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ABSTRACT

Shells in modern seabeds can be thousands of years old, far older than would be extrapo-
lated from the rapid rates of shell loss detected in short-term experiments. An extensive shell-
dating program on the Southern California (USA) shelf permits rigorous modeling of the
dynamics of shell loss in the mixed layer, discriminating the key rates of carbonate disinte-
gration and sequestration for the first time. We find that bivalve shells experience an initially
high disintegration rate A, (~ decadal half-lives) but shift abruptly, within the first ~500 yr
postmortem, to a 100-fold lower disintegration rate A, (~ millennial half-lives) at sequestration
rate T (burial and/or diagenetic stabilization). This drop permits accrual of a long tail of very
old shells even when sequestration is very slow, and allows only a minority (<1%) of all shells
to survive the first phase. These high rates of disintegration and low rates of sequestration are
consistent with independent measures of high carbonate loss and slow sedimentation on this
shelf. Our two-phase model thus reveals significant spatial and temporal partitioning of car-
bonate loss rates within the mixed layer, and shows how shell age-frequency distributions can
yield rigorous and realistic estimates of carbonate recycling on geological time scales.

INTRODUCTION

Relictual sediments rich in carbonate shells
are widespread on modern continental shelves
(Emery, 1968). Radiocarbon dating, motivated
both to constrain the timing of post-glacial sea-
level rise and to estimate scales of time-averag-
ing, reveals that shells can persist in the mixed
layer of the seabed for millennia (Kidwell and
Bosence, 1991; Flessa and Kowalewski, 1994;
Kidwell et al., 2005; Edinger et al., 2007;
Krause et al., 2010; Kosnik et al., 2009, 2013),
notwithstanding short-duration experiments
that find high rates of shell loss, with half-lives
of a few months, years, or decades (Cummins
et al., 1986; Powell et al., 2006, 2011). Fitting
shell age-frequency distributions (AFDs) with
a simple exponential model of constant shell
loss analogous to radiometric decay does not
resolve this paradox and commonly does not
approximate AFD shapes (Olszewski, 1999).
Mechanistically, this approach also cannot dif-
ferentiate the two distinct modes of shell loss,
namely disintegration and burial (Meldahl
et al., 1997). Analytical models that can dis-
criminate loss rates are thus needed to resolve
the paradox of millennial-scale persistence of
shell carbonate. Understanding the dynamics
of shell loss is fundamental to the temporal
resolution and completeness of paleobiologi-
cal and geochemical data drawn from fossil
assemblages, as well as to carbonate burial
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and buffering capacity, a growing concern with
ocean acidification (Waldbusser et al., 2011).

Here, we present the results of a large-scale
shell-dating effort of two aragonitic bivalve
species on the Southern California (USA)
continental shelf, and use a novel likelihood,
model-selecting approach to assess the dynam-
ics of shell loss. We find a discrete, two-phase
dynamic, where the timing of a drop in disin-
tegration rate is controlled by a sequestration
rate that operates at millennial scales. Although
the idea of sequestration as a means of reducing
shell loss has emerged repeatedly from strati-
graphic and actualistic inference (Aller ,1982;
Kidwell, 1986; Morse and Casey, 1988; Kow-
alewski et al., 1998), time-lapse studies (Glover
and Kidwell, 1993; Best et al., 2007; Powell
et al.,, 2011), and simulations (Sadler, 1993;
Olszewski, 2004), our study produces the first
analytic estimates of disintegration and seques-
tration rate from AFD data.

METHODS

AFDs were quantified for two shallow-bur-
rowing bivalves, Nuculana taphria (n = 232)
and Parvilucina tenuisculpta (n = 234), both
sampled in 2003 with 0.1 m? Van Veen grabs at
18 sites between 19 m and 72 m water depth
on the Southern California continental shelf,
where living populations of these two species
also occur (Table DR1 in the GSA Data Reposi-

tory'). Grabs penetrated the sediment to a depth
of 7-15 cm; ?'Pb evidence indicates that the
decadal-scale mixed layer is 10-15 cm thick
(Alexander and Lee, 2009). Enantiomeric D/L
ratios of aspartic acid and glutamic acid were
established with amino acid racemization analy-
sis. Eight specimens of Parvilucina and 11 spec-
imens of Nuculana were dated by accelerator
mass spectrometry “C to calibrate D/L values
(Table DR2). “C ages were calibrated to calen-
dar years using Calib6.0 (Stuiver and Reimer,
1993) and a regional marine reservoir correction
AR of 234 yr (standard deviation = 96 yr). D/L
values were raised to a power-law exponent e
that minimized differences between the mea-
sured “C age and the age predicted by the linear
relationship between D/L° and the calibrated
14C age. Eight AFDs were produced by pooling
shells into regional-scale, single-species assem-
blages corresponding to four shelf segments
between Santa Barbara and San Diego, Califor-
nia (Fig. DR1 in the Data Repository).

Loss rate is determined by processes that
destroy the taxonomic identifiability of a shell
(disintegration) or remove it from a mixed layer
by burial (or transportation, which is assumed
to be minor; Kidwell, 2013). We evaluated three
probability density functions to estimate shell
loss rates from AFDs that actively receive new
dead shells. Each density function corresponds
to a different model of how the instantaneous
per-individual shell loss rate is partitioned
within the mixed layer, specifically between a
taphonomically active zone (TAZ) with high
disintegration rates (Davies et al., 1989) and a
sequestration zone (SZ) with low disintegra-
tion rates (Olszewski, 2004) (Fig. 1). These two
zones can exist as discrete, surficial and deeper
layers (Figs. 1B and 1C). Alternatively, the SZ
can comprise patchy microenvironments within
the TAZ that favor carbonate reprecipitation (cf.
Aller, 2014), or formerly sequestered shells can
be admixed with highly reactive shells back in
the TAZ if shells undergo burial-exhumation
cycles. Because individual shells are collected
before their final loss from the mixed layer, their
age underestimates their actual postmortem per-
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Figure 1. Conceptual partitioning of disintegration and burial. Death assemblages accumu-
late in the mixed layer (white layer in left column of each pair), where shells are subject to
loss rate A. A is determined by the disintegration rates that a shell experiences in a tapho-
nomically active zone (TAZ) and in a sequestration zone (SZ), by its sequestration rate tto a
SZ, and by its rate of final burial (FBZ, gray layer). A: A is constant regardless of shell posi-
tion within the mixed layer. B: A declines gradually with depth as a function of the Weibull
parameters r and k. C: A declines abruptly from a TAZ with high disintegration rate A, into a
SZ with much lower disintegration rate A,. This shift is determined by the net sequestration
(burial or stabilization) rate .

Two-Phase Exponential Density (Abrupt
Decline in Loss Rate)

In the two-phase model, an initial, relatively
high disintegration rate A, in the TAZ is replaced
abruptly by a slower disintegration rate A, in the
SZ at a sequestration rate T that describes the net
movement of shells from high to low rates. 7T is
independent of loss rates. Shells can be shifted
to the lower loss rate via a sudden large-incre-
ment burial event or by crossing a diagenetic
threshold to lower reactivity, with or without
burial. This model builds upon a two-phase
model where two exponential distributions are
separated by a fixed time T (Foote, 2001; Krug
et al., 2009), but we permit the shift to occur at a

sistence in the mixed layer. Our density func-
tions are thus right-censored (Gelman et al.,
2004): we compute the likelihood of observing
a shell with a particular postmortem age in the
mixed layer, not the likelihood of observing a
shell whose age is the actual time of its loss
from the assemblage, a critical distinction. To
evaluate the fit of density functions to AFDs,
we (1) use the Akaike information criterion
that penalizes log-likelihood by the number of
parameters (Burnham and Anderson, 2002) and
(2) compare the observed and modeled esti-
mates of median age and total age range. We use
three density functions to estimate unbiased loss
rates from AFDs (Fig. 1).

One-Phase Exponential Density (Constant

random time, following an exponential distribu-
tion with rate 7. The right-censored probability
density is

() =1=P)T+A)e ™M 1B e, 1)
where B=1t+A)/[t(t+A)+ (A, —A) AL
Although exhumation of shells or other re-
activation of high loss rates is not accounted for

directly, T can be interpreted as a net sequestra-
tion rate under such conditions.

RESULTS

The AFDs of both species are right-skewed,
with long tails containing shells as old as ca.
2550 yr to ca. 11,900 yr (Fig. 2). Six of the eight
AFDs are qualitatively L-shaped, dominated by
shells <100 yr old. Median shell ages in five
of them are <50 yr. If loss rates were constant,
the age range of an AFD could be predicted by
median age alone for a given sample size (black
diagonal lines in Fig. 3A). Instead, six of eight
assemblages (open symbols in Fig. 3A) fall
significantly above this line, with age ranges
approximately two orders of magnitude larger
than their median ages, much larger than would
be generated by a one-phase process. Of the
two AFDs close to this line (both N. taphria),
the Palos Verdes assemblage lacks the mode of
young shells at 50 yr, and the San Pedro assem-
blage has an especially large proportion of old
shells, with a secondary mode at 5 k.y. (Fig. 2).

Only Weibull and two-phase models can suf-
ficiently decouple age range from median age
to generate the large skewness (>2) observed
in most Southern California shell assemblages
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a shell declines over time if the exponent k < 1.
The decrease in rate (1) might reflect gradual
burial if shells experience less severe condi-
tions with greater depth below the sediment-
water interface, and/or (2) can occur if diage-
netic processes gradually stabilize shells, with
or without burial. All burial steps are incre-

mentally slow. rates (solid black line; Fig. 1C).
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Figure 2. Postmortem age-frequency distributions (AFDs) of shells of Parvilucina tenuis-
culpta (A) and Nuculana taphria (B) from four regions within Southern California Bight
(USA), calibrated in years before A.D. 2003. Inset plots display AFDs of shells from the most
recent 1000 yr. Curves show the fit of a one-phase model in which disintegration rates are
constant (dashed gray line; Fig. 1A), which is the current paradigm used to quantify shell
loss dynamics, and the fit of our two-phase model with an abrupt decrease in disintegration
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strapped confidence intervals. B, C: Comparing expected and observed medians (B) and
ranges (C) of shell ages, a two-phase model predicts observed values better than a one-
phase model in seven of eight assemblages (some symbols hidden; symbols in C are the
same as those in B). D: Two-phase model estimates that, with one exception, average per-
individual disintegration rates decrease by more than two orders of magnitude within the
first few centuries postmortem. S. Barbara—Santa Barbara; P. Verdes—Palos Verdes; S.

Pedro—San Pedro; S. Diego—San Diego.

(Fig. 2). Akaike weights show that seven AFDs
are better explained by time-varying models
than by a one-phase model, and six of these are
better explained by our two-phase model with
an abrupt decline in disintegration rate (Akaike
weights equal to 1; Table DR4). The Weibull
model that accurately decouples median age and
age range in one case has a very low k (0.19),
implying an almost step-like decline in disin-
tegration. Only the two-phase model results
in a strong correlation between expected and
observed median ages (Pearson r = 0.946; Fig.
3B) and between expected and observed total
age ranges (r = 0.94; Fig. 3C). L-shaped AFDs
are not artifacts of pooling local AFDs having
different shapes. Even at the site level, Akaike
weights support time-varying models: seven of
17 local assemblages conform to our two-phase
model, and eight conform to the Weibull model
(Table DRS).

DISCUSSION

All three models assume that shells enter a
death assemblage at a constant rate. Constant
production over hundreds to thousands of years
is unlikely, but the precise effects on model fit-
ting of violating this assumption are poorly
known. The effect should be strongest when
changes in production have occurred within the
last few high-loss half-lives, i.e., here, within
the past few decades. Variability in the deep past
will have less effect on model fitting because
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older cohorts are increasingly rare. Our samples
come from water depths with living populations
of our two species between A.D. 1990 and 2008,
ensuring that death assemblages were receiving
fresh shells over the past two decades (Figs.
DR6 and DR?7). Population densities of both
species have been very small (<6 individuals per
0.1 m?; Table DR1), without any recent increase
that could be solely responsible for the initial
steep slope of the AFDs (Parvilucina popula-
tions were high in the 1970s on the Palos Verdes
shelf but declined strongly in the mid-1980s; see
the Data Repository).

The only exception is N. taphria on the Palos
Verdes shelf, where it is rare in living assem-
blages compared to its living abundance in other
regions and compared to its abundance in Palos
Verdes death assemblages, implying a decline
in the supply of young shells. This Palos Verdes
AFD is better fit by the one-phase model, with
a A, one order of magnitude lower than the A, in
other regions. Where A, is high, a recent drop in
shell production will inevitably reduce the ini-
tial slope of an AFD because the young shells
needed to accurately determine A, will be rare.
The gentle initial slope of this AFD thus largely
reflects disintegration rates in the SZ rather than
in the TAZ. This flattening of the initial slope
implies that AFDs will be less skewed and even
normal both (1) in regions with reduced or inac-
tive production, and (2) with depth down-core,
where assemblages are no longer refreshed

by newly dead shells, unless (3) sudden burial
sequesters the entire mixed layer from the TAZ
(see Kidwell, 2013). L-shaped AFDs receiving
new shells are thus not a random subset of AFD
shapes (e.g., Scarponi et al., 2013), but should
be suitable for obtaining unbiased estimates of
disintegration and sequestration, and, moreover,
commonly characterize published mixed-layer
assemblages (Kidwell, 2013).

Based on their AFDs, individual shells in
Southern California shift from having decadal
half-lives to millennial half-lives: shells com-
pletely disintegrate unless they are sequestered
within the first few hundred years postmortem
(Fig. 3D). The median time to sequestration—
e.g., for burial to deeper parts of a mixed layer
or for development of diagenetic microenviron-
ments—is very long, ranging between ~1300
and 7500 yr for Nuculana and between ~1600
and 8200 yr for Parvilucina (Table DR4). Such
low sequestration rates suggest lower rates of
siliciclastic accretion than documented on the
pre—20t century Southern California shelf (~0.1
cm/yr over a 100 yr scale; Alexander and Lee,
2009) and, combined with high initial rates of
disintegration, should act against the preserva-
tion of very old shells. Assuming steady-state
production over the course of time-averaging,
our two-phase model estimates that in fact
only 0.2%-0.7% of all shell input on this shelf
is preserved. This is consistent with observa-
tions that the carbonate content of the Southern
California seabed is extremely low compared to
the expected productivity of the shelly benthos
(Smith, 1971) and that diagenetic precipita-
tion is slow in temperate latitudes (Nelson and
James, 2000). A range of loss rates is possible
on tropical shelves (Best et al., 2007).

The old shells encountered in the mixed
layer are from species with low durability. They
are aragonitic, small-bodied (2-11 mm), and
either thin shelled (Parvilucina) or dominated
by microbially vulnerable high-organic micro-
structures (Nuculana); preferential preservation
of larger shells does not produce the L-shape
of the AFDs (Fig. DRS). Long-term survival
of carbonate particles in the mixed layer is thus
not limited to stereotypic robust oysters and
coral heads. The 10—15-cm-thick, decadal-scale
mixed layer (Alexander and Lee, 2009) and
high abundance of burrowers (Stull et al., 1996)
on the Southern California shelf suggest a high
probability of vertical mixing of shells, which
could blur TAZ and SZ layers. Therefore, some
permanent diagenetic stabilization of shells, for
example by Ostwald ripening (Aller, 2014),
may be necessary to ensure that shells do not
revert to A, if moved back to the TAZ.

CONCLUSIONS

Using AFDs that are relatively straightfor-
ward to acquire, we provide the first analytical
resolution of time-varying disintegration rates
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in carbonate particles, and demonstrate the
critical role of sequestration in permitting their
long-term persistence in the mixed layer. Our
two-phase model accounts more completely for
empirical data than do conceptual models of a
single half-life or gradual decline in loss rates
with burial, and moreover makes AFDs readable
in mechanistic terms. It disentangles and quanti-
fies the key rates of disintegration (slopes) and
time to sequestration (burial or stabilization;
influences kink in the L-shape) that govern shell
loss and persistence, suggesting, for example, a
way to measure the effects of ocean acidifica-
tion. The model allows disintegration rates to
be reset diagenetically with or without burial, a
phenomenon that can promote long-term persis-
tence under conditions of low net sedimentation.
The new model thus both explains the dynamics
of carbonate accumulation in modern seabeds in
rigorous and realistic terms, and provides a heu-
ristic framework for studying large-scale con-
trols on the completeness and time-averaging of
fossil assemblages.
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