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ABSTRACT
Cephalopod shells can be affected by postmortem transport
and biostratigraphic condensation, but direct estimates of the
temporal and spatial resolutions of cephalopod assemblages
are missing. Amino acid racemisation calibrated by 14C
demonstrates a centennial-scale time averaging (<500 years)
of Nautilus macromphalus in sediment-starved, epi- and
mesobathyal pelagic environments. The few shells that are
thousands of years old are highly degraded. The median
occurrence of dead shells is at 445 m depth, close to the
300–400 m depth where living N. macromphalus are most
abundant. Therefore, dead shells of this species accumulate

Introduction
Chambered cephalopods frequently
show rapid evolutionary turnover
and attain broad geographic ranges,
and thus represent one of the key
groups used in high-resolution stratigraphic, biogeographic and oceanographic
inferences
of
fossil
assemblages (Brayard et al., 2006;
Dera et al., 2011; Sessa et al., 2015).
However, chambered cephalopods
can be subjected to postmortem
ascent and significant drift by water
currents, thus confounding interpretations of environmental conditions
and
biogeographic
distribution
(Fernandez-L
opez and Melendez,
1996; Chirat, 2000). Chambered
cephalopods are also subject to significant condensation because they
frequently inhabited open-shelf and
pelagic-swell environments that were
prone to sediment starvation in the
past (Wendt and Aigner, 1985; Santantonio and Carminati, 2011; Coimbra and Ol
oriz, 2012). Present-day
species of Nautilus predominantly
inhabit bathyal environments with
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at a centennial temporal resolution and with excellent
bathymetric fidelity. Dead Nautilus shells exist for only a few
hundred years on the seafloor, in contrast to the biostratigraphically condensed mixture of extant foraminifers and
foraminifers that went extinct during the Pleistocene. Cephalopod shells that do not show any signs of early diagenetic
cementation are unlikely to be biostratigraphically
condensed.
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ooze deposition in the Indo-Pacific.
Such environments are characterised
by sediment starvation, by ferromanganeous and glauconitic deposits that
grow in the absence of sedimentation
at millennial to million-year timescales (F€
ollmi, 2016), and by a cooccurrence of extant and Pleistocene
foraminifers that implies significant
stratigraphic condensation (Hayward
and Kagawata, 2005). We suggest
that present-day sediment-starved
pelagic environments can provide
taphonomic windows into processes
that generated biostratigraphically
condensed assemblages in the past.
Here, we quantify the temporal
and bathymetric resolutions of nautiloid death assemblages in such sediment-starved environments. First, we
estimate postmortem age with 14C
and amino acid racemisation in 26
shells of N. macromphalus collected
in bathyal environments off New
Caledonia to constrain their rate of
disintegration on the seafloor and
thus their potential for stratigraphic
condensation. Second, we show that
some calcitic foraminifers extracted
from sediment infills of Nautilus
shells went extinct during the Pleistocene, thus providing information
on significant differences in time
averaging between nautiloid and foraminiferal assemblages.

Methods
Twenty-one
dead
shells
of
N. macromphalus were sampled with
beam trawls and dredges at eleven
sites around the New Caledonia
archipelago in 1985 and 1987
(Fig. S1, Table S1, De Forges, 1990).
Five additional specimens sampled
between New Caledonia and the
Chesterfield Islands in 2003 and 2005
were described by Mapes et al.
(2010a). Eighteen shells were collected between 330 and 750 m depth
in the epibathyal zone, and eight
shells were collected between 750 and
2045 m in the mesobathyal zone.
Seawater temperature off New Caledonia between 300 m and 600 m
depth declines from 15 to 5 °C, and
is 4 °C at 1000 m (Roux et al.,
1991). We split the shells into epibathyal and mesobathyal assemblages to reduce the effect of
temperature on the rate of racemisation. Fourteen shells contained ooze
sediment that was wet sieved with a
0.071 mm mesh size. We identified
250 foraminifer specimens to species
level in each of these shells, and
determined their last stratigraphic
appearance datum.
The ages of seven specimens dated
with 14C at the AMS facility at the
Poznan Radiocarbon Laboratory
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were converted to calendar years
using the Marine13 data and Calib7.1 (Stuiver and Reimer, 1993),
with a regional marine reservoir correction (ΔR) equal to 26 years
(SD = 23 years) (Table S2). The 14C
activity of one specimen (CP30/4)
was indistinguishable from background levels, implying an age of at
least 50 000 years.
The outermost chamber whorls
were split into external spheruliticprismatic and middle nacreous layers, which were analysed separately
for the extent of amino acid racemisation (AAR) using reverse-phase
high-pressure liquid chromatography
analysis (Kaufman and Manley,
1998). We screened the data according to Kosnik and Kaufman (2008)
and calibrated the rate of AAR
according to Allen et al. (2013) with
seven specimens (including one specimen dated by 210Pb in Mapes et al.,
2010a) (Figs S2 and S3), fitting
aspartic (Asp) and glutamic (Glu)
acid D/L values separately for each
layer (Fig. 1A,B and Table S3).
Postmortem ages estimated on the
basis of nacreous and prismatic layers are similar (Fig. 1C). In addition
to the 14C and 210Pb ages of eight
shells, the AAR ages of the additional 18 shells used in the analyses
of temporal resolution are derived
from the nacreous layer, which
shows a larger covariation in the
extents of racemisation among amino
acids and is less affected by microbioerosion than the prismatic layer
(Figs S4 and S5). All ages refer to

time since sampling of shells on the
seafloor (Table S4). To quantify the
rate of loss of Nautilus shells from
the surface seafloor sediments on the
basis of two depth-specific age–frequency distributions (AFDs), we
used a simple exponential model
(rate of loss is constant in time), a
Weibull model (rate of loss gradually
declines over time, e.g. old shells disintegrate at a slower rate than young
shells), and a two-phase exponential
model (rate of loss abruptly declines
over time) (Tomasov
ych et al., 2014).

Results
The AFD of N. macromphalus is
strongly right-skewed, with a median
age of 263 years and an interquartile
range (IQR) of 394 years (Fig. 2).
Twenty specimens are younger than
500 years and six specimens are older
than 1000 years (Table S1). Three
specimens older than 1000 years were
found at 1140 m depth. The AFD
from the epibathyal zone is similarly
characterised by centennial-scale time
averaging (median = 260 years and
IQR = 220 years). The AFD from
the mesobathyal zone shows a similar median age (363 years) but the
IQR is equal to ~2000 years due to
the presence of one very old specimen (older than ~50 000 years). The
mixture of frequent young shells
(younger than 500 years) and rare
very old shells best supports the
two-phase exponential and Weibull
models of skeletal loss in both depthspecific assemblages and in the entire

collection, implying a decline in the
rate of shell disintegration from centennial- (195 years) to millennialscale half-lives (3013 years) while
shells are exposed in the mixed layer
(Table S5). The shells older than
1000 years are highly incomplete,
with relicts of walls and umbilicum
(Fig. 2); and incompleteness of
phragmocones correlates positively
with postmortem age (Spearman
r = 0.77, P < 0.0001, Fig. S6). Shells
are frequently penetrated by microborings (Fig. 3A,B). Some specimens
show lm-thick, yellowish to brownish aggregates of clays, goethite (determined by X-ray diffraction), and
coccoliths that coat empty borings
and external surfaces (Fig. 3C,D).
However, tabular aragonitic crystallites forming the nacreous layer do
not show any signs of diagenetic
cementation (Fig. 3E,F), and the
internal sediment within the whorls
is never lithified.
Of the sediment samples extracted
from the whorls of 14 shells, 13 contained at least one foraminifer species that went extinct during the
Pleistocene (Table S1). These extinct
species co-occur with extant species,
thus showing significant million-yearscale time averaging. They include
the pink Globigerinoides rubra that
went extinct in the Pacific 120 000 years
ago (Thompson et al., 1979), the
planktonic species Sphaeroidinellopsis
paenedehiscens, Globigerinoides fistulosus
and Pulleniatina praecursor that went
extinct during the Lower Pleistocene at
the end of the Gelasian 1.9–1.8 Ma ago

Fig. 1 (A,B) The relation between postmortem calendar age (estimated by AMS) and the D/L values of two amino acids for
the prismatic and nacreous layers, best-fit by the apparent parabolic kinetic model, with 95% prediction intervals (dashed
lines). (C) Calibrated postmortem ages correlate highly between the nacreous and prismatic layers. Error bars represent 95%
prediction intervals on age estimates.
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Fig. 2 Postmortem age–frequency distribution (AFD) of Nautilus macromphalus,
with dark bars representing epibathyal specimens found at depths shallower than
750 m, and white bars representing mesobathyal specimens found at depths deeper
than 750 m.

(Kennett and Srinivasan, 1983), and
benthic genera Strictocostella and
Siphonodosaria
of
the
family

Stilostomellidae that went extinct during
the mid-Pleistocene event 0.8–0.53 Ma
ago (Hayward et al., 2012) (Fig. 4,

Table S1). Although the total number
of all determined foraminifers (3500
specimens) is much larger than the
number of Nautilus shells, the total
age range predicted for Nautilus by
the two-phase model for 3500 specimens would be ~30 000 years (IQR =
490 years) (Table S5). Therefore, the
difference in time averaging between
aragonitic cephalopods (centuries to a
few thousand years) and calcitic foraminifers (c. 2 Ma) cannot be explained by
differences in sample size.
The median depth of dead individuals of N. macromphalus is 445 m,
and the median depth of stations at
which dead individuals were found is
440 m, with most individuals collected above 800 m and few individuals below 1000 m. In contrast, the
306 grab and dredge collections (i.e.
not just the collections that contain
shells of N. macromphalus) sampled
during the Biocal and Biogeocal

(A)

(C)

(E)

(B)

(D)

(F)

Fig. 3 (A,B) Light-microscope photographs showing (A) penetration of the prismatic and nacreous layers by dark-stained
microborings (specimen CP 232) and (B) discontinuous coatings (black arrow) and microboring infills (CP272). (C,D)
Backscattered electron (BSE) images showing thin goethite-clay aggregates rich in coccoliths (white arrows) that coat microborings (CP232). (E,F) BSE images showing well-preserved tables of the nacreous layer with no signs of recrystallisation (CP232).
© 2016 John Wiley & Sons Ltd
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campaigns in 1985 and 1987 have a
median depth of 1478 m and a mode
of 2400 m (Fig. 5). Therefore, the
bathymetric distribution of the collections containing dead shells of
N. macromphalus does not match the
distribution of all the samples collected in the cruise campaigns. Dead
shells of N. macromphalus thus occur
at significantly shallower water
depths than would be expected under
significant postmortem dispersal,
which should increase the bathymetric range of dead shells.

Discussion
The shape of the AFD in surficial
seafloor sediments depends on shell
disintegration, on shell burial and
exhumation within the mixed layer
and on burial of shells below the
mixed layer (Tomasovych et al.,
2014; Olszewski and Kaufman, 2015;
Terry and Novak, 2015), assuming
steady-state production over the

course of the last few thousand years
(Tomasov
ych et al., 2016). This
assumption is supported by findings
of frequent shells of N. macromphalus
in caves off Lifou Islands that are
~6000 years old (Landman et al.,
2014), and by relatively stable conditions with near-modern seawater
temperature occurring in New
Caledonia for the last few thousand
years (Cabioch, 2003; Gagan et al.,
2004). Sediment accumulation rates
seem to be extremely slow to zero
because surface sediments with dead
shells of nautiloids on current-swept
block-faulted slopes off New Caledonia are dominated by erosion and
sediment bypassing (Roux et al.,
1991). We thus suggest that the loss
rates estimated by the two-phase
exponential model reflect disintegration rates of N. macromphalus on
the seafloor because sedimentological
conditions and co-occurrence of
Recent foraminifers with relict
Pleistocene foraminifers imply long

(A)

(D)

(B)

(E)

(F)

(C)

(G)

Fig. 4 Foraminifers that went extinct during the Pleistocene were found in sediments within shells of N. macromphalus. (A) Globigerinoides fistulosus Schubert
1910, CP30; (B) Sphaeroidinellopsis paenedehiscens Blow, 1969, CP272; (C) Pulleniatina praecursor, CP272; (D) Strictocostella sp., DW44/3; (E) Strictocostella sp.,
DW43; (F) Strictocostella scharbergana Neugeboren 1856, DW 45/1, (G) Siphonodosaria lepidula Schwager 1886, DW 33/2. The inset shows that the test is coated
by a coccolith-rich crust.
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residence times of cephalopod remains
on the seafloor. Under such conditions, condensed surface sediments or
exhumed subsurface sediments with
older foraminifers can be winnowed
by bottom currents and trapped by
the whorls (Maeda, 1991) or by the
depressed umbilical regions (Henderson
and McNamara, 1985).
Environmental variation in skeletal
disintegration rates (Kidwell et al.,
2005; Powell et al., 2011) can confound estimates of disintegration,
which can be particularly faster in
depths exceeding 1000 m due to the
proximity of the aragonite compensation depth at 1100–1200 m in this
region (Feely et al., 2002). However,
the centennial-scale time averaging,
the time-declining disintegration rate
and its magnitude are robust to the
exclusion of mesobathyal shells
(Table S5). Water depth does not
correlate with postmortem age
(Spearman r = 0.2, P = 0.33), and
three
specimens
older
than
1000 years occur at depth 1140 m,
implying that disintegration half-lives
at such depths are comparable to
those at epibathyal depths. The
preservation model with temporally
declining shell disintegration rate can
be explained by a higher durability
of relict specimens because umbilical
walls increase in thickness and the
density of septal walls also increases
towards the central part of the
phragmocone.
The bathyal setting around New
Caledonia
is
sedimentologically
and taphonomically analogous to
Paleozoic and Mesozoic sedimentstarved pelagic swells. First, sediments are dominated by pteropods
and planktonic foraminifers below
200 m and up to 2000 m off New
Caledonia (Cotillon et al., 1989); in
the same way, pelagic-swell successions with condensed deposits are
dominated by pelagic producers
rather than by carbonate input
from shallow platforms (Martire,
1996). Second, the external coatings
and microboring infills formed by a
mixture of goethite and clays
observed here could be precursors
of glauconitic infills or iron-stained
crusts that are characteristic signatures of skeletal preservation in condensed successions (Martin-Algarra
and Sanchez-Navas, 1995; Pavia et al.,
2013).
© 2016 John Wiley & Sons Ltd
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Fig. 5 The bathymetric distribution of dead N. macromphalus shells does not follow
the overall depth–frequency distribution of all grab and dredge collections (i.e. not
just collections that contain shells of N. macromphalus) sampled during the Biocal
and Biogeocal cruises in 1985 and 1987 (grey bars). Individual dead shells of
N. macromphalus (black bars) were found at water depths largely within the depth
range observed for living populations of N. macromphalus between 50 and 700 m
(grey-dashed vertical lines).

However, the preservation of biostratigraphically condensed ammonites in such settings requires
half-lives that significantly exceed the
centennial half-lives of Holocene
cephalopod shells observed in this
study. Early diagenetic precipitation
of carbonate cements or lithification
of sediment within the shells can be
induced by bottom currents and dissolution of unstable carbonate particles (Mullins et al., 1980). Such
cementation is frequently reported in
condensed deposits with hardgrounds
(Mutti and Bernoulli, 2003; Preat
et al., 2011) and with cephalopods
(Reolid et al., 2010) and can represent a major mechanism that significantly prolongs half-lives. Calcitic
foraminifers likely have lower solubility, potentially contributing to
their longer half-lives, and thus
higher time averaging, relative to
aragonitic cephalopods. However,
although millennial offsets in the
postmortem ages of co-occurring calcitic foraminifers are frequently
reported in deep-sea sediments
(Broecker et al., 1999; Mekik, 2014),
the million-year scale half-lives of
foraminifers observed here are rather
unlikely in the absence of pathways
inhibiting disintegration such as
© 2016 John Wiley & Sons Ltd

burial below the taphonomic active
zone followed by exhumation and/or
diagenetic stabilisation. Some role of
diagenetic cementation in the preservation of extinct foraminifers is
implied by coatings rich in coccoliths
that completely encase their tests
(Fig. 4G) and by moldic preservation
of some specimens. Therefore, we
suggest that fossil assemblages with
chambered cephalopods that lack
signs of syndepositional cementation
have a very low potential for biostratigraphic condensation.
Nekto-benthic cephalopods have a
large potential for significant postmortem transport as shown by accumulations of frequent dead shells of
Nautilus on the beaches of New
Caledonia (Mapes et al., 2010a,b;
Hembree et al., 2014; Seuss et al.,
2015a,b) and by occurrences that are
potentially hundreds of kilometres
away from their home range (Reyment, 2008). Even a minor postmortem transport can lead to a
significant bathymetric displacement
of dead shells in settings with steep
topographic gradients. However, the
close match between the median
depth occurrence of dead Nautilus
shells at 445 m and the maximum
living abundance of N. macromphalus

between 300 and 400 m (ascending
into shallower depths during the
night, Ward and Martin, 1980; Roux
et al., 1991) shows that shells are
preserved with excellent bathymetric
fidelity relative to their native depth
range. N. macromphalus inhabits
depths between 50 and 700 m; dead
shells are rare in samples collected
deeper than 800 m. The excellent
fidelity in bathymetric maxima thus
probably reflects a quick postmortem
descent to the seafloor. This is supported by the fact that, out of 26
shells, the body chamber is almost
complete in only two specimens and
85–90% complete in six other specimens; most specimens have a highly
incomplete or missing body chamber,
enhancing waterlogging of the phragmocone. This finding of high bathymetric fidelity is also in accord with
modelling and experiments predicting
that postmortem water influx can
occur at a relatively high rate after
mantle detachment (Chamberlain
et al., 1981; Wani et al., 2005) and
that a small amount of waterlogging
may be needed to counteract the positive buoyancy (Maeda and Seilacher,
1996), particularly at the high hydrostatic pressures at large depths.
Negatively buoyant dead shells that
sink to depths below their maximum
depth limit are probably subject to
much higher disintegration rates
below the aragonite compensation
depth. At such depths, Nautilus shells
are quickly lost from the basinal seafloor, minimising the mismatch
between the bathymetric maxima of
living and dead shells.

Conclusions
Dead shells of Nautilus generally
show very good bathymetric fidelity
relative to their living depth range.
They exist for only a few hundred
years on the seafloor, in contrast to
significantly condensed benthic and
planktonic calcitic foraminifers. This
result is discordant with biostratigraphically condensed fossil cephalopod accumulations observed on
pelagic swells in the fossil record.
Although Nautilus assemblages share
some sedimentological and taphonomic similarities with fossil accumulations from sediment-starved pelagic
environments, disintegration rates of
aragonitic cephalopods in oozes off
5
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New Caledonia are relatively high
because, with the exception of
goethite-clay coatings, their shells are
not significantly strengthened by
early-diagenetic seafloor cementation.
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Supporting Information
Additional Supporting Information
may be found in the online version
of this article:
Data S1. Methods – age calibration.
Data S2. Differences between the
prismatic and nacreous layer.
Data S3. Shell preservation
Data S4. Last appearances of foraminifers.
Figure S1. Location of stations
where dead shells of Nautilus macromphalus were collected for this study.
Figure S2. Data screening. (A) Lserine concentrations ([L-Ser]) relative to glutamic acid concentrations
([D+L Glu]) against aspartic acid
(Asp) D/L. (B) Concentrations of
Asp relative to Glu. (C) Asp D/L relative to Glu D/L, showing that Asp
is more racemised in the prismatic
layer.
Figure S3. Top row: Relation
between postmortem age (determined
by 14C and 210Pb) and D/L values
of two amino acids for the prismatic
and nacreous layers, best-fit by
TDK1 and CPK0 models, respectively, representing the best fits on
the basis of BIC, and assuming lognormal and gamma distributions for
the residuals.
Figure S4. Top row: Box-andwhisker plots showing the concentrations and relative abundances of
eight amino acids in the prismatic
and nacreous layers.
Figure S5. Cross-section photomicrographs of the external prismatic
and the middle nacreous layer showing a higher degree of microbioerosion in the external prismatic layer
(upper part) than in the thicker
nacreous layer.
Figure S6. Incomplete relicts are
significantly older than specimens
with complete phragmocones.
Table S1. Geographic coordinates
and water depths of 26 specimens of
Nautilus macromphalus, with information on the presence of extinct
foraminifers (with times of their last
appearance).
Table S2. Radiocarbon (and 210Pb
for the specimen 55924) ages used to
calibrate the rate of amino acid
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racemisation. Specimen ages refer to
2014 when amino acid composition
was completed.
Table S3. Calibration statistics for
the rate of amino acid racemisation
(AAR) based on paired AAR and
radiometric analyses of Nautilus
macromphalus and two models of
uncertainty.
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Table S4. Postmortem ages used in
the construction of age–frequency
distribution (relative to time since
collection of shells on the sea-floor)
with the corresponding D/L values
for the external spherulitic-prismatic
layer and the middle nacreous layer.
Table S5. Parameters of three models (one-phase exponential, Weibull,

and two-phase exponential model) fitted to two age–frequency distributions, with AIC and BIC values.
Table S6. Foraminifers found in
ooze sediments within whorls of 14
shells.
Table S7. Concentrations of amino
acids in the prismatic and nacreous
layers.
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