
culture, relative to the respective control (Fig. 8A, Bapped element concentrations of samples
incubated in the anoxic sediment displayed an increase in Mg concentrations along the inner organic

lining of one sample, relative to the unaltered reference (Fig. 9A, B).
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Figure 4.Scanning Electron Microzpy (SEM) micrographs of foraminiferal tests incubated in (AptH®rkumensis
culture, and (B) the ceftee control.
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Figure 5.Scanning Electron Microscopy (SEM) micrographs of foraminiferal tests incubated in $Aséuminisulture,
and (B) the ceffree control.
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Figure 6.Scanning Electron Microscopy (SEM) micrographs of foraminiferal tests. (A) Tests incubated in the anoxic
sediment, and (B) unaltered reference samples.
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Figure 7.Electron Microprobe maps of Mg, Ca and Sr in foraminiferal tests incubated in (A) bloekumensisulture, and
(B) the celifree control. Maps show intensity in counts per second.
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Figure 8.Electron Microprobe maps of Mg, Ca and Sr in foraminiferal tests incubated in (8) $leeiminisulture, and (B)
the celHree control. Maps show intensity in counts per second.
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