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ABSTRACT

The earliest diagenetic post-mortem exposure of biogenic carbonates at the sea

floor and in the uppermost sediment column results in the colonization of

hard-part surfaces by bacterial communities. Some of the metabolic redox pro-

cesses related to these communities have the potential to alter carbonate shell

properties, and hence affect earliest diagenetic pathways with significant con-

sequences for archive data. During a three-month in vitro study, shell subsam-

ples of the ocean quahog Arctica islandica (Linnaeus, 1767) were incubated in

natural anoxic sediment slurries and bacterial culture medium of the hetero-

trophic Shewanella sediminis HAW-EB3. Bulk analyses of the liquid media

from the Shewanella sediminis incubation revealed an over ten-fold increase

in total alkalinity, dissolved inorganic carbon and OAragonite, and the alteration

of the Mg/Ca, Mg/Sr and Sr/Ca ratios relative to control incubations without

cultures. Ion ratios were most affected in the incubation with anoxic sediment,

depicting a 25% decrease in Mg/Ca relative to the control. Shell sample sur-

faces that were exposed to both incubations displayed visible surface dissolu-

tion features, and an 8 wt% loss in calcium content. No such alteration

features were detected in control shells. Apparently, alteration of shell carbon-

ate properties was induced by microbially driven decomposition of shell inter-

crystalline organic constituents and subsequent opening of pathways for pore

fluid–crystal exchange. This study illustrates the potential influence of benthic

bacterial metabolism on biogenic carbonate archives during the initial stages

of diagenetic alteration within a relatively short experimental duration of only

three months. These results suggest that foremost the biological effect of bacte-

rial cation adsorption on divalent cation ratios has the potential to complicate

proxy interpretation. Results shown here highlight the necessity to consider

bacterial metabolic activities in marine sediments for the interpretation of

palaeo-environmental proxies from shell carbonate archives.

Keywords Alteration, aragonite, bacteria, carbonate, diagenesis.
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INTRODUCTION

Marine biogenic carbonates represent one of the
most important archives in palaeo-environmen-
tal reconstruction (Dodd, 1963; Williams et al.,
1982; Wilson & Opdyke, 1996; Sch€one, 2013;
Immenhauser et al., 2016). After deposition on
the sea floor, these archives are subject to dia-
genetic processes including organic matter
degradation and neomorphism, as well as iso-
topic and elemental exchange with the environ-
ment. Traditionally, research on early carbonate
(CaCO3) diagenesis in the marine realm has pri-
marily focused on abiotic factors (Bathurst,
1975; Berner, 1980; Swart, 2015). Clearly, this
approach has limitations in capturing all poten-
tial effects of early diagenesis, because carbon-
ates in marine sediments are exposed to
microbial metabolic activities that are acknow-
ledged (Walker, 1984; Nealson, 1997; Vascon-
celos & McKenzie, 1997; Riding, 2000) but
often not considered in detail. For example,
microbial micritization of skeletal and non-ske-
letal carbonates is known to contribute to car-
bonate alteration (Tucker & Bathurst, 1990),
and was found to influence stabilization and
cementation of shallow carbonate sands
(Hillg€artner et al., 2001).
Organic matter in marine sediments is subject

to a succession of heterotrophic microbial meta-
bolisms, which are thermodynamically orga-
nized along the Gibbs free energy yield (Froelich
et al., 1979; Jørgensen, 2006; Orcutt et al., 2011).
Metabolic products resulting from these pro-
cesses can shift the (micro-) environmental
chemistry to acidic or alkaline conditions and
support carbonate dissolution or secondary car-
bonate nucleation, respectively (Sotaert et al.,
2007). For example, corrosion of shell carbonate
was detected at the oxic–anoxic boundary layers
of hydrocarbon seeps as a result of microbial
aerobic oxidation (Cai et al., 2006; Himmler
et al., 2011) and a wide range of microbial meta-
bolic activity facilitates carbonate precipitation
(Greenfield, 1962; Chafetz & Buczynski, 1992;
Dupraz et al., 2004; Wright & Wacey, 2005;
S�anchez-Rom�an et al., 2007).
Numerous studies report the direct attachment

of bacterial cells to minerals through extracellu-
lar polymeric substances (EPS), which predomi-
nantly consist of polysaccharides (Sutherland,
2001). The attachment subsequently leads either
to mineral weathering (Paine et al., 1933; Decho
et al., 2005; Uroz et al., 2009; Krause et al.,
2014), excavation and etch pit formation (Davis

et al., 2007), or on the contrary to the inhibition
of etch pit formation and mineral dissolution
through detection of carbonate high energy sites
(L€uttge et al., 2005). Furthermore, microbial bio-
film EPS functions either as a precipitation-facil-
itating microenvironment (Aloisi et al., 2006) or,
in contrast, as an inhibitor of precipitation
(Decho, 2010). Kawaguchi & Decho (2002) exper-
imentally tested the influence of EPS on carbon-
ate polymorphism, 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 divalent cation

complexation (Beveridge & Murray, 1980; Kon-
hauser et al., 1993), and the EPS of sulphate-
reducing bacteria (SRB) was reported to specifi-
cally bind calcium ions (Braissant et al., 2007).
The latter group is known to induce carbon iso-
tope fractionation (Londry & Des Marais, 2003),
and evidence for a two-step fractionation pro-
cess in Ca isotopes by non-stoichiometric dolo-
mite-precipitating SRB has recently been
provided by Krause et al. (2014). Furthermore,
cation complexation by functional groups of
Gram-negative bacterial cell wall lipopolysac-
charides (LPS) was confirmed in previous stud-
ies (Schindler & Osborn, 1979; Coughlin et al.,
1983; Selvarengan et al., 2010). These findings
demonstrate the necessity for an improved
understanding of microbially induced carbonate
alteration in marine sediments during the earli-
est diagenetic stages.
Given its great diversity in marine sediments,

microbial activity has the potential to alter pri-
mary morphology, mineralogy and chemistry, as
well as isotopic and elemental composition of
biogenic carbonate archives, thereby possibly
affecting palaeo-environmental proxies. Alter-
ation can be induced in two manners: (i) by
microbial ‘mining’ for intrashell organic matter
(both intercrystalline and intracrystalline) with
all related dissolution, reprecipitation and neo-
morphic processes; and (ii) by increasing the
shell reactive surface of carbonate archives. The
latter process takes place via the disintegration
of intercrystalline organic matter, thus creating
pathways and enhancing fluid–carbonate reac-
tion rates.
In this study, a three-month in vitro experi-

ment was conducted, during which shell sub-
samples of the bivalve Arctica islandica were
incubated in either anoxic seawater medium
that contained the marine benthic bacterial
strain Shewanella sediminis HAW-EB3 or anoxic
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slurries of natural marine sediment. Arctica
islandica is a widely used archive for recon-
structing the more recent climate dynamics with
a focus on the North Atlantic domain. It is the
longest living non-colonial animal with a poten-
tial lifespan of over 500 years (Abele et al.,
2008; Butler et al., 2013). Passive diffusion and
uptake of seawater and carbonate ions as well as
the active transport of Ca2+ and Sr2+ into A. is-
landica hemolymph result in shell carbonate
precipitation in near isotopic equilibrium with
its environment (Sch€one, 2013; Shirai et al.,
2014). The endobenthic, burrowing lifestyle of
A. islandica accounts for immediate post-mor-
tem exposure to pore fluids and related earliest
diagenetic processes.
Out of the many bacterial species with meta-

bolic carbonate-alteration potential S. sediminis
HAW-EB3 (Zhao et al., 2005), a facultative
anaerobic, gram-negative, heterotrophic bac-
terium was chosen for the bacterial culture incu-
bation. As a psychrophilic organism, first
isolated from marine sediments off the coast of
Halifax, NS, Canada, S. sediminis is a represen-
tative of cold-adapted bacteria. This organism is
capable of oxidizing and fermenting N-acetylglu-
cosamine (Zhao et al., 2005), an integral con-
stituent of the bivalve shell intercrystalline and
intracrystalline organic matrix (Watabe, 1965;
Weiner & Addadi, 1991; Marin, 2012). While the
bacterial culture allowed for distinct experimen-
tal effects that could be assigned to a single bac-
terial species with fermentative metabolic
activity, the in vitro sediment incubation repre-
sented an anoxic sediment system with a natural
anaerobic benthic microbial community that
could foster carbonate precipitation processes
through metabolic generation of alkalinity.
In the context of this study, the following

research questions were addressed: (i) do micro-
bial metabolic processes in marine sediments
alter biogenic carbonates during sea floor and
shallow burial processes; (ii) if so, are alteration
processes recorded in crystal ultrastructure and
mineralogy, chemistry and isotopic composition
of biogenic carbonates; and (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 microbe–carbonate interac-
tion in the earliest marine pore water diagenetic
realm.

METHODS

Seawater medium and bacterial culturing

All incubations were carried out in media using
modified natural, fully marine seawater from the
North Sea. The seawater was sampled south-east
of Heligoland (54°060N, 008°000E) during R/V
Heincke cruise HE-411. The seawater was stored
in a bulk container (IBC) at 10°C and circulated
with an EHEIM compact 600 aquarium pump
(EHEIM, Deizisau, Germany) to allow for steady
oxygenation. Seawater aliquots for the experi-
ment were sterilized with a UV water sterilizer
(Wiegandt GmbH, Krefeld, Germany), followed
by filtration through a 0�2 lm Whatman Poly-
capTM 75 AS Filter (GE Healthcare Life Sciences,
Buckinghamshire, UK).
Shewanella sediminis HAW-EB3 was obtained

from the Leibniz Institute DSMZ – German Col-
lection of Microorganisms and Cell Cultures
(Braunschweig, Germany). The culture was
grown at 10°C in DSMZ medium 514 with the
following composition (g l�1): peptone, 5�0;
yeast extract for bacterial media (Carl Roth, Karl-
sruhe, Germany), 1�0; Fe(III) citrate, 0�1; NaCl,
19�45; MgCl2�6H2O, 12�6; Na2SO4, 3�24;
CaCl2�2H2O, 2�39; KCl 0�55; NaHCO3, 0�16; KBr,
0�08; SrCl2, 0�034; H3BO3, 0�022; NaF, 0�0024;
(NH4)NO3, 0�0016; Na2HPO4�2H2O, 0�01; and
2�9 ll Na-silicate (Table 1). Medium pH was
adjusted to 7�6 with 1 M NaOH. Prior to inocula-
tion, sterile culturing vials and medium were
purged with N2/CO2 gas (80%/20%). From the

Table 1. Composition of the bacterial culture med-
ium.

Component g l�1

Peptone 5�00
Yeast extract 1�00
Fe(III) citrate 0�10
NaCl 19�45
MgCl2�6H2O 12�60
Na2SO4 3�24
CaCl2�2H2O 2�39
KCl 0�55
NaHCO3 0�16
KBr 0�08
SrCl2 0�034
H3BO3 0�022
Na-silicate 0�004
NaF 0�0024
(NH4)NO3 0�0016
Na2HPO4�2H2O 0�01

© 2017 The Authors. Sedimentology © 2017 International Association of Sedimentologists, Sedimentology
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third generation on, the S. sediminis culture
was inoculated to sterile seawater medium con-
taining 100 mg l�1 additional Fe (III) citrate,
1000 mg l�1 yeast and 200 ll resazurin as
redox/oxygen indicator. Seawater medium was
purged with N2 and 900 ml was transferred to a
sterile 2 l gastight flat flange beaker with a final
1100 ml N2 headspace of 0�2 bar above atmo-
spheric pressure. At the experimental start,
10 ml of the S. sediminis culture was inoculated
into the medium. Controls included the bacte-
ria-free sterile seawater medium containing
100 mg l�1 additional Fe (III) and 1000 mg l�1

yeast with 200 ll sterile resazurin. Both incuba-
tions were kept at 10°C during the whole experi-
ment.

Anoxic sediment slurries

Anoxic sediment samples were obtained with
R/V Suedfall from Piep, B€usum (German Bight;
54°500N, 8°890E), at 17 m water depth with a Van
Veen grab sampler. These sediments are gener-
ally characterized by an alternating mixture of
clay, silt and sand. The carbonate content in the
sediments ranges between 0�9% (ca at sampling
depth) and ca 15%, and the share in quartz is up
to 90% in the mean (Pratje, 1932; Little-Gadow,
1982). Samples were extricated from organic
debris and subsequently stored at 0�9°C in sterile
1 l Duran flasks that were closed with sterilized
butyl rubbers. Slurries were prepared from sedi-
ment and sterile seawater (1 : 2) in sterile 2 l
gastight flat flange beakers with a 1100 ml N2

headspace of 1 bar above atmospheric pressure.

Controls contained sediment and sterile seawater
(1 : 2) without shell samples. Sterile resazurin
(220 ll) was added to each incubation.

Bivalve shells

Arctica islandica bivalves were dredged alive in
2010 from the sea floor off north-east Iceland at
water depths between 40 m and 120 m for com-
mercial purposes. Valves were disposed on shell
mittens where they were collected briefly after
disposal. Shells of adult specimens (ca 70 years)
with approximately the same shell heights (dis-
tance umbo–ventral margin of ca 10 cm) and
valve thickness (2 to 5 mm) were selected for
the alteration experiments. The maximum valve
length of A. islandica is reported to reach
approximately 13 cm. Note that growth rates of
bivalves differ between specimens and bivalves
with near-identical dimensions are not a priori
of the same ontogenic age. Based on sclero-
chronological 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 saw. Subsequently, a ca 2�5 cm
wide longitudinal shell section including por-
tions 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 ca 8 to 10
subsamples of similar dimensions, depending
on the respective valve size. The subsamples
were further sawn to approximately 1�0 9 1�0 9

0�5 cm sized pieces for the alteration experi-
ments (Fig. 1), and all available shell parts

Fig. 1. Scheme of shell sample division. Valves were first cut in half and subsequently subdivided for the incuba-
tions (modified after Ritter et al., 2017).

© 2017 The Authors. Sedimentology © 2017 International Association of Sedimentologists, Sedimentology
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except for the umbo regions were used for the
incubations.

Incubation procedure and post-incubation
treatment

Shell sample edges were fixed with sterile plas-
tic cable ties. Inert Teflon-skimming ladles, with
the handles removed, were used to attach sewing
threads of differing lengths that were knotted to
the cable ties and allowed for free distribution of
samples in sterile 2 l flat flange beakers (Fig. 2).

Samples were hung in the S. sediminis culture
medium, respectively, or deposited on the sedi-
ment surface. Flat flange beakers were smoothly
pivoted every other day to mimic natural sea-
water movement. After an incubation period of
101 days at 10°C in the dark, samples were care-
fully rinsed with sterile seawater, followed by
ultra-purified water with a pH adjusted to ca 8
with NH4

+-solution. Samples were dried in para-
film-sealed Petri dishes at a temperature of 40°C
and then stored at room temperature for upcom-
ing analyses. Liquids from the shell-cleaning

Fig. 2. Sketch of the incubation set-ups: (A) the S. sediminis culture; (B) the cell-free control; (C) the anoxic sedi-
ment; and (D) the sediment control. In the upper top of a gastight flat flange beaker, an inert skimming ladle, with
the handle removed, serves as mounting for shell samples that are fixed with cable ties and hung into the med-
ium/deposited on the sediment via threads.

© 2017 The Authors. Sedimentology © 2017 International Association of Sedimentologists, Sedimentology
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procedure (ca 2 ml each) were preserved in for-
malin (final concentration 2%) at 4°C. For cell
staining and analysis, 100 ll of each liquid sam-
ple was transferred to 5 ml 19 sterile PBS and
filtered on a 0�2 lm WhatmanTM NucleoporeTM

polycarbonate membrane filter (GE Healthcare,
37586 Dassel). The filters were dried at room
temperature, embedded in 1% low-melt agarose
and dried at 37°C. Staining of the filters was
conducted with 4,6 diamidino-2-phenylindole
(DAPI) solution (1 ll ml�1) for 15 min in the
dark and filters were transferred to microscope
slides. A drop of antifading agent (CitiFluor AF-
1 solution) was placed on the filter before sealing
with a cover slip. The slides were examined and
photographed with a Zeiss Axio Imager.M2
stereomicroscope, using a DAPI filter set, and
imaging was carried out with the ZEN Pro 2012
software (Carl Zeiss Microscopy GmbH, Jena,
Germany).

Carbonate system and geochemistry of
seawater media

Measured carbonate system parameters were pH,
total alkalinity (TA) and dissolved inorganic car-
bon (DIC). Sampling for all parameters was con-
ducted on a regular basis (daily to weekly). The
pH was measured with a Schott Instruments Lab
850 pH sensor (SI Analytics GmbH, Mainz, Ger-
many). The pH sensor was calibrated with refer-
ence solution buffers (L4794, L4796, L4799, SI
Analytics GmbH) according to the Physikalisch-
Technische Bundesanstalt (PTB) and the
National Institute of Standards and Technology
(NIST). Measurements of pH and TA were taken
on 12 ml medium aliquots in sterile 50 ml
Duran� flasks under aerobic conditions. The pH
measurement was conducted directly after sam-
pling on the whole 12 ml aliquot. As the Duran�

flasks had to be opened during the measure-
ments, the measuring time was restricted to
20 sec per sample to keep the equilibration of
anoxic samples with the ambient atmosphere
minimal. Subsequently, the 12 ml aliquots were
sterile-filtered and all subsamples for analyses
were taken from the bulk fluid. Total alkalinity
was determined via open-cell titration of 0�5 ml
samples with 0�01 M HCl in a titration vessel
after Pavlova (Pavlova et al., 2008), using a
Metrohm 876 Dosimat plus (O Metrohm, River-
view, FL, USA). During titration, the vessel was
continuously purged with N2 to strip CO2

released by acid addition. All TA measurements
were calibrated with IAPSO seawater standard.

For DIC measurements, 1�8 ml samples were
treated with 10 ll HgCl2 saturated solution in a
2 ml glass vial, crimp-sealed and stored at 4°C
for further processing. The DIC concentration
was determined as CO2 with a Multi N/C 2100
Analyzer (Analytik Jena, Jena, Germany). The
detection limit was 0�1 ppm with a precision of
2%. The pCO2 and the saturation state of arago-
nite (OAragonite) were calculated on the basis of
measured pH and DIC concentrations after Zeebe
& Wolf-Gladrow (2001) with MATLAB�. For
minor and trace element concentrations, 1 ml
medium samples were acidified with 0�1 ml
HNO3 Suprapur© (1/100 v/v) in a 2 ml cryo vial
and stored at 4°C for further processing. Divalent
cation concentrations were measured by induc-
tively coupled plasma – atomic emission spec-
troscopy (ICP–AES – JY 170 ULTRATRACE;
HORIBA Limited, Kyoto, Japan). The detection
limit was 2 mg l�1 for Ca2+, 6 mg l�1 for Mg2+

and 25 lg l�1 for Sr2+, 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 per incubation
type prior to and after incubation with a Lab-
RAM HR800 spectrometer (Horiba Jobin Yvon
GmbH, Bensheim, Germany). Samples were
analysed at room temperature and studied
without pre-treatment. Along a transect of
1 cm, the carbonate was excited with the
473 nm line of a Nd-YAG laser. Scattered radi-
ation from the samples was measured in a 90°
scattering geometry. The Raman spectra were
obtained at an interval of 0�65 cm�1 (0 to
4000 cm�1) and a slit width of 100 mm. Scan-
ning electron microscopy (SEM) and electron
microprobe (EMP) mapping were applied post-
incubation to one sample of each incubation
type, the respective controls and a non-incu-
bated shell sample each, with a JEOL JXA
8200 Electron Probe Microanalyzer (JEOL Lim-
ited, Tokyo, Japan). For SEM analyses, sample
surfaces were air-dried and sputter-coated
using a platinum/gold target. The SEM images
were acquired at 15 kV and a 19 lA filament
current.
Prior to the EMP mapping, shell samples were

sawn into quarters, and the sawn surface of one
quarter each was ground using Hermes water

© 2017 The Authors. Sedimentology © 2017 International Association of Sedimentologists, Sedimentology
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grinding papers (P1200, P2400 and P4000) at a
pressure of 25 N. Each grinding step was fol-
lowed by drying and cleaning of the sample
with pressurized air. Samples were subsequently
embedded in epoxy resin (Araldite� 2020;
Huntsman Corporation, The Woodlands, TX,
USA) and dried overnight 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 and repeated to gather eight accu-
mulations of the selected area. Standards (cal-
cite, KAN1, VG-2, strontianite A2_modernCoral)
were measured prior and after mapping to calcu-
late trace element concentrations. For quantita-
tive wavelength dispersive analyses, the element
concentrations were subsequently measured
along a mapping area of 600 lm parallel to the
exposed rim of the sample 9 300 lm in the
direction of non-exposed, inner sample parts,
simultaneously measuring Mg (TAP, Ka), Sr
(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 lm. Accelerating voltage was set to 15 kV.
Micro-X-ray fluorescence (l-XRF) mapping of

Sr2+ was conducted at the PHOENIX beamline
(Paul Scherrer Institute, 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 to a thick-
ness of 200 lm. During measurements, a fixed Si
(111) monochromator (Bruker ACCEL, Bremen,
Germany) with an energy resolution higher than
0�5 eV was used. Fluorescence signals were col-
lected with a detector equipped with four ele-
ments of silicon drift diodes (VORTEX, USA).
With a beam energy of 2800 eV, the strontium
L-edge electrons were excited to display the
strontium distribution in the shell samples. Con-
temporary detection of phosphorus K-edge elec-
trons allowed for discrimination between
phosphorus-rich resin (K€orapox 439; K€ommer-
ling, Pirmasens, Germany) and phosphorus-poor
A. islandica shell. The element maps were gen-
erated with a spatial resolution of 5 lm.

Carbon and oxygen isotope analyses
Following incubation, A. islandica shell mate-
rial was sampled for its carbon (d13C) and oxy-
gen (d18O) 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), and from outer
and inner biomineralic (aragonitic) parts of the
shell (see Ritter et al., 2017, for a detailed
description of the sampling procedure), as well
as from all surfaces of subsamples exposed to
the ambient medium (Table 3). A total of
0�4 � 0�04 mg of the subsample was transferred
into glass vials and dried at 105°C for 48 h. The
glass vials were then closed gastight and trans-
ferred 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 added to the sample. Car-
bon and oxygen isotope values were subse-
quently measured from the liberated CO2 gas
using a Thermo Finnigan MAT253 mass spec-
trometer (Thermo Fisher Scientific Inc., Wal-
tham, MA, USA) interfaced to a GasBench.
Carbon and oxygen isotope results are given in
& relative to the VPDB (Vienna Pee Dee Belem-
nite) standard. For correction of the measured
data, international standards CO1, CO8 and
NBS-19 as well as an in-house standard have
been measured in addition to the samples.

RESULTS

Seawater medium

During all incubations, no colour change in the
added resazurin/resorufin indicator from colour-
less (anoxic conditions) to pink (partially or
fully oxic conditions) was observed, confirming
continuous anoxic conditions. Clear trends were
observed in pH, TA and OAragonite, and divalent
cation ratios in the medium chemistry of both
the S. sediminis incubation and the anoxic sedi-
ment. The cell-free medium control featured
fluctuating values in all measured parameters
potentially due to imprecise pipetting of small
aliquots, but showed no trend in the develop-
ment of any of the parameters over time. The
increasing pH, TA and OAragonite in the sediment
control reflected natural anoxic sediment condi-
tions with live bacterial communities, and no
trend in medium divalent cation concentration
and/or ratios was observed.
Total alkalinity (TA), DIC and OAragonite in

both incubation media containing shells
increased markedly during the incubation per-
iod (Figs 3 and 4). The initial pH of 7�3 in the
S. sediminis culture medium decreased to 7�1

© 2017 The Authors. Sedimentology © 2017 International Association of Sedimentologists, Sedimentology
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on day four and increased to 7�6 on day 31.
After a decrease to pH 7�5, the pH increased to
values between pH 8 and pH 7�7 at the end of
the experiment (Table 2). Total alkalinity
increased from 1�8 to 22�8 mmol kg�1 over the
entire incubation period. Undersaturation with
respect to aragonite at the experimental start
was followed by an increase in OAragonite from
1�1 to 10�2 (Fig. 3A). The dissolved inorganic
carbon (DIC) increased from 1�4 to 22�5 mmol
l�1 (Fig. 3B) and pCO2 increased from 1463 to
9467 latm (Table 2). In the anoxic sediment
incubation, pH values were fluctuating between
7�7 and 7�9 throughout the experimental dura-
tion. Total alkalinity increased from an initial
2�9 to 6�3 mmol kg�1, OAragonite from 1�9 to 4�9
(Fig. 4A) and DIC concentrations from 2�8 to
6�2 mmol l�1 (Fig. 4B). The pCO2 values were
not tightly correlated to pH; the initial pCO2 of
764 latm increased to 2080 latm on day one
and varied between 1458 and 2094 latm until

the end of the experiment (Table 2). The Ca2+

concentration in the S. sediminis culture med-
ium increased from an initial 10�3 to 11�3 mmol
l�1 on day 31, stayed at values between 10�9 and
10�7 mmol l�1 and finally decreased to
10�5 mmol l�1 at the very end of the experiment
(Fig. 3D). The Mg2+ and Sr2+ concentrations
decreased from an initial 52�9 to 49�5 mmol l�1

and from 86�7 to 79�4 lmol l�1, respectively
(Fig. 3C and E). Consequently, the Mg/Ca ratio
decreased from an initial 5�1 to a constant value
of 4�7 at the end of the experiment, 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 to H). In the anoxic sediment incu-
bation, a strong increase in Ca2+ from initial
10�3 to 13�8 mmol l�1, in Mg2+ from 52�5 to
53�4 mmol l�1 and in Sr2+ from 86�4 to 96�8
lmol l�1 during the experiment (Fig. 4C to E)
led to a decrease in the Mg/Ca ratio from an ini-
tial 5�1 to 3�9, in the Mg/Sr ratio of 0�06 units

Fig. 3. Medium chemistry of the
S. sediminis incubation: temporal
development of (A) OAragonite

(circles) and total alkalinity (TA)
(squares); (B) dissolved inorganic
carbon (DIC); (C) to (E) divalent
cation concentrations; and (F) to (H)
divalent cation ratios. Solid
symbols show bulk-medium values,
and open symbols show control
values. Note the OAragonite

undersaturation at the experiment
start, as well as the general
variation in the cation control
concentrations, apparently caused
by errors occurring due to imprecise
pipetting of small aliquots.
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and in the Sr/Ca ratio from 8�4 to 7�0 (Fig. 4F to
H; Table 2).
None of the trends in the S. sediminis incuba-

tion were observed in the carbonate chemistry of
the cell-free control medium, where pH and TA
remained stable with values around pH 8 and a
TA of 2�3 mmol kg�1, while OAragonite values
fluctuated between 2�7 and 1�7 at the end of the
experiment, with a drop to 1�4 on day 51
(Fig. 3A). The DIC increased from an initial 2�4
to 2�7 mmol l�1 on day 70 and commuted in
ranges of 1�9 and 2�2 mmol l�1 towards the end
of the experiment (Fig. 3B). The pCO2 values
ranged between 428 latm and 540 latm with
two peaks on day 20 (616 latm) and day 37
(717 latm), and no trend was recognizable in
the values throughout the experiment (Table 2).
The Ca2+, Mg2+ and Sr2+ concentrations ranged
between 10�4 and 10�1 mmol l�1, 53�1 and
51�2 mmol l�1 and 87�5 and 82�5 lmol l�1,
respectively (Fig. 3C to E). 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 decreased
moderately, compared to the sample bearing
sediment, from 8�4 to 8�2 (Fig. 3F to H).
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 mmol kg�1 and OAragonite

increased from an initial value of 3�6 to 6�6 dur-
ing the experiment (Fig. 4A). The DIC concentra-
tion increased from an initial 6�5 to 10�8 mmol
l�1 at day 70, and decreased to 10�7 mmol l�1,
dropped to 7�2 at day 51 and increased to values
between 10�1 and 9�0 towards the end of the
experiment (Fig. 4B). The pCO2 values predomi-
nantly ranged between 2100 latm and
3600 latm, dropped to 1738 and 1675 latm on
days two and three, respectively, and increased
to 5957 latm on day 37 (Table 2). The Ca2+ con-
centrations fluctuated between 10�2, 10�6 and

Fig. 4. Medium chemistry of the
anoxic sediment incubation:
temporal development of (A)
OAragonite (circles) and total
alkalinity (TA) (squares); (B)
dissolved inorganic carbon (DIC);
(C) to (E) divalent cation
concentrations; and (F) to (H)
divalent cation ratios. Solid
symbols show bulk-medium values,
and open symbols show control
values. Note the variation in the
cation control concentrations,
apparently caused by errors
occurring due to imprecise
pipetting of small aliquots.
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10�1 mmol l�1, while Mg2+ concentrations
increased from an initial 51�3 to 52�5 mmol l�1

at day 48 and further decreased to a value of
50�1 mmol l�1 towards the end of the experi-
ment. The Sr2+ concentrations decreased from
87�7 to 86�1 lmol l�1 (Fig. 4C to E). 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 to H; Table 2).

Shell surface structure and bacterial
abundance

Stereomicroscopic examination prior to and after
incubation displayed partial loss of surface
material at areas of shell samples that were
exposed to both the S. sediminis culture and the
anoxic sediment (Fig. 5B and D). Further SEM
examination of post-incubation samples revealed
stepwise corrosion of surficial shell structures
compared to the sample incubated in the cell-
free control (Fig. 6). Filtered liquid samples
from the shell-cleaning procedure of the S. sedi-
minis culture and the anoxic sediment con-
tained dense biofilm fragments, visualized by
the DAPI staining (Fig. 7), foremost in the bacte-
rial culture, while the cell-free control liquid
did not display any bacterial cells.

Shell elemental composition
Electron microprobe mapping of the shell sam-
ple exposed to S. sediminis (Fig. 8A), and the
sample exposed to the anoxic sediment (Fig. 8B)
displayed a decline of Ca content in outer shell
parts relative to inner parts and relative to the
cell-free control sample (Fig. 8C). The Ca con-
tent ranged from 39 wt% of pristine, inner shell
parts down to 31 wt% in outer sample parts
exposed to the bacterial culture, with the
affected area protruding ca 90 lm from the
outer to the inner sample part. No notable
change in Ca content was quantified in the cell-
free control sample over the same distance from
outer to inner sample area with values of 38
and 39 wt% and no decrease over the distance
(Fig. 8C). The sample incubated in the S. sedi-
minis culture medium displayed an increase in
phosphorous content on the outer surface. How-
ever, differences in phosphorous content were
at the limit of the analytical resolution. Samples
exposed to the cell-free control did not display
any change in phosphorous distribution. The
EMP mapping of the sample exposed to the
anoxic sediment (Fig. 8B) displayed Ca loss on
outer surface parts relative to inner parts andT
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the control sample. The Ca content ranged from
38 wt% in inner, pristine shell parts down to
30 wt% in sediment-exposed shell parts, with
the affected region protruding >200 lm into the
inner regions of the shell sample. The l-XRF
map of the sample exposed to S. sediminis
(Fig. 9) displayed an increase in the Sr content
by 23 ppm in the outer, and by up to 46 ppm in
the inner shell parts. The sample exposed to the
anoxic sediment revealed an increase in the Sr
content by 23 ppm in the outer and 57 ppm in
the inner shell parts. Respective areas of the
control sample revealed a Sr increase by
<11 ppm in the outer shell parts and 80 ppm in

the inner shell parts (Fig. 9). Raman spec-
troscopy prior to and after the experiment dis-
played the doublet of bands at approximately
701 and 705 cm�1 that is typical for aragonite
(Fig. 10).

Shell stable carbon and oxygen isotope ratios
Oxygen isotope composition of shell surfaces at
and directly beneath the periostracum, and in
spatially resolved areas of subsamples exposed
to the S. sediminis culture displayed a range of
1�7& and 4�1& whilst carbon isotope composi-
tion ranged from 1�0 to 2�9&. The subsamples
exposed to the anoxic sediment displayed a

Table 3. d13C and d18O values of shell samples incubated in the S. sediminis culture, anoxic sediment and the
cell-free control for sample surfaces. Unaltered samples (no incubation) served as further references.

Sample Treatment Comment
d13CVPDB

[&] �s
d18OVPDB

[&] �s

CHA-M-019 AI17 B15 S. sediminis Periostracum 1�49 0�03 4�09 0�06
CHA-M-051 AI32 B1 1 S. sediminis Contact periostracum–mineral 1�81 0�02 2�03 0�11
CHA-M-019 AI17 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 AI17 B1 6 S. sediminis Beneath contact 2�94 0�04 2�21 0�06
CHA-M-019 AI17 B15 S. sediminis Mineral 1�95 0�02 2�63 0�05
CHA-M-051 AI32 B1 1 S. sediminis Lower side 1�04 0�04 2�66 0�08
CHA-M-019 AI17 B1 6 S. sediminis Lower side 1�59 0�02 2�87 0�05
CHA-M-051 AI32 B1 1 S. sediminis Sawn area 1�20 0�03 2�76 0�09
CHA-M-051 AI32 B1 1 S. sediminis Sawn area 1�24 0�03 2�73 0�09
CHA-M-019 AI17 B1 6 S. sediminis Sawn area 2�77 0�02 2�57 0�11
CHA-M-014-AI12 B4 Anoxic sediment Periostracum 2�65 0�05 3�69 0�03
CHA-M-012 AI10 B5 Anoxic sediment Contact periostracum–mineral 2�77 0�02 2�90 0�04
CHA-M-005 AI3 B7 Anoxic sediment Contact periostracum–mineral 2�44 0�06 2�52 0�09
CHA-M-012 AI10 B5 Anoxic sediment Beneath contact 3�08 0�04 2�61 0�10
CHA-M-005 AI3 B7 Anoxic sediment Beneath contact 2�48 0�03 2�30 0�07
CHA-M-014-AI12 B4 Anoxic sediment Mineral 3�12 0�03 2�57 0�07
CHA-M-012 AI10 B5 Anoxic sediment Lower side 2�55 0�02 3�69 0�07
CHA-M-005 AI3 B7 Anoxic sediment Lower side 0�61 0�06 2�71 0�07
CHA-M-012 AI10 B5 Anoxic sediment Sawn area 2�90 0�05 2�77 0�05
CHA-M-005 AI3 B7 Anoxic sediment Sawn area 2�04 0�04 2�33 0�06
CHA-M-004 AI2 B1 Cell-free control Periostracum �1�03 0�02 0�89 0�07
CHA-M-048 AI29 B1 6 Cell-free control Contact periostracum–mineral 2�60 0�01 1�85 0�04
CHA-M-048 AI29 B1 6 Cell-free control Beneath contact 3�14 0�02 2�40 0�10
CHA-M-004 AI2 B1 6 Cell-free control Mineral 1�88 0�01 1�07 0�03
CHA-M-048 AI29 B1 6 Cell-free control Lower side 2�81 0�01 4�13 0�07
CHA-M-048 AI29 B1 6 Cell-free control Sawn area 2�82 0�03 3�40 0�06
CHA-M-048 AI29 B1 12 Unaltered Contact periostracum–mineral 2�26 0�05 1�95 0�09
CHA-M-048 AI29 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 2�51 0�08
CHA-M-048 AI29 B1 20 Unaltered Contact periostracum–mineral 2�97 0�03 2�73 0�11
CHA-M-048 AI29 B1 21 Unaltered Beneath contact 3�37 0�02 2�33 0�09
CHA-M-048 AI29 B1 23 Unaltered Lower side 2�30 0�04 3�07 0�05
CHA-M-048 AI29 B1 22 Unaltered Sawn area 2�68 0�02 2�56 0�04
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range of 2�3& and 3�7& in their oxygen isotope
composition, and carbon ranged from 0�6 to
3�1& (Table 3; Fig. 11). Oxygen isotope compo-
sition of subsamples from the cell-free control
ranged from 0�9 to 4�1& and carbon isotope
composition from �1�0 to 3�1&, while unaltered
reference samples displayed a spatial variability
of 1�9 to 2�5& and 2�3 to 3�1& in oxygen iso-
topic composition, and carbon ranged from 1�2
to 2�3& and 2�3 to 3�4&.
Liquid medium samples were not analysed;

however, it is expected that both carbon and
oxygen isotopes in the minute volumes of
aragonite that dissolved from the shell or
exchanged with the experimental fluid were
too small to affect the bulk water or sediment
isotope ratios.

INTERPRETATION AND DISCUSSION

Despite the extremely short experimental dura-
tion of three months in comparison with

geological timescales available for diagenesis,
noteworthy alterations were detected in the car-
bonate chemistry of the liquid phase of both the
S. sediminis culture and the anoxic sediment.
These were echoed by alterations of the surfi-
cial shell ultrastructure and the elemental compo-
sition of the shell. Implications of these findings
will be discussed in more detail in the following
sections.

Microbial alteration of the aragonitic
structure and geochemistry of the shell

Alteration at the species level: Shewanella
sediminis
Shewanella sediminis is capable of hydrolysing
chitin polymers by means of a chitinase, and of
subsequent oxidation and fermentation of the
chitin monomer unit N-acetylglucosamine (Yang
et al., 2006; Rodionov et al., 2010). Chitin is one
of the main structural constituents of the mol-
lusc organic matrix, from which aragonite
biomineral nucleation, growth and architecture

Fig. 5. Stereomicroscopic pictures
of shell samples prior to (left) and
after incubation (right). Pictures
show samples that were incubated
in (A) and (B) the bacterial culture;
(C) and (D) the anoxic sediment;
and (E) and (F) the cell-free control.
Red marks display macroscopically
visible surface-alteration features.
Note that light regimes were not
100% reproducible prior to and
after the incubations.
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are controlled (Lowenstam & Weiner, 1989; Wei-
ner & Addadi, 2011). The degradation of the
resulting intracrystalline and intercrystalline
organic framework (Marin et al., 1996) conse-
quently increases the reactive surface for enter-
ing pore water (medium) fluid as well as
bacterial cells and EPS, and with it potentially
enhancing the effects of alteration processes.
The suggested underlying mechanisms for arago-
nite dissolution in the S. sediminis culture incu-
bation include the hydrolysis of chitin polymers
by S. sediminis chitinase, followed by fermenta-
tion of N-acetylglucosamine during cell attach-
ment to the mineral and subsequent shell
surface dissolution through acidic fermentation
products.
Results of stereomicroscopic and SEM analy-

ses displayed structural dissolution features,
and are further supplemented by the loss of Ca
detected by shell sample EMP mapping as well
as the increased Ca2+ concentrations in the
S. sediminis culture medium. Yet Sr2+ concen-
trations in the medium decreased over time

although, expectedly, values should have
increased due to aragonite dissolution. This
intuitively contradictory outcome can be
explained through the effect of divalent cation
scavenging by bacterial biofilm EPS (McCalla,
1939). Because biofilm fragments were isolated
from incubated shell samples, the presence of
related EPS is expected. Adsorption of divalent
cations occurs via electrostatic binding sites
within the EPS, with the charge of functional
groups allowing for binding of the cations as a
function of pH (Liu & Fang, 2002; Comte et al.,
2008). The reported pKa values range from 4�8
for carboxyl up to 11 for hydroxyl groups. A
study by Guibaud et al. (2008) additionally sug-
gested EPS-binding affinity to be cation species
specific. The hydration enthalpy differs among
Mg, Ca and Sr ions, with the latter showing the
lowest value of �1444�7 �DH kJ mol�1 (Burgess,
1978). Given the decreasing Sr2+ concentration
in the medium over time, preferred binding of
Sr2+ to EPS functional groups, relative to Ca2+ or
Mg2+, is feasible and could account for the

A

B

C

Fig. 6. Scanning electron
microscopy (SEM) pictures of shell
samples incubated in (A) the
S. sediminis culture; (B) the anoxic
sediment; and (C) the cell-free
control. Dotted circles indicate
altered areas, and arrows indicate
surface dissolution features. Check
for scales.
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enrichment of Sr2+ on the sample margins
detected by the l-XRF mapping. Exchange of
lost shell Ca2+ with pore fluid Sr2+ from
enriched bacterial EPS could have fostered this
enrichment. However, no high-resolution analy-
ses of the biofilms are at hand to underpin this
hypothesis, and the high Sr2+ content at the con-
trol inner shell rim suggests a generally higher
Sr content in that region.
Furthermore, the cell wall of Shewanella sp.

has a high adsorption affinity for dissolved Sr2+

with a maximum sorptive capacity of reactive
surfaces for Sr2+ of 0�075 (Shewanella alga) and

0�079 mmol�g�1 (Shewanella putrefaciens) when
cells are coated with Fe(III) oxide (Small et al.,
1999). Whilst in this study the addition of Fe
(III) to the S. sediminis culture medium could
have facilitated a cell wall–cation interaction
similar to the observations by Small et al.
(1999), the described Sr2+ scavenging abilities
are a function of pH and the process requires
protonated functional groups at low pH (5�5 to
5�9) that serve as Sr2+ binding sites. However,
given that the pH in bacterial EPS can differ
substantially from that of the surrounding envi-
ronment (Hunter & Beveridge, 2005), Sr2+

A

B

Fig. 7. Stereomicroscopic pictures
of biofilm fragments isolated from
the cleaning procedure of: (A) the
S. sediminis culture; and (B) the
anoxic sediment. Cells were stained
with 4,6 diamidino-2-phenylindole
(DAPI).

© 2017 The Authors. Sedimentology © 2017 International Association of Sedimentologists, Sedimentology

Diagenetic pathways of bivalve shells 15



A

B

C

Fig. 8. Electron microprobe maps of shell samples incubated in: (A) the S. sediminis culture; (B) the anoxic sedi-
ment; and (C) the cell-free control (note fissure in the control sample leading to rim artefacts that resemble loss in
Ca). Samples were sawn perpendicular, the upper sample parts are the surfaces exposed to the incubations, and
the lower parts are the inner, pristine sample area. Maps show intensity in counts per second. Backscattered elec-
tron microscopy (BSE) pictures display the measured areas within the samples.
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adsorption within the S. sediminis EPS is feasi-
ble despite the comparably high pH in the
S. sediminis medium. Adsorption of divalent
cations could also account for the observed
Mg2+ decrease in the medium. The simultane-
ously observed increase in Ca2+ concentrations
presumably results from the observed loss of Ca
in the shell, and Ca2+ adsorption is conse-
quently reflected by the subsequent decrease in
Ca2+ medium concentration. Moreover, cation
complexation by bacterial EPS, here specifically

EPS functional groups, could explain why,
despite the strong increase in TA and OAragonite,
no inorganic carbonate precipitation took place
within the medium according to microscopic
observations.
The undersaturation of the S. sediminis incu-

bation medium with respect to aragonite at the
experimental start (Fig. 3) remains unresolved,
because solely the inoculated bacterial culture
could have had an effect on medium OAragonite,
but the undersaturation remained for five days.

Fig. 9. l-XRF maps of Sr L-edge along the transects of A. islandica shells incubated in (A) the S. sediminis cul-
ture; (B) the cell-free control; and (C) the anoxic sediment. Concentrations are displayed in counts per second.
The marked left and right parts of the maps display the resin in which the samples were embedded. In sample
(A), the periostracum is still present and is characterized by an absence of strontium.

Fig. 10. Example of output from a Raman spectroscopic scan conducted on an A. islandica shell sample after
incubation in the bacterial culture medium (the conducted transect is indicated on the sample picture). The dou-
blet displays the bending mode v4 of the carbonate ion in aragonite.
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Furthermore, Ca2+ concentrations did not reflect
the low OAragonite of the medium. The onset of
bacterial fermentation is depicted in the slight
pH decrease that is correlated with an increase
in TA. The increasing Ca2+ concentrations in the
medium indicate subsequent shell dissolution,
caused by fermentation products, and Ca2+ val-
ues furthermore suggest a ceasing dissolution
process from day 37 on. However, pH and TA
increased beyond this point of time, and the
pCO2 reached a peak value of 12 500 latm
(Table 2). It is therefore apparent that pH and
TA in the medium were dominated by CO2

degassing into the headspace during pivoting of
the beakers. Furthermore, sample equilibration
with the atmosphere during the sampling proce-
dure and pH measurements led to a substantial
change in the pCO2 values.

Alteration at the community level: anoxic
sediment
The microbial biota in marine sediments
accounts for diverse metabolic processes (Jørgen-
sen, 2006; Orcutt et al., 2011) that, via the genera-
tion of alkaline or acidic metabolites, facilitate
either carbonate precipitation or dissolution,
respectively. During earliest burial into sedi-
ments, biogenic carbonates are exposed to

anaerobic bacterial communities such as denitri-
fiers, Mn-reducing, Fe-reducing and sulphate-
reducing bacteria. Respective respiratory pro-
cesses account for an alkalinity increase in the
environment through generation of HCO�

3 ; this in
turn facilitates authigenic carbonate nucleation
and precipitation (Berner et al., 1970; Castanier
et al., 1999; Van Lith et al., 2003). Closed-system
model calculations suggest that sulphate reduc-
tion does not induce carbonate precipitation but,
on the contrary, leads to a drop in both pH and
saturation index (SI) due to generation of one
mole H+ per mole sulphur turnover (Meister,
2013). In contrast, experimental approaches have
demonstrated that sulphate-reducing bacteria in
particular can have an enhanced effect on envi-
ronmental alkalinity, pH and SI, for example,
through the usage of metabolic hydrogen (H2) and
formate produced by bacterial fermentation (Gal-
lagher et al., 2014). At present, both statements
are controversially discussed. The sulphate
reduction zone is vertically followed by the
methanogenic zone, where CO2 is withdrawn
from the system via archaea-driven methanogene-
sis (Nealson, 1997; Jørgensen, 2006) implying a
further increase in pH. Overall, the majority of
anaerobic microbial metabolic processes account
for an increase in system alkalinity and pH that

Fig. 11. d13C and d18O values for sample surfaces of shell samples incubated in the S. sediminis culture, the
anoxic sediment, the cell-free control and unaltered reference samples.
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has the potential to facilitate carbonate precipita-
tion in marine sediments. While the anoxic sedi-
ment medium of this study displayed distinct
increases in TA and OAragonite over time as would
be expected from anaerobic microbial organic
matter degradation, the increasing CO2 partial
pressure followed by stabilization, medium diva-
lent cation concentrations (Fig. 4C to E) and shell
sample constitution (Figs 5, 6 and 8) indicated
that rather carbonate dissolution caused these
increases. The increase in Sr2+ concentrations in
the incubation medium resulted in a decreasing
Mg/Sr ratio. A comparably stronger increase in
Ca2+ concentrations was consequently reflected
by a distinct decrease in Mg/Ca and Sr/Ca ratios.
In contrast, the anoxic sediment control under-
went an increase in TA and pCO2 along with a
minor decrease in pH, reflecting heterotrophic
benthic activity, and no clear trend was displayed
in the control divalent cation concentrations.
Cell aggregations isolated from the incubated

shell samples confirmed the attachment of bacte-
rial biofilms to the shell surface, stereomicro-
scopic examinations of the shell outer surface
indicated exfoliation, while SEM pictures dis-
played a stepwise retreating surface structure that
was indicative of dissolution of the surficial
structure. No evidence for a newly formed car-
bonate phase was found on these surfaces. Addi-
tionally, Raman spectroscopy of the sample
provided no indication of carbonate polymorphs
other than aragonite, thus excluding microbially
induced non-stoichiometric dolomite or high-Mg
calcite precipitation. Electron microprobe map-
ping revealed Ca loss on the sample part exposed
to the sediment. The EMP intensity maps dis-
played a decrease in Ca2+ concentration towards
the shell surface over a depth of >200 lm. This
decrease in Ca2+ supports the observed structural
changes, as well as the increase in OAragonite, and
indicates a slow, continuous dissolution process.
Data from the sediment control medium dis-
played strong variations in all measured medium
parameters and an increase in carbonate system
parameters over time, the latter reflecting anoxic
sediment habitats dominated by bicarbonate-gen-
erating anaerobic metabolic processes. However,
the distinct increase in Ca2+ and Sr2+ concentra-
tion over time determined in the anoxic sediment
incubation was not reflected in the sediment con-
trol data.
All sediment samples were taken in the

midst of April, when spring bloom in the North
Sea was supposedly just developing (Wiltshire
et al., 2008) and subsequent sedimentation of

organic carbon had probably not reached the
sea floor (water depth at sampling sta-
tion = 17 m). It is therefore plausible that due
to the lack of available labile organic carbon in
the sediment, constituents of the shell perio-
stracal, intercrystalline and intracrystalline
organic matter were used as metabolic substrates
by a variety of bacteria. The subsequent increase
in reactive surface area would have supported
dissolution processes, which in turn resulted in
the addition of Ca and Sr ions into the anoxic
medium. Metal ion complexation on the charge of
bacterial cell walls is a function of pH (Konhauser
& Riding, 2012). The increasing pH in the med-
ium, resulting from 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 metal cations; this could fur-
thermore explain the increase in Sr2+ counts in
the outer sample margins that was detected via l-
XRF mapping and presumably reflects direct
microbe–mineral interaction in that area.

Alteration of carbon and oxygen isotope data

Isotope data (d13C and d18O) measured from shell
subsamples exposed to incubation experiments
were compared against the natural variability of
carbon and oxygen isotope ratios in A. islandica
bivalves. Previously reported d13C values for
A. islandica shells from different origins range
between �0�7& (Butler et al., 2009) and +4�0&
(Sch€one, 2005), and d18O values between �1�7&
(Dunca et al., 2009) and +3�6& (Sch€one et al.,
2004). High-resolution analyses by Ritter et al.
(2017) documented a primary spatial variability
of �4�2& for d13C and of �1�1& for d18O in
replicate shell samples from the bulk material
used for this experiment. Consequently, unal-
tered A. islandica shells exhibit a substantial
intershell and intrashell isotopic variability that
introduces a significant level of complexity in
the comparison of pre-incubation and post-incu-
bation isotope geochemistry of the shells. More-
over, the mere sawing or drilling of aragonite, or
even the removal of material from 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 percental transition from aragonite to cal-
cite (Staudigel & Swart, 2016). All of these issues
suggest that care should be taken with the inter-
pretation of the presented data set.
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In essence, shell subsamples from the S. Sedi-
minis and the anoxic sediment experiments dis-
played an increased scatter for both d13C and
d18O relative to high-resolution micro-milled
samples from pristine shells (Ritter et al., 2017).
Clearly, the range in d13C (>4&) is more pro-
nounced relative to d18O. Remarkably, however,
the most 18O-enriched sample originates from a
cell-free control experiment. Finally, when com-
paring isotope data from different incubation
experiments and different sampling sites, no
obvious trend emerges (Fig. 11).
In conclusion, this study shows that the present

data are potentially interesting and relevant, par-
ticularly in the light of previous work suggesting
an impact of microbe metabolism on carbonate
isotope ratios (Londry & Des Marais, 2003). At
present, however, it seems unclear to which
degree the choice of: (i) a specific sampling site
within a subsample (i.e. outer shell, inner shell,
surface and centre); (ii) the sampling bias result-
ing in aragonite–calcite neomorphism; and (iii)
the primary seasonal variability in aragonite iso-
tope geochemistry must be placed against gen-
uine bacteria-induced patterns. The way forward
must lie in significantly expanded experimental
duration (more than 12 months) and a very
detailed and careful sampling strategy of compa-
rable material from comparable shell subsamples.

CONCLUSIONS

The present study identifies the potential of
marine benthic bacteria to affect ultrastructural
and geochemical properties of Arctica islandica
shells 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 biomin-
eral’s geochemical and (to a less indicative
degree) isotopic composition. It is hypothesized
in this study that the disintegration of intercrys-
talline organic matter opened pathways for reac-
tive fluids to enter the carbonate hard parts,
leading to enhanced rates of fluid–carbonate
interaction. Additionally, it is suggested that
microbially induced aragonite alteration could
play a so far underappreciated role in sea floor
and earliest burial diagenetic realms. These
alteration processes have – over geological time-
scales – the potential to compromise aragonitic
proxy archives. Long-term incubations (of more
than 12 months) in future studies could help to
decipher these potential diagenetic effects.
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