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RADIOCARBON DATING OF LATE PLEISTOCENE MARINE SHELLS FROM THE
SOUTHERN NORTH SEA
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ABSTRACT. This article presents a set of Late Pleistocene marine mollusk radiocarbon (AMS) age estimates of 30-50
14C kyr BP, whereas a MIS5 age (>75 ka) is indicated by quartz and feldspar OSL dating, biostratigraphy, U-Th dating, and
age-depth relationships with sea level. These results indicate that the '“C dates represent minimum ages. The age discrep-
ancy suggests that the shells are contaminated by younger carbon following shell death. The enigmatic '“C dates cannot be
“solved” by removing part of the shell by stepwise dissolution. SEM analysis of the Late Pleistocene shells within a context
of geologically younger (recent/modern, Holocene) and older (Pliocene) shells shows the presence of considerable amounts
of an intracrystalline secondary carbonate precipitate. The presence of this precipitate is not visible using XRD since it is
of the same (aragonitic) polymorph as the original shell carbonate. The combination of nanospherulitic-shaped carbonate
crystals, typical cavities, and the presence of fatty acids leads to the conclusion that the secondary carbonate, and hence the
addition of younger carbon, has a bacterial origin. As shell material was studied, this study recommends an assessment of
possible bacterial imprints in other materials like bone collagen as well.

INTRODUCTION

The effect of contamination by admixing of younger carbon becomes more acute with increasing
age (Aitken 1990; van der Plicht 2012). Admixture of only 1% of modern carbon reduces the radio-
carbon age of a 40-kyr sample by ~17%, an effect that becomes larger with older samples. Contam-
ination especially affects accelerator mass spectrometry (AMS) '“C-dated material since this relies
on very small sample quantities. Contamination effects and the resulting apparent young ages have
been described for marine shells (Mangerud 1972; Nadeau et al. 2001). Carbonate diagenesis is
generally regarded as the cause for incorporation of younger *C into the crystal structure (Mangerud
1972; Goslar and Pazdur 1985; Aitken 1990; Nadeau et al. 2001; Magnani et al. 2007; Webb et al.
2007; Douka et al. 2010; Price et al. 2011).

We observed similar young aging effects on shells from three cores near Wassenaar, Amsterdam,
and Amersfoort in the western Netherlands (Figure 1). The sedimentary record of these cores
consists of fluvial (Rhine and Meuse) and/or estuarine late Pleistocene strata that locally contain high
concentrations of marine shells (Busschers et al. 2007; Appendix 1, cores B30F0490, B25E0913
and B32B0119). C dating on some of these marine shells showed strikingly young ages (up to
39 “C kyr BP; Table S1) compared to quartz optical stimulated luminescence (OSL), uranium-
thorium (U-Th) dating, and pollen biostratigraphy (Appendix 1). These latter age constraints point
to an age older than 60 kyr, indicating the *C ages could reflect minimum ages. No more shell
material was available from these cores to perform further analysis.

In order to elucidate causes for the very young '“C ages and test whether carbonate diagenesis could
also explain the observed age discrepancies, two new cores were drilled (Figure 1). One core was
aimed to penetrate Eemian marine sediments in the northern part of the Netherlands, while the
other one was aimed for much older (Pliocene) marine sediments in the south, meaning that '“C
ages should result in instrumental background ages. Besides new '“C AMS analyses on the marine
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shell material, we also performed quartz and feldspar pIR-IR 290 OSL dating and biostratigraphi-
cal analysis (pollen, diatoms, and mollusk species) in order to place the dated material into a firm
chronostratigraphical context. This new core material made it possible to extensively study possible
post-mortem changes in chemical composition and carbonate crystal structure.
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This article first presents results of a multidisciplinary comparison between “C dating and other dat-
ing techniques in the two new boreholes. We show that the *C-dated material from these boreholes
has a true geological age older than ~75 ka (MIS5) and that the '*C ages therefore must represent
only minimum ages. Then, we analyze the nature of possible contaminant mechanisms in order to
elucidate causes for the very young *C ages.

GEOLOGICAL, BIOSTRATIGRAPHICAL, AND CHRONOLOGICAL CONTEXT OF SHELL MATERIAL

Our primary research core is located near the town of Sneek (B05G0834; Figure 1) in the northern
Netherlands. The area was covered by the Fennoscandian ice sheet during the late Saalian (MIS6) as
indicated by a 2-m-thick till (21.55-19.37 m; Unit DR; Figure 2). Above the till, a distinct interval
of medium-grained sand with mm to cm thick mud drapes is present (19.37-10.35 m; Unit EE). The
repetitive clay draping suggests deposition under tidal (estuarine) conditions. At some levels, the
distinct layering is disturbed by bioturbation. At the base of the interval, some reworked peat peb-
bles are present. The upper part of the estuarine sequence (11.45-10.35 m) is disturbed by perigla-
cial activity. Sharply overlying the estuarine interval is a thin layer of medium-grained, well-sorted
sands of eolian origin (10.35-9.55 m; Unit BX). The succession is covered by estuarine sediments
of Holocene age (9.55-0 m; Unit NA).

Concentrations of shells occur in several levels throughout estuarine Unit EE (Figure 2) with char-
acteristic species being Peringia ulvae, Cerastoderma edule, Macoma balthica, Mytilus edulis, Spi-
sula subtruncata, and Venerupis senescens (Appendix 4; Meijer 2008). The association points to
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shallow marine high mesohaline conditions for the lower part of the unit and open marine polyha-
line conditions for its upper part. In the North Sea area, the species Venerupis senescens, Nassarius
pygmaeus, Haminea navicula, Gastrana fragilis, Lucinella divaricata, Acanthocardia paucicostata,
Parvicardium exiguum, and Tellina distorta, found in this interval, are only known from the Eemian
(MISS5e, ~120 ka: Meijer and Preece 1995; Meijer 2008). Diatom analysis of several shell-bearing
levels in Unit EE yield similar environmental interpretations (TNO-Deltares, unpublished, 2010;
Appendix 5). The lower part of the interval contains a species assemblage, dominated by Cymatosi-
ra belgica, that points to vegetated, shallow marine, low-energetic conditions. Upwards, a gradual
transition towards higher energy conditions occurs, as shown by the occurrence of species like Bid-
dulhia rhombus and Melosira sulcata and the more sandy character of the sediments.
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Figure 2 Core photographs, sedimentary units (Westerhoff et al. 2003; Busschers et al. 2007) and age constraints of
core B0O5G0834. '“C ages: '*C kyr BP age range (Table S1). OSL: q.osl = quartz age; f.osl = feldspar age. Red lines are
boundaries between sedimentary units. Depths are reported in meters below sea level (Dutch Ordnance Level: NAP).

From the clayey intervals of the core, detailed palynological records were obtained (Appendix 6:
Bunnik 2008). The pollen assemblages fully resemble stages of warm, interglacial vegetation suc-
cessions known from the Eemian type sites Amersfoort and Amsterdam Terminal (Zagwijn 1961,
1996; Cleveringa et al. 2000; Van Leeuwen et al. 2000) whereby the lower part of the sequence
(19.34-19.20 m) correlates to pollen zone E4 and the upper part (16.66—10.34 m) to pollen zone E5
and possibly the transition into E6 (Bunnik 2008).

From core B05G0834, five samples were collected for quartz and pIR-IR 290 feldspar OSL dating.
Three samples were taken from the shell-bearing unit (Unit EE) and two from underlying and over-
lying units (DN and BX, respectively, Figure 2). An extensive description of the sampling technique
and the applied quartz and pIR-IR 290 feldspar OSL protocols is provided in Appendix 3.

Quartz OSL ages from the shell-bearing unit EE give an age range of 87-165 OSL kyr (late MIS6
and MISS). Quartz OSL ages from underlying and overlying units are clearly older (176 OSL kyr)
and younger (51 OSL kyr), respectively (Figure 2; Appendix 3 _3). Feldspar pIR-IR 290 ages are
in general agreement with the quartz OSL ages. The age range of 75-134 OSL kyr obtained from
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the samples in shell-bearing unit EE (Appendix 3 4) also suggest a MISS5 age, which is largely in
agreement with the biostratigraphical age constraints. Alike for the quartz results, Feldspar pIR-
IR 290 ages from underlying and overlying units are also clearly older (255 OSL kyr) and younger
(59 OSL kyr), respectively (Figure 2; Appendix 3 _5). A best-estimate age list for the BO5G0834
core that contains quartz OSL ages and post IR-IR ages is depicted in Appendix 3 5.

We also investigated a second core from the southern Netherlands (B55A0840, Figure 1). The
core contains a sequence of glauconite-rich sands that characterize Neogene deposits in the area
(Appendix 1). Both the core lithology as well as the occurrence of 4starte incerta (an indicator for
a Pliocene age, Moerdijk et al. 2010) shows the sediments are part of the Pliocene Oosterhout For-
mation (Westerhoff et al. 2003). Besides 4. incerta, the unit is also characterized by concentrations
of Arctica islandica (Appendix 1, Unit OO, >6.70 m). The sediments are covered by Weichselian
and Holocene sediments (Unit BX and NA).

RADIOCARBON DATING
Material

From the shell-bearing levels of core B05G0834 (Unit EE, Figure 2), seven shell samples were
collected for "C dating (Table S1). At a depth of ~12 m below the surface (bs), three shell samples
were collected of the species Venerupis senescens, Macoma balthica, and Cerastoderma edule. At
a depth of ~15.7 mbs, one sample of Ostrea edulis was collected. At a depth of ~19 mbs, three shell
samples were collected of V. senescens, M. balthica, and C. glaucum. The selected shells were intact
and showed a well-preserved periostracum. The shells must have remained below groundwater level
after deposition, inhibiting the loss of organic matter through oxidation. Reworking of the shells has
been minimal.

From this same core, at ~12 mbs, we additionally collected two bulk samples of C. edule fragments
(Table S1) in order to date the intracrystalline shell structure. The selected fragments also retained
a well-preserved periostracum.

From the shell-bearing levels of core B55A0840 (Unit OO), two shell samples of species 4. incer-
ta and A. islandica were collected for C dating (Table S1). The selected shells were intact and
showed a well-preserved periostracum.

Protocols

14C AMS dating of shells from cores B05G0834 and B55A0840 was performed at the Department
of Nuclear Engineering and Management, University of Tokyo (Japan; lab code MTC). The shells
were inspected under a magnifier and physically cleaned using a dental drill to remove interstitial
structures other than walls. The samples were cleaned with distilled water in an ultrasonic bath.
They were then dried in an oven (~40—-60°C) and weighed.

Sample sizes of 200—300 mg were used for stepwise selective dissolution of the shells. Our graphi-
tization procedure consisted of three steps (Yokoyama et al. 2007). The first involves CO, produc-
tion followed by CO, purification. Then, the gas was reduced in the graphitization reactor with Fe
catalyst (250-mesh grain size) under a hydrogen atmosphere. All the carbonate samples were dis-
solved in phosphoric acid in a vacuum test tube (Vacutainer®). Samples were placed in the tube and
evacuated using a needle attached to the vacuum line system. The tube was then placed in the heat
block (60°C) with phosphoric acid introduced through an air-tight cylinder. The tube was removed
from the heat block when the sample dissolution was complete. The product CO, was then passed
through the vacuum line and cryogenically transferred into the graphitization reactor via a series of
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cryogenic traps to purify the gas. Graphite forms on the surface of the prereduced Fe powder in a hy-
drogen atmosphere heated to about 630°C. The graphite was then pressed into a into target holders
and analyzed using AMS (Matsuzaki et al. 2004). Instrumental background levels, monitored using
the international marble standard IAEA C1 (Rozanski et al. 1992), were 0.19-0.39 F'“C.

AMS C dating of the intracrystalline fraction from the two bulk subsamples of C. edule shells
from core B05G0834 was performed at the Centre for Isotope Research (CIO) of the University of
Groningen (the Netherlands; lab code GrA). The subsamples were placed in 1M HCI until the non-
carbonate intracrystalline fraction (0.29 and 0.35%) remained. After pretreatment, the organic AMS
samples were combusted in an automated Carlo Erba (type NC2500) elemental analyzer (EA). The
evolved CO, was cryogenically trapped and transferred to the graphitization setup. Graphitization
was performed using the method of reduction under hydrogen excess with iron powder as catalyst.
The graphite was then pressed into a into target holders and analyzed using AMS (Aerts-Bijma et
al. 1997, 2001; van der Plicht et al. 2000). Instrumental background '“C levels, monitored using the
Groningen Standaard 35 carbonate, were 0.26 F“C.

RESULTS

In core B05G0834, *C ages of the individual shells vary between 3242 “C kyr BP (Table S1;
MTC-12236-45). Both at the ~12 and ~19 mbs levels, we observed that ages from C. edule were
youngest while ages from V. senescens were oldest. For all species that were dated at these differ-
ent levels, we observed an increase in age (~2-3 *C kyr; Table S1). From the same core, the two
noncarbonate bulk samples of C. edule from ~12 mbs gave ages of 30-33 “C kyr BP (Table S1;
GrA 53002-3).

For the upper shell level of core BO5G0534 (Table S1; MTC 12236-45), the “C ages with different
dissolution values are plotted in Figure 3. Marked pattern variations occur within individual shells.
Overall '“C ranges remain, however, within ~5 kyr. The ages from the M. balthica lack a systematic
trend with increasing dissolution values and vary between 35 and 37 "*C kyr BP (Figure 3). The C
ages from the C. edule decrease with higher dissolution values from 36 “C kyr BP (0—10% dissolu-
tion) to about 32 C kyr BP (dissolution 83—-100%) (Figure 3). Venerupis senescens ages increase
with higher dissolution values (Figure 3) from 35.5 C kyr BP (0-10% dissolution) to ~40 "*C kyr
BP (dissolution 83—100%). For core B55A0840, both dates gave background ages >50 *C kyr BP
(Table S1; MTC 15005-6).
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Figure 3 'C dating results using stepwise dissolution of Late Pleistocene Macoma balthi-
ca, Cerastoderma edule, and Venerupis senescens from core BO5SG0834.
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SHELL STRUCTURE AND DIAGENESIS
Material

From core B05G0834, three aragonitic (M. balthica, C. edule, and V. senescens) and a calcitic (O.
edulis) species were selected for investigation of the shell structure in order to assess possible dia-
genetic alterations. From core B55A0840, two aragonitic shell samples were selected (4. incerta, A.
islandica). The samples from cores B05G0834 and B55A0840 will be henceforth referred to as the
Late Pleistocene shells and Pliocene shells, respectively (Table S1).

In order to compare diagenesis of these fossil shells, we selected shell samples from Holocene
sediment and modern beach settings that should represent unaltered conditions (Table S1). A set of
Holocene shells was used for which the corresponding shells have previously been used for dating
Holocene coastal (back) barrier formation (TNO-Deltares, unpublished, 2010; Hijma et al. 2009).
These samples are henceforth referred to as the Holocene mollusks. Dating of these shells was
performed at the Van de Graaff Laboratory of Utrecht University (the Netherlands; lab code UtC)
using the protocol described in Appendix 1 for core B30F0490. The results gave “C ages between
4.5 and 6.0 '“C kyr BP (TNO-Deltares, unpublished, 2010; Hijma et al. 2009). Furthermore, three
fresh-looking aragonitic species (including Venerupis senegalensis, a close relative of the extinct V.
senescens) and one calcitic shell (O. edulis) collected from the beach at Noordwijk several decades
ago, were investigated: these are further indicated as “modern shells.”

From all selected samples, the outer 20% was removed using a Scheibler system. To allow multiple
types of analyses on the same shell, each shell was divided into a number of fragments. The frag-
ments were used for scanning electron microscopy (SEM) in combination with X-ray microanaly-
sis (XRMA), X-ray powder diffraction (XRD), 8'3C/3'%0 isotope analysis, and pyrolysis-gas chro-
matography-mass spectrometry, which all are used to investigate possible diagenesis. The applied
methods are described in Appendix 2.

RESULTS
SEM, XRMA, and XRD

This section describes the analysis results of the modern and Late Pleistocene M. balthica (arago-
nitic) and O. edulis (calcitic) shells in detail. The description of these shells is representative for the
features observed in the other shells (Table S1). SEM results of the modern, Holocene, Late Pleis-
tocene, and Pliocene shells are available in Appendix 7. XRMA results (available for the modern
and Late Pleistocene shells only) and XRD data are available in Appendices 8 and 9, respectively.

Modern Shells

SEM photographs of the modern (aragonitic) M. balthica are depicted in Figures 4A,B and Appen-
dix 7. The modern M. balthica shows a relative porous structure of 50-200 nm sized crystals sep-
arated by intracrystalline zones. Some of the crystals have a nanospherulitic shape. Larger crystals
were not observed, although this might be related to the orientation of the cross-sectional surface.
The dominance of C, O, and Ca, and the heterogenic spatial distribution of these elements in the
XRMA data (Appendix 8), suggests all crystals are composed of carbonate. The presence of peaks at
30.6°, 38.7°, and 53.9° in the XRD data indicate the carbonate polymorphic form is aragonitic (Ap-
pendix 9). The absence of a peak at 34.3° shows there is no calcite present. Other modern aragonitic
shells showed some calcite to be present in the matrix (Table S1; Appendix 9).

SEM photographs of a modern (calcitic) O. edulis are given in Figure 4G. The shell shows a highly
porous internal structure with typical 1-10 pm sized crystals. XRD of the modern Ostrea edulis
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shows a typical calcitic carbonate composition with a major peak at 34.3° (Appendix 9). The anal-
ysis shows no evidence for the presence of aragonite (Table S1).

SEMMV. 1500kV  Det SE MIRAL TESCAN  SEM MV. 15,00 KV MIRAL TESCAN
View field 4021 pm [ View fiekd 2011 pm

O Mesoscopy and Aeasis I TNO Mesoscosy and Avays B

SEMMV. 15,00 KV MIRAL TESCAN  SEM MV. 15,00 WY
View field 4021 pm £ View feld 4021 pm
THO Micsoscopy and Avatyss i

SEM MV, 15,00 WV §i MRAIL TESCAN  SEM MV. 15,00 AV
View telt 2631 pm Wiew teld 1.340 pm

TNO Microscopy and Analyss I TNO Microscopy and Analyss|

SEMHV. 1500KV et SE MIRAI TESCAN  SEMHV. 1500KV et SE MIRAL TESCAN
View field 201.1 pm View fieid 4021 pm

™O Uvmvv\ekvwn ™O \lvmwwk’wwn

Figure 4 SEM photographs of a modern Macoma balthica (A, B), Late Pleistocene Macoma balthica (C, D, E, F), modern
Ostrea edulis (G), and Late Pleistocene Ostrea edulis (H). All photographs were focused on representative features observed
in the specific mollusks. This data and all other SEM data are available in Appendix 7.
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Late Pleistocene Shells

SEM photographs of the Late Pleistocene M. balthica are depicted in Figures 4C—F and Appendix 7.
Compared to the modern sample, the Late Pleistocene M. balthica shows a much more cement-
ed structure without clear intracrystalline space. The cement is characterized by 50-200 nm sized
nanospherulitic shaped crystals (Figures 4D—F). At some locations, these crystals are concentrated
in 1-mm-thick elongated zones probably reflecting older, overprinted minerals (Figure 4D). XRMA
and XRD results for the Late Pleistocene M. balthica are identical to the results for the modern sam-
ple (Appendices 8, 9); they too are entirely composed of aragonite. In the Late Pleistocene sample,
calcite was absent as well (Table S1). A major difference with the modern sample is that the ce-
mented internal structure of the Late Pleistocene M. balthica is characterized by cavities that occur
at or near the (polished) surface (Figures 4E—F). The cavities are variable in size but their maximal
length does not exceed 20 pm.

SEM photographs of a Late Pleistocene (calcitic) O. edulis are presented in Figure 4H. Compared
to the modern sample, this shell shows a strongly cemented structure lacking intracrystalline space.
Individual crystals are difficult to recognize, although nanospherulitic-shaped crystals appear to be
present. XRD results are identical to the modern shell and show a typical calcitic carbonate pattern
without evidence for aragonite (Appendix 9).

Holocene Shells

SEM photography of the Holocene shells indicates that the same intracrystalline precipitate as in the
Late Pleistocene shell is present in these samples (Appendix 7). The Holocene shells also contain
the same cavity-like structures. XRD analysis of the Holocene (aragonitic) samples shows that, sim-
ilar to the Late Pleistocene samples, all cement is of the same polymorph as the original aragonitic
carbonate (Appendix 9; Table S1).

Pliocene Shells

SEM photographs of the two Pliocene aragonitic shells show a pattern of similar intracrystalline
cementation (Appendix 7). XRD analysis of the Pliocene (aragonitic) samples shows that, similar
to the Late Pleistocene and Holocene samples, all secondary carbonate is of the same polymorph as
the original aragonitic carbonate (Appendix 9; Table S1).

5'3C/d'®0 Isotope Analyses

The 6"3C/5'30 isotope analysis results for all shell samples are listed in Table S1. 8'%0 isotope ratios
for the modern samples vary between —0.3 and —1.2%o (mean —0.4%o). These ratios resemble those
of modern-day marine water of the North Sea. The ratio for the modern calcitic sample is slightly
higher (0.4%o) but also falls within the range of modern-day North Sea water. 'O isotope rations
for the Late Pleistocene samples range between —0.8 and —1.6%o0 (mean —1.0%o). These ratios are
roughly similar to the values for the modern samples. As for the modern samples, the calcitic shell
has the highest value.

8"0 isotope ratios for the Holocene samples range between —2.9 and —3.4%o (mean —3.2%o). These
values are clearly lower than the modern and Late Pleistocene samples. The fact that both §'*C and
3'80 isotope ratios are also lower for the Holocene samples suggests that there was a higher input
of freshwater. The latter is explainable by the paleogeographic setting which, in contrast to modern
and Eemian times (Figure 1), indicates the Holocene sample area was located directly within the
mouth area of the Rhine-Meuse.
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Pyrolysis-Gas Chromatography-Mass Spectrometry

The pyrolysate of the modern C. edule was dominated by toluene, phenol, 3- and 4-methylphenol,
indole, and 3-methylindole (Figure 5). Together with styrene, these compounds are derived from
proteins containing the amino acids tyrosine, phenylalanine, and tryptophan (Tsuge and Matsubaru
1985; Chiavari and Galletti 1992). Small but distinct peaks were identified as diketopiperazines
(DKPs) and reflect peptide-derived pyrolysis products of proline and a second amino acid, which
included glycine or lysine, proline, and tyrosine (Stankiewicz et al. 1996). Besides a small amount
of C,, fatty acid, all products point towards “normal” proteins within a modern shell.

oH Cerastoderma recent

DKP (Pro-Gly/Lys)
DKP (Pro-Pro)

C fatty acid
DKP (Pro-???)
DKP (Pro-Phe)

Relative intensity

Cerastoderma Holocene

°
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&
[
o
4
&

C¢ fatty acid

Cj fatty acid

<

Cyp nitrile

Cy fatty acid

Cerastoderma fossil

<
fatty acid

Vv

Retention time ——

Figure 5 Pyrolysis-gas chromatograms of organic fractions isolated from modern (recent),
Holocene, and Late Pleistocene (fossil) Cerastoderma edule shells. Legend: filled triangles
denote n-alkene/n-alkane doublet; Cn indicates chain length.
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The organic part of the Holocene shell differs significantly from the modern one (Figure 5). The
presence of toluene, styrene, phenol, 3- and 4-methylphenol, indole, 3-methylindole, and the DKP
of proline-proline in the pyrolysate revealed that proteins were still present in the shell. However, in
contrast to the modern one, a homologous series of n-alkenes/n-alkanes, ranging from C ,-C, along
with C, and C , fatty acids were highly abundant. Such series of n-alkenes/n-alkanes are generally
attributed to biochemically resistant aliphatic biopolymers and geopolymers. Given their absence
from the modern shell, these aliphatic polymers are likely derived from other sources (microorgan-
isms, algae) or formed from (unsaturated) fatty acids through oxidative polymerization (de Leeuw
et al. 2006).

The Late Pleistocene C. edule shell hardly contains any protein-derived pyrolysis products (toluene,
indole), while the n-alkenes/n-alkanes and fatty acids are still present. In addition, 2- and 3-methyl-
thiophene and several dimethylthiophenes were relatively abundant pyrolysis products (Figure 5).
These thiophenes are attributed to sulfurized carbohydrates (e.g. Van Kaam-Peters et al. 1998; Van
Dongen et al. 2003) and most likely formed with time under anoxic conditions. From the Pliocene
shells, we could not extract enough organic material for analysis.

Overview of Shell Analysis Results

SEM photography shows that the Late Pleistocene shells contain intracrystalline cement. Both the
shape of the crystals and cavity-like structures indicate the cement likely formed by bacterial ac-
tivity. The same features were observed in Holocene shells and Pliocene shells. On the contrary,
modern shell shows a much more “open” structure. XRD analysis shows that in the shells the intra-
crystalline cement is of the same polymorph as the original carbonate. Isotope analysis reveals no
major discrepancies in terms of shell type and age. Differences that were observed can be explained
by local factors such as the position of the Rhine-Meuse river mouth. All shells except the Pliocene
ones show evidence for intracrystalline fatty acids, although in a varying degrading state.

DISCUSSION
Radiocarbon Dating Versus Other Age Constraints

Striking discrepancies are seen between “C ages and other age constraints in the studied boreholes:

*  We observed that the *C ages of 32-45 C kyr BP (indicative of a MIS3 age) were 30 to
100 kyr younger than the quartz and feldspar OSL ages from the sediments in which the shells
occur. The latter gave results between 75-130 OSL kyr, which is indicative of MISS.

e The pollen analysis results show that during deposition of the shell-bearing sediments at the lo-
cation of core BO5G0834, the surrounding vegetation was dominated by full interglacial, decid-
uous-tree-dominated vegetation. Such a vegetation type is unknown from all studied northwest
European MIS3 successions that contain evidence of tundra or steppe with shrubs and grasses
(Guiter et al. 2003). The vegetation assemblages of the type encountered in core B05G0834 are
only confidently indicative of the Eemian interglacial (~MIS5e; Zagwijn 1996; Cleveringa et
al. 2000).

*  Furthermore, in core B25E0913 (Appendix 1), we collected a nonfinite, ~45 “C kyr BP age
from the same V. senescens shell from which a 118 = 6 ka age was presented by Van Leeuwen
et al. (2000).

*  The positions of the shell-bearing estuarine sediments indicate that during the mollusk lifetime,
the southern North Sea experienced high sea-level conditions. The uppermost position of in situ
marine sediments in our cores is —10.5 m asl. A correction of this value by tectonic subsidence
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(at least 4 m; calculated using a mean local subsidence rate of 0.1 m/ka; Kooi et al. 1998; Kiden
et al. 2002) and a minimum age of ~35 ka on the basis of the presented '“C data) and a paleo-
water depth estimate of at least several meters, shows that the sea level was positioned close
to or above the present mean sea level. We regard this sea-level position as additional strong
support for a pre-MIS3 age of the sediments since evidence for an extensive MIS3 marine high
stand at levels close to or above the present mean sea level is not observed in eustatic sea-level
curves (Waelbroeck et al. 2002; Siddall et al. 2010). Sea levels of the observed magnitude are
only confidently indicated for the Eemian interglacial (~MIS5e) and warmer intervals of the
Weichselian Early Glacial (MIS5a, MIS5c¢), all predating ~75 ka. We regard glacio-isostat-
ic crustal movements and/or gravitational effects that could explain the large mismatch be-
tween the current elevation of marine sediments and the position of eustatic sea level as highly
unlikely. Exceptional suppression-uplift magnitudes and/or gravitational driven sea-level rise
would be needed for the MIS3 period that (even) exceed estimates currently known for the Late
Pleniglacial (Lambeck 1995; Peltier 2004; Steffen 2006; Vink et al. 2007; Lambeck et al. 2010).

On the basis of the observations presented, we conclude that the *C outcomes do not represent the
true age and reflect minimum ages only. Since we observed no transition towards background ages
with increasing dissolution, it can also be concluded that, expect for the Pliocene-age shells, the
entire shell structure was contaminated by younger carbon after death and burial of the shells.

Bacterially Mediated Reprecipitation

Wohlfarth et al. (1998) showed that fungi and/or microorganisms can introduce younger (contami-
nant) “C in the organic fraction of a sample during storage or preparation. In our case, we disregard
these as the source for incorporation of younger carbon because our Pliocene shells, which were
stored and pretreated just like all other samples, did give background ages. We neither found evi-
dence for the presence of fungi and/or modern microorganisms in our SEM images.

Post-mortem development of inorganic intracrystalline carbonate cement within a shell structure is
regarded a natural cause of introducing younger carbon (Mangerud 1972; Aitken 1990; Webb et al.
2007; Douka et al. 2010). In these studies, recrystallization is essentially described as an inorganic
process (only) controlled by the concentrations of both free carbonate and Ca** ions. Commonly, the
secondary precipitant is of the calcite polymorphic state resulting from dissolution of the primary,
generally more soluble aragonite. Under specific conditions, with high dissolved Mg** concentra-
tions (i.e. seawater and/or salt groundwater), (re)precipitation of aragonite over calcite may occur.
This (inorganic) recrystallization process is regarded as the prime natural contaminating process for
younger C because post-mortem carbonate precipitation can introduce younger “C from CO, that is
present in surrounding groundwater and/or air (Mangerud 1972; Appelo and Postma 2005).

Microbial activity is also known to induce or influence the precipitation (and dissolution) of CaCO,
(Castanier et al. 2000; Barabesi et al. 2007; Decho 2010) by modification of a solution (super)
saturation state (De Yoreo and Vekilov 2003; Benzerara et al. 2010) and/or providing protected
environments (biofilms) where carbonate can mineralize. Several authors describe that the early
stage of carbonate precipitation in a biofilm is commonly characterized by the presence of nano-
scale spheres (i.e. Dupraz et al. 2004; Benzerara et al. 2010; Decho 2010). Our SEM images of the
Late Pleistocene and modern shells clearly show the presence of an intracrystalline precipitate. The
nanoscale spheres we observed in our secondary shell carbonate are similar in size and shape as
reported in some studies on microorganisms mentioned above, indicating that secondary carbonate
precipitation may have occurred in a biofilm environment. Another indication for the presence of
a former biofilm environment is formed by the 10-20 pum sized cavities observed in SEM images.
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In a biofilm community, gases are produced as a result of bacterial metabolism. The gas can be
trapped within the biofilm, forming bubble-shaped and/or lenticular structures or leaving behind
“gas-escape” structures (Westall et al. 2001). Characteristic sizes of these pores are similar to those
observed in our shells (Ebigbo et al. 2010). The presence of the intracrystalline fatty acids supports
the activity of microorganisms in the recrystallization process since bacteria have a wide variety
of fatty acids within their membrane (microbial membrane fatty acids or PLFAs) (i.e. Kaneda 1991).

Since the bulk of the shallow groundwater in the Netherlands (<50 m depth) is of Holocene age
(Post et al. 2003), Holocene biogenic-induced recrystallization would be an effective contamina-
tor. A total of ~2.5-18% of recrystallized carbonate (assuming a constant recrystallization rate of
~0.2-1.5% per ka for the period 11-0 ka) could explain our “C dates. If recrystallization took place
(somewhere) during MIS3, recrystallization must have affected the entire (100%) shell structure in
order to explain the dates. In the latter case, the near identical *C ages of the intracrystalline non-
carbonate fraction and the combined carbonate + noncarbonate fraction '“C age could indicate that
the noncarbonate fraction age reflects the remnants of bacteria (or biofilms) that were accountable
for the reprecipitation. The bacterial remnants alone (implying a *C-dead carbonate fraction) can-
not explain the dates since their maximal concentration (~0.3% with ~2 F'“C *C) is way too low
(Table S1, GrA-53002&53003). The absence of biogenic fatty acids in the (limit) Pliocene samples
(Table S1) could indicate that biogenic processes, and hence a potential source for introduction of
new '“C, were not active anymore in these samples.

The reason why the biogenic recrystallization process did not change the polymorphic state as well
as the isotopic composition of the original MISS age shell carbonate is still unknown. One possi-
bility is that bacteria have the capability to (re)precipitate carbonate in a “copy-cat” mode, thereby
leaving the chemical and polymorphic signature of the original carbonate intact. A second possibil-
ity is that biogenic reprecipitation occurred rapidly after mollusk death when conditions were still
(nearly) identical to original mollusk living environment (cf. Douka et al. 2010). Evidence for rapid
recrystallization (within several millennia) is shown by the SEM analysis of our Holocene mollusk
species. In case of the Late Pleistocene species, this would however mean that recrystallization oc-
curred within MIS5, over 75,000 yr ago, meaning that recrystallization may not be accountable for
the nonfinite '“C dates since MIS5-age “C would all have been decayed. At this stage and with the
current data, we cannot solve this puzzling issue.

Although the chemical composition and architecture of other '“C-dated materials is different from
marine mollusks, we do suggest that an assessment of possible bacterial imprints in these materials
should be part of future analyses. For the southern North Sea, such analyses could help to elucidate
the ages of several 30-50 *C kyr BP bone collagen '“C dates of marine mammals like walrus and
beluga as well as of warm-temperate forest animals such as wood elephant (Mol et al. 2006, 2008).
The former indicate marine environments during MIS3 when global sea levels where tens of meters
lower then the strata from which they derive. The latter represent warm interglacial conditions hith-
erto known only from MIS5e.

CONCLUSIONS

We present a set of Late Pleistocene marine mollusk “C (AMS) age estimates of 30-50 “C kyr BP,
whereas a MISS5 age (>75 ka) is indicated by quartz and feldspar OSL dating, biostratigraphy, U-Th
dating, and age-depth relationships with sea level. The results indicate that the *C dates represent
minimum ages. The age discrepancy suggests that the shells are contaminated by younger carbon
following shell death. The enigmatic *C dates cannot be “solved” by removing part of the shell by
stepwise dissolution. SEM analysis of the Late Pleistocene shells within a context of geologically
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younger (recent/modern, Holocene) and older (Pliocene) shells shows the presence of considerable
amounts of an intracrystalline secondary carbonate precipitate. The presence of this precipitate is
not visible using XRD since it is of the same (aragonitic) polymorph as the original shell carbonate.
The combination of nanospherulitic-shaped carbonate crystals, typical cavities, and the presence
of fatty acids leads us to conclude that the secondary carbonate, and hence the addition of younger
carbon, has a bacterial origin. As we only studied shell material, we recommend an assessment of
possible bacterial imprints in other materials like bone collagen as well.
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