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Taphonomic bias and time-averaging in tropical molluscan death
assemblages: differential shell half-lives in Great Barrier
Reef sediment

Matthew A. Kosnik, Quan Hua, Darrell S. Kaufman, and Raphael A. Wiist

Abstract—Radiocarbon-calibrated amino acid racemization ages of 428 individually dated shells
representing four molluscan taxa are used to quantify time-averaging and shell half-lives with
increasing burial depth in the shallow-water carbonate lagoon of Rib Reef, central Great Barrier Reef,
Australia. The top 20 cm of sediment contains a distinct, essentially modern assemblage. Shells
recovered at depths from 25 to 125 cm are age-homogeneous and significantly older than the surface
layer. Taxon age distributions within sedimentary layers indicate that the top 125 cm of lagoonal
sediment is thoroughly mixed on a sub-century scale. The age distributions and shell half-lives of four
taxa (Ethalia, Natica, Tellina, and Turbo) are found to be largely distinct. Shell half-lives do not coincide
with any single morphological characteristic thought to infer greater durability, but they are strongly
related to a combined durability score based on shell density, thickness, and shape. These results
illustrate the importance of bioturbation in tropical sedimentary environments, indicate that age
estimates in this depositional setting are sensitive to taxon choice, and quantify a taxon-dependent
bias in shell longevity and death assemblage formation.
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Introduction

Determining the geochronological frame-
work and potential age biases of sedimentary
sequences is of paramount importance for
studying modern and past sedimentary sys-
tems. Sediments contain or, in the case of
carbonate deposits, are composed of various
shells and carbonate fragments of multiple
origins and ages. Although the range of ages
in a single sediment sample (i.e., time-
averaging) is one of the most basic sedimen-
tological parameters, it is one of the least
quantified. Time-averaging determines the
length of time represented by a stratigraphic
unit and limits the temporal resolution of a
given record (Flessa et al. 1993; Kowalewski
1996). The geochronological framework of
most sedimentary sequences is determined
by relatively few biological specimens. The
underlying true age of interest is, however,
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the unknown age distribution of all biological
constituents within the sedimentary layer.
Quantifying the age distribution is time and
resource intensive, so although time-averag-
ing is of utmost importance for processes
underlying nearly all paleontological and
sedimentological investigations, few studies
have included a sufficient number of speci-
mens to quantify the age-frequency distribu-
tion.

Time-averaging is fundamentally deter-
mined by three largely independent parame-
ters: (1) the rate of sediment accumulation; (2)
the characteristics of sediment mixing; and (3)
the durability of the sedimentary grains being
averaged. The sedimentation rate determines
the minimum possible degree of time-aver-
aging, and generally higher rates of sedimen-
tation lead to less time-averaging (Meldahl et
al. 1997). The rate and depth of mixing
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determine the maximum possible degree of
time-averaging, with deeper and faster sedi-
ment mixing leading to more time-averaging
(Olszewski 2004). Some bioturbators (e.g.,
callianassid shrimp) also effectively sort
sedimentary grains by size, shape, and/or
other characteristics (Tudhope and Scoffin
1984). Sediment grain durability determines
the length of time that a sedimentary particle
remains intact and recognizable. Fragile sed-
imentary particles are more likely to be
destroyed (e.g., fragmented, eroded, or dis-
solved) during mixing, leading to less time-
averaging, whereas durable particles can be
thoroughly mixed without breaking, leading
to more time-averaging (Cummins et al
1986). Taxa with different taphonomic char-
acteristics are likely to withstand different
degrees of damage before becoming uniden-
tifiable (e.g., Perry 1998), and therefore record
different amounts of time-averaging even
within the same sedimentary deposit. Differ-
ential time-averaging has important implica-
tions not only for the age model of the
deposits but also for the creation of death
assemblages and the formation of the fossil
record.

Although the composition of molluscan
death assemblages is largely consistent with
the composition of the living shelled-mollusc
community (Kidwell 2001), significant biases
may be imposed by the preservational char-
acteristics of individual organisms. Several
studies have implicated body size as an
important correlate with preservation poten-
tial (Kidwell 2002; Cooper et al. 2006), and
previous analyses of Tellina documented
significant differences between the half-lives
of large and small shells (Kosnik et al. 2007).
Shell thickness has been shown to be a good
predictor of the resistance of a shell to
breakage (Zuschin and Stanton 2001), and
shell surface-area-to-volume ratios have been
found to be important taphonomic predictors
in laboratory dissolution studies (Flessa and
Brown 1983; Glover and Kidwell 1993). Shell
mineralogical composition including the or-
ganic content of the shell has also been shown
to be important to shell survival (Glover and
Kidwell 1993; Harper 2000; Best et al. 2007).
Shell durability is an important, if difficult to
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quantify, property that significantly influenc-
es the taxonomic composition of all fossil-
bearing sedimentary deposits.

Tropical carbonate systems are widespread
and important, both in modern and in ancient
times, yet most studies of molluscan time-
averaging and taphonomy have examined
shells from environments dominated by
siliciclastic sediment (but see Carroll et al.
2003; Kidwell et al. 2005; Kosnik et al. 2007).
Understanding the formation of modern
carbonate deposits is important to our under-
standing of the evolutionary and ecological
history of tropical marine systems including
carbonate fossil deposits. Although Paleozoic
benthic environments may have witnessed
much lower levels of bioturbation (Bottjer and
Ausich 1986), differences in shell durability
are still likely to influence the formation of
fossil deposits (e.g.,, Cummins et al. 1986).
This study examines the differential time-
averaging in typical mid-shelf Great Barrier
Reef (GBR) lagoon-back reef sediments by
dating shells from four molluscan taxa found
in the top 125 cm of sediment.

Study Area and Material

Rib Reef is a typical central GBR mid-shelf
reef (18.479°S,146.869°E; Fig. 1). The southern
and eastern edges of the reef are well-
developed reef crests sheltering a lagoon-
back reef sedimentary wedge that slopes from
~5 to ~60 m below sea level over ~2 km
distance from the reef framework. The sedi-
ment surface is exclusively wave marked in
shallow water, but as water depth increases
Callianassa (infaunal shrimp) burrows become
increasingly common. Two large-diameter
suction cores were collected in February and
June 2005; core 1 was collected ~200 m NW
of the reef framework at 6.7 m below the
lowest astronomical tide datum and core 2
was ~60 m NW of core 1in 7.1 m of water. A
sheet metal tube 56 cm in diameter (0.25 m?
surface area) was sunk into the lagoon
sediment using the R/V James Kirby's vibro-
core head. Sediment layers were removed
from the interior of the tube in 5 cm intervals
to a depth of ~130 cm below the sediment-
water interface using a diver-operated airlift.
Sediment was collected in ~1-mm-mesh bags.
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FiGure 1. Map of the central Great Barrier Reef showing

the location of Rib Reef. Map redrawn and simplified
from the Great Barrier Reef Marine Park 2003 zoning plan
map MPZ8 - Townsville.

Each layer was sieved through nested 4, 2,
and 1 mm sieves, but only shells from the
>4 mm sieve fraction were used in the
analyses presented here. Shells from the
>4 mm fractions of six layers were used from
core 1: 5-10, 15-20, 50-55, 80-85, 110-115, and
120-125 cm. Shells from the >4 mm fractions
of every third layer were used from core 2: 0-
5, 15-20, 30-35, 45-50, 60-65, 75-80, 90-95,
and 105-110 cm.

Four taxa were selected for dating: Ethalia,
Natica, Tellina, and Turbo. These four taxa are
well represented in these samples, and they
span a range of robustness and life habits.
These data were used to examine the effect of
various options on the creation of calibration
curves for amino acid geochronology (Kosnik
et al. 2008) and the efficacy of various
screening criteria and cutoffs (Kosnik and
Kaufman 2008). Analyses of the Tellina data
were published in Kosnik et al. (2007).

Ethalia.—Shells of Ethalia guamensis (Quoy
and Gaimard 1834), an infaunal gastropod
frequently found living in areas with actively
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bioturbated surface sediment, are common in
the death assemblage of Rib Reef lagoon.
Nearly all of the 64 Ethalia shells recovered
were complete and in excellent condition,
retaining a glossy luster and showing mini-
mal abrasion or chipping (Fig. 2A,B). The
body whorl of 56 shells from the Rib
Reef cores was analyzed for amino acid
racemization (AAR). Calendar ages were
inferred from AAR calibration curves based
on six accelerator mass spectrometry (AMS)
“C ages (0Z]J024-0Z]J029) and four live-
collected specimens. Specimens ranged in
size (measured as the geometric mean of the
three longest perpendicular dimensions) from
3.8 to 10.0 mm with a median value of
6.0 mm.

Natica.—The Natica shells recovered dis-
played a wide range of color morphs making
species assignment difficult, but 62 of 148
specimens were assigned to a highly variable
N. gualtieriana group on the basis of their two
or three rows of vertically elongated spots
arranged in spiral bands (Fig. 2C,D). Al-
though recovered from the death assemblage
in areas with actively bioturbated surface
sediments, the infaunal gastropod Natica
Qualtieriana Récluz 1844 was found living
only in areas stabilized by vegetation. Nearly
all of the N. gualtieriana shells were complete,
but some lacked their original glossy luster or
had a chalky precipitate on the shell surface,
and 23% (14 of 62) had predation drill holes.
The body whorl of 52 shells from the Rib Reef
cores was analyzed for AAR. Calendar ages
were inferred from AAR calibration curves
based on six AMS "C ages (0Z]J012, OZ]J019-
0z]J023) and five live-collected specimens.
Specimens ranged in size from 4.0 to 8.4 mm
with a median value of 5.0 mm.

Tellina.—The mollusc species whose shells
were most abundant, Tellina (Pinguitellina)
casta Hanley 1844, was found living in
areas with actively bioturbated sediment
(Fig. 2E,F). Of the >2000 complete valves
recovered, only right valves in good condition
were analyzed to avoid contamination and to
exclude the possibility of analyzing the same
individual twice. The posterior halves of 245
right valves from the Rib Reef cores were
analyzed for AAR. Calendar ages were



FIGURE 2.

Images of the taxa used in this study. All scale
bars, 10 mm. Photographed specimens are deposited at
the National Museum of Natural History, Washington,
D.C. A, B, Ethalia (USNM 1122320). C, D, Natica (USNM
1122321); E, F. Tellina (USNM 1122322). G, H, Turbo
operculum (USNM 1122323).

inferred from AAR calibration curves based
on 13 AMS ™“C ages (0OZI199-OZI1207,
07]J013-0ZJ016) and six live-collected speci-
mens. Specimens ranged in size from 2.9 to
8.3 mm with a median value of 6.0 mm.
Turbo.—Turbo opercula are dense calcium
carbonate discs that plug the opening of the
shell when the animal is retracted (Fig. 2G,H).
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Opercula are fairly common in Rib Reef
lagoon sediments (172 recovered), but living
Turbo (Marmarostoma) argyrostomus (Linnaeus
1758) are found exclusively on the reef
framework where they graze on hard sub-
strates and hide in crevices. Nearly all of the
opercula were unbroken, but most showed
signs of encrusting algae, microborers, or
carbonate precipitate. Turbo opercula closely
match the size and shape range of Tellina
valves, but they are far more robust. The
extent of AAR was determined for 98 disas-
sociated opercula from the Rib Reef cores.
Calendar ages were inferred from AAR
calibration curves based on 11 AMS "“C ages
(0ZI190-198, OZJ017, OZJ018) and on two
opercula from live-collected specimens. Spec-
imens ranged in size from 3.9 to 8.8 mm with
a median value of 5.2 mm.

Methods

Shell Measurements.—All linear shell mea-
surements were taken with digital calipers to
0.01 mm. Shell size was measured by taking
three perpendicular measurements, the lon-
gest linear dimension (x), the next longest
linear measurement perpendicular to the first
measurement (i), and the length perpendicu-
lar to the first two measurements (z). Shell
size was calculated as the geometric mean of
x, ¥, and z (Kosnik et al. 2006). Ethalia and
Natica shell thickness was measured by taking
several measurements along the outer aper-
ture edge to determine a representative
thickness. Tellina shell thickness was mea-
sured by taking several measurements along
the ventral shell edge to determine a repre-
sentative thickness. As opercula lack a clear
edge, Turbo shell thickness was the minimum
shell dimension (z). Shell mass was measured
using a digital balance to 0.01 mg.

Shell Size.—Shell size has been shown to
affect durability and half-life. Kosnik et al.
(2007) showed that small Tellina shells had
shorter half-lives than large Tellina. Whereas
those results demonstrated that size is impor-
tant within taxa, the analyses here examine
the importance of size in a multi-taxon
context including differing shell density,
thickness, or shape as defined below. Re-
stricting the analysis to only core 2 where all
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Ficure 3. Morphological characteristics affecting durability. All panels have shell size (the geometric mean of the three
longest perpendicular dimensions in mm) on the x-axis. A, Shell size by taxon with overlying boxplots indicating the
median, quartiles, and extremes less than 1.5X the interquartile width. B, Shell density. Cube root of shell mass (mg) on
the y-axis with shells from each taxon plotted using the symbols shown in the legend. Gray lines are best-fit relations,
dashed lines are fixed proportions of solid calcite spheres, and the gray area indicates the area denser than aragonite. C,
Shell thickness (mm) on the y-axis with the same plot symbols as B, but dashed lines are fixed proportions of shell size.
D, Shell shape measured as the deviation from a sphere (mm) on the y-axis with the same plot symbols as B; dashed
lines correspond to theoretical oblate spheres whose z measurement is X% of the size.

four taxa were sampled, Tellina should be the
most durable (median size = 6.4 mm), fol-
lowed by Ethalia (median size = 6.0 mm), and
Natica and Turbo should be the least durable
(median sizes of 5.0 and 4.9 mm respectively).
Shell size shows more intra-taxon variability
than any other durability metric examined
here. In this data set, the size range within
taxa is much greater than the size difference

between taxa (Fig. 3A). Small Tellina were
specifically sampled from alternate layers of
core 2, and if size alone determined shell
durability, small Tellina (median size =
3.55 mm) would be the least durable shells
and large Tellina (median size = 6.88 mm)
would be the most durable shells.

Shell Density.—All four taxa show strong
linear relations between shell size measured
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as the geometric mean of the three longest
perpendicular dimensions and the cube root
of shell mass. Ethalia and Tellina specimens
were the lightest for their size (Fig. 3B). Natica
shells were intermediate between Ethalia/
Tellina and Turbo opercula, which were the
heaviest for their size (Fig. 3B). These size-
versus-mass relations can be more easily
compared in the context of shell density.
Although measuring shell volume is difficult,
the size-versus-mass relation can be readily
compared with the mass of an aragonite
spheroid of the same size (same geometric
mean of the three longest perpendicular
dimensions) as the shells. This procedure
yields an intuitive and size-independent
value of relative shell density for each taxon
with a theoretical range of 0 to 100%. A value
of zero equates to the absence of a shell, and
100% is a solid aragonite spheroid (approach-
ing 100% is unlikely if the organism’s soft
tissue is contained within the shell). Using
relative shell density as a proxy for shell
durability indicates that Ethalia and Tellina
should be the least durable, with shell
densities approximately 60% that of a solid
spheroid (Fig. 3B). Natica shells should be
intermediate, with a shell density approxi-
mately 75% that of a solid spheroid, and Turbo
opercula should be the most durable, with a
shell density 93% that of a solid spheroid
(Fig. 3B). Because opercula do not house
animals, their lack of internal habitable spaces
results in a very dense shell.

Shell ~ Thickness.—Thicker shells require
more mechanical force to break (Zuschin
and Stanton 2001), and they have less shell
volume exposed to chemical dissolution than
thinner shells of the same size and shape.
Shell thickness has a strong taxon-specific
linear relation with shell size, and these
relations can be used to create a size-
independent measure of shell thickness ex-
pressed as a proportion of shell size. Ethalia
has the thinnest shell at 3% of shell size,
followed by Natica and Tellina with shell
thicknesses of 7% and Turbo with an opercu-
lum thickness of 56% (Fig. 3C). Shell thick-
ness predicts that Turbo should be the most
robust and Ethalia should be the least robust.
Tellina and Natica should be slightly more
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robust than Ethalia but much less robust than
Turbo opercula.

Shell Shape.—A sphere has minimal surface
area exposed to chemical dissolution, and
maximal cross-sectional area resulting in
maximal breaking resistance. The deviation
of a shell from a perfect sphere was calculated
by summing the absolute deviation of each
perpendicular dimension from a sphere with
the same size:

Deviationgpape = |d — x|+ |d —y|+|d—z| (1)
where d is the diameter of the sphere and x, y,
and z are the shell dimensions along three
perpendicular axes. Because the shell and the
sphere have the same geometric mean size,
the diameter (d) is constrained to equal
(x-y-z)'°. Most molluscs, and each of these
taxa, deviate from a sphere primarily along a
single axis, and a shell’s deviation is readily
compared with that of a theoretical oblate
spheroid with a single shortened axis that is
expressed as a proportion of their size. A
shell’s deviation from spherical has a strong
taxon-specific linear relation with shell size,
and these relations were used to describe a
size-independent measure of shell shape
using oblate spheroids where 100% is a
sphere and 0% is a thin circular sheet. Ethalia
is closest to spherical, with a deviation equal
to that of an oblate spheroid with a single axis
83% of that of a sphere, followed by Natica,
Turbo, and Tellina deviations, which are 76%,
56% and 39%, respectively (Fig. 3D). Shell
shape indicates that Ethalia should be the
most robust, followed by Natica, Turbo, and
Tellina.

Shell Mineralogy and Microstructure.—Shell
mineralogy and microstructure have been
shown to be an important determinant of a
taxon’s fossilization potential (Harper 2000;
Wright et al. 2003; but see Kidwell 2005). X-
ray diffraction and X-ray fluorescence analy-
ses confirmed that the mineralogical compo-
sition of the shells examined here is pure
aragonite. Examination of shell surfaces and
cross-sections using a scanning electron mi-
croscope (SEM) revealed that each taxon has a
different shell microstructure. Although min-
eralogy and microstructure are likely to be
important to the broader discussion of mol-
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luscan preservation in carbonate sediments,
they are beyond the scope of the present
study.

Shell Dissolution.—Given the different pre-
dictions of shell durability generated by each
morphological metric, and considering each
taxon’s distinct shell microstructure, an addi-
tional empirical measure of shell durability
was sought. Although measuring physical
breakage is complicated by a multitude of
factors, a shell’s chemical stability can be
readily measured as the dissolution rate in an
acidic solution. We experimentally dissolved
shells in dilute HCI] to measure their relative
durability. This affords a relative index of
chemical stability, but it is not intended to be
equivalent to natural conditions in sedimen-
tary environments.

Nine empty shells from each taxon were
selected to cover the observed size range. Dry
shells were weighed, etched for 30 min in
01 M HCl with manual agitation every
30 sec, rinsed with distilled water, dried
overnight at 55°C, and reweighed. This
process was repeated until the shell was
dissolved. Shell mass is a function of shell
volume, whereas dissolution rate should be a
function of shell surface area. Therefore, shell

mass raised to the 2/3 power should be
linearly related to the time in acid. Regression
models were fit to determine the rate of shell
loss (the slope of the mass®® versus time in
acid).

The results show that the rate of shell loss is
taxon dependent (Fig. 4A). Turbo has the
lowest rate of shell loss, whereas Tellina has
the highest rate, with Ethalin and Natica
intermediate. The rate of shell loss is not a
function of the original shell mass (Fig. 4B).
Ethalia and Natica show no relation between
starting shell mass and the rate of loss, and
the apparent relations shown by Tellina and
Turbo are not statistically significant because
of high variability within the taxa (Tellina p >
0.26, Turbo p > 0.08, Fig. 4B). Although the
shells used in this experiment reflected the
specimen sizes found in these core samples,
significantly larger Turbo opercula have been
found in other sediment samples. With the
addition of larger Turbo opercula, it may be
found that larger opercula dissolve faster
than smaller opercula, but the increased
initial shell mass would negate the increased
rate of shell loss (e.g., the time to complete
shell loss would still be longer for larger
shells). None of the other taxa are likely to be
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TasLe 1. Taxon specific AAR calibration curve
parameters for aspartic and glutamic acid. These
parameters define a line (y = m(D/L)* + b) relating the
extent of AAR to shell age. Shell age before a.p. 1950 (y) is
determined by the slope of the relation (m), the D/L
exponent (x), and the y-axis intercept (b). In these
calibrations b is constrained to be the year the live-
collected specimens were collected (A.p. 2005 or 2006).
Abbreviations: 7, the number of subsamples used to fit
the calibration curve; r?, the fit of the calibration curve;
Min and Max, the minimum and maximum calibrated
ages in years before A.p. 1950. Asp and Glu D/L values for
each shell’s subsamples are presented in the supple-
mental online material.

Amino
Taxon  acid n b m X r»  Min Max
Ethalia Aspartic 12 —56 19452 3.46 0.99 —-56 3354
Glutamic 12 —56 49066 1.99 1.00 —56 3363
Natica Aspartic 12 —56 19320 3.19 0.99 —56 3694
Glutamic 12 —56 60191 2.24 0.99 —56 3855
Tellina Aspartic 26 —55 37709 2.54 0.98 —55 4751
Glutamic 26 —55 55577 1.78 0.98 —55 4611
Turbo Aspartic 20 —55 17217 3.51 0.88 —55 3741
Glutamic 20 —55 28703 1.61 0.91 —55 4401

represented by individuals larger than those
dissolved in this experiment.

Determining Shell Age.—Shell ages were
determined from quasi-independent taxon-
specific amino acid racemization calibration
curves for aspartic and glutamic acid. A
calibration curve was developed for each
amino acid using a simple power-law trans-
formation, where D /L was raised to the best-
fit exponent, the origin was constrained by
the D/L value of live-collected specimens,
and the "*C ages were weighted by their 2c
calibrated age ranges (Table 1) (Kosnik et al.
2008). The AAR data from duplicate subsam-
ples of each shell were screened using the
procedures examined in detail by Kosnik and
Kaufman (2008). Any subsample with age
estimates inferred from the two amino acids
that differed by =200 yr or by =20% relative
to the mean inferred age was removed from
the data set. The subsamples meeting this
criterion (i.e., Y < 0.2) were averaged to
determine the specimen age used in these
analyses. In all, 17 specimens (4%) without
subsamples meeting this criterion were ex-
cluded from the analyses. As a result, the
variability of D/L values in some taxa was
reduced (see Kosnik and Kaufman 2008 for
further discussion on the rationale behind the
data screening and the effect of the procedure
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on the overall geochronological results). Fol-
lowing these procedures, the mean age error
(1o) for individual shells based on two amino
acids analyzed in duplicate subsamples
ranged from 53 to 142 yr for Tellina and
Turbo, respectively. The Y < 0.2 data set used
here includes 51 Ethalia, 51 Natica, 245 Tellina,
and 81 Turbo specimens. Specimen ages are
presented as calendar years before a.n. 1950
(B.P.) unless otherwise noted. AMS radiocar-
bon dating was carried out at the Australian
Nuclear Science and Technology Organisa-
tion and AAR analyses were performed at
Northern Arizona University. Technical de-
tails of these analyses can be found in Hua et
al. (2001) and Kaufman and Manley (1998),
respectively. The “C and D/L data used in
calibration are presented in the supplemental
online material at http://dx.doi.org/10.1666/
08060.s1.

Shell Half-Lives.—Shell half-lives derived
from an exponential distribution fit to the
age-frequency distribution can be used to
determine the rates of shell destruction (e.g.,
Cummins et al. 1986; Meldahl et al. 1997).
Assuming stochastically constant shell input
and neutral horizontal movement allows us to
use half-lives as a measure of two processes:
(1) the vertical movement of shells out of the
sampled layer; or (2) the destruction of the
shells. Exponential distributions were fit and
bootstrapped using the “fitdistr”” and “boot”
functions in R (see below). Exponential
distributions are defined only for positive
values, so AAR ages were rescaled to set A.D.
2006 equal to zero yr (the collection date)
before fitting the distributions and calculating
half-lives.

Statistical Treatment.—All statistics, data
manipulation, and plotting were done using
R 2.8 for Mac OS X (R Development Core
Team 2008). In addition to the R core,
extensive use was made of the MASS 7.2-45
(fitdistr), and boot 1.2-34 (boot) packages.

Results
Shell Age and Burial Depth

Although the carbonate sediment of central
GBR mid-shelf reef lagoons is visually ho-
mogenous, extensive coring consistently has
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FIGURE 5. Sediment grain size from core 2 illustrating a marked coarsening of sediments below 30 cm, expressed as a
proportion of each layer’s dry weight. Solid vertical lines are the median proportions for the surface layer (0-15 cm)
and the deeper layer (30-120 cm), and the dotted lines are 95" quantiles. A, Sediments from the >4 mm sieve fraction
are more abundant in the deeper layer than the surface layer. B, Sediments from the <4 mm and >2 mm sieve fraction
represent a consistent proportion of the sample layers; gray bars indicate the sedimentary layers from core 2 from
which specimens were taken for this study. C, Sediment from <2 mm and >1 mm sieve fraction is far more abundant

in the surface layer than in deeper layers.

found that the upper 20 cm of the sediment
column contains more fine particles than
deeper sediments, and nearly all of the very
large (>4 mm) material in the upper 20 cm is
living (Kosnik and Wiist personal observa-
tion). The proportion of sediment mass
>1 mm in each sedimentary layer shows a
marked increase in coarse grains between
core depths of 15 and 30 cm (Fig. 5). Below
30 cm, the >4 mm sieve fraction made up
40% of each layer’s dry mass whereas above
15 cm the >4 mm sieve fraction made up
only ~10% of each layer’s mass (Fig. 5A). The
2-4 mm fraction consistently constituted
~35% of each layer’s mass through the entire
core (Fig. 5B). The increase in >4 mm mate-
rial was offset down-core by the 1-2 mm
sieve fraction; it constituted nearly 60% of
each layer’s mass above 15 cm, but only about

25% of each layer’s mass below 30 cm
(Fig. 5C).

This particle size division was mirrored in
the Tellina age structure; valves from the top
20 cm of both cores were significantly youn-
ger than valves from deeper layers (Kruskal-
Wallis p < 0.01, Figs. 6A, 7C). Ethalia shells in
core 2 also suggested a division, but the
sample size was insufficient to draw strong
conclusions (p = 0.06, Fig. 7A). No Natica
shell was recovered from the top 20 cm
(Fig. 7B). Turbo opercula had a homogeneous
age distribution through the entire sediment
profile in core 1 (p = 0.19, Fig. 6B), but no
opercula were recovered from the upper
20 cm of core 2 (Fig. 7D). Because Turbo live
on hard substrates, the opercula found in
surface sediments must be transported from
the nearby reef matrix. The time required for
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FIGURE 6. Shell age and depth from core 1. Shell age in
calibrated years since A.p. 1950 on the x-axis and core
depth in centimeters on the y-axis. Individual shells are
plotted as circles, and layers are overlain with boxplots
indicating the median age (vertical line), quartiles (box),
and 95" quantile (whiskers). A dashed line at 25 cm
separates the upper ““surface layer” from the lower “deep
layer.” Two Kruskal-Wallis p-values are indicated; the
upper p-value tests all sampled layers, and the lower p-
value tests only layers deeper than 25 cm. A, Tellina
valves. The samples from the upper layer are younger
than deeper layers, but deeper layers are homogeneous.
B, Turbo opercula. All of the layers are age homogeneous.

this movement may result in a lag in
operculum supply and account for both the
relatively older shells in the surface sediments
and the resulting lack of an age disjunction
down-core. The age of Turbo opercula in
surface sediments indicates that this move-
ment may be quite slow. In addition to age
distributions, molluscan shell abundance in-
creases markedly below 25 cm, suggesting
that shells are concentrated in the deeper
sedimentary layer.

Excluding shells from the top layer
(<25 cm), none of the taxa in either core
show a down-core increase in age, and there
is no support for age differences between
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layers (p = 0.14, Figs. 6, 7). Some of the
youngest shells of each taxon are found in the
deepest layers, while some of the oldest shells
of most taxa are found in the top half of the
core (e.g., above 65 cm). Shells between 25
and 125 cm depth are sufficiently mixed to
homogenize each taxon’s age distribution.
Rates of sediment turnover are sufficient to
transport shells ~50 yr old to 120 cm depth.
In the 30-35 cm layer of core 2 the oldest
shells were 2213, 1148, 4670, and 1258 B.P. for
Ethalia, Natica, Tellina and Turbo, respectively.
Below 100 cm the youngest shells are 580, 74,
50, and 304 B.r. for Ethalia, Natica, Tellina, and
Turbo, respectively. The dated shells buried
between 25 and 125 cm are an age-homoge-
neous assemblage accumulated over the past
~4600 yr.

Shell Durability and Survival

Shell size, density, thickness, and shape as
predictors of shell durability and half-life
were compared with the observed shell half-
lives of the four taxa. These analyses included
only specimens from below 20 cm to avoid
mixing distinct specimen age-populations.

Comparing Cores.—The cores show distinct
results for the two taxa dated from both cores.
In core 1, the Tellina half-life was 171 yr, and
the Turbo opercula half-life was 552 yr
(Fig. 8). In core 2, Tellina half-life was 574 yr
(Fig. 9C), and Turbo opercula half-life was
1229 yr (Fig. 9D). In core 1, the Turbo opercula
had a half-life more than three times longer
(4.2X) than that of Tellina shells, whereas in
core 2 the difference was only just over
twofold (2.1X). Core 2 contained an older
shell assemblage and yielded longer shell
half-lives than core 1. There was no difference
in Tellina size or mass (Wilcox p = 0.14, p =
0.21) across cores, but Tellina shells in core 2
had a half-life 4.4 times as long as Tellina from
core 1 (Figs. 8A, 9C). Turbo opercula in core 2
had a half-life 2.2 times that of Turbo opercula
in core 1 (Figs. 8B, 9D) despite being signif-
icantly smaller (p = 0.02, median size in core 2
= 4.76 mm, median size in core 1 = 5.43 mm)
and lighter (p = 0.01, median mass in core 2 =
123 mg, median mass in core 1 = 199 mg)
than opercula in core 1. The large differences
between cores illustrate fine-scale spatial
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Ficure 7. Shell age and depth from core 2. Plot format is the same as Figure 6. A, Ethalia shells. Although no sample is
significantly different, shells from upper layer are essentially modern. B, Natica shells. None was recovered from the
upper layer, but the deeper layers are age homogeneous. C, Tellina valves. Shells from the upper layer are younger than
deeper layers, but the deeper layers are age homogeneous. D, Turbo opercula. None was recovered from the upper

layers, but the deeper layers are age homogeneous.

heterogeneity in the degree of time-averaging
and shell half-lives within modern tropical
carbonate lagoons, and it also suggests
significant spatial variation in taphonomic
processes. The Turbo assemblage from core 1
has a half-life comparable to the half-lives of
Tellina and Natica from core 2, rather than a
half-life comparable to Turbo from core 2.
Turbo variability between cores 1 and 2
exceeds taxonomic variability seen within
core 2.

Judging from the generally younger shell
population and shorter half-lives, the shells in
core 1 appear to have been subjected to
harsher conditions than the shells in core 2.

Comparing Taxa.—In core 2, Tellina and
Natica had the shortest half-lives at 574 yr
and 630 yr respectively (Fig. 9B,C). The Etha-
lia half-life was significantly longer at 925 yr
(Fig. 9A), and Turbo opercula half-life was

even longer at 1229 yr (Fig. 9D). This order
was substantially different than the order
suggested by increasing (1) shell density
(Tellina/Ethalia < Natica < Turbo), (2) shell
thickness (Ethalia < Tellina/Natica < Turbo),
(3) shell shape (Tellina < Turbo < Natica <
Ethalia), (4) median shell size (Turbo < Natica
< Ethalia < Tellina), or (5) median shell mass
(Ethalia < Natica < Tellina < Turbo) (Table 2).
Shell size and mass were strongly related and
highly variable within taxa (Fig. 3A), whereas
the other three characteristics (i.e., density,
thickness, and shape) were consistent within
taxa (Fig. 3B-D).

Averaging the three morphological charac-
teristics that were consistent within taxa to
create a mean durability score resulted in a
sequence (Tellina < Ethalia/Natica < Turbo;
Table 2) more similar to the sequences ob-
served for half-lives (Tellina/Natica < Ethalia
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histogram bins. A, Tellina. B, Turbo opercula.

< Turbo; Fig. 9) and experimental dissolution
rates (Tellina < Ethalia/Natica < Turbo;
Fig. 4A) than for those of any of the individ-
ual durability metrics.

Although a durability score of zero is
expected to have a half-life of zero there is
no such a priori expectation for shell dissolu-
tion rate. Given the different half-lives be-
tween cores, these taphonomic relations are
expected to be site-specific, but these relations
explicitly predict the half-lives of the other
aragonitic molluscan shells at these sites. Core
1 with only two taxa is plotted for comparison
with core 2. Shell half-life has a strong relation
to the mean durability score (Fig. 10A). Shell
half-life has a weaker relation to the shell
dissolution rate (Fig. 10B). These two hypoth-
esized relations have slightly different impli-
cations for inferring shell durability. The
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TabLE 2. Summary of durability predictor variables. Median mass and size values are based only on shells from core 2
layers deeper than 20 cm. All of the specimens were used to calculate relative shell density, thickness, and shape.

Median Relative
Taxon Mass (mg) Size (mm) Density Thickness Shape Mean score
Ethalia 63.19 6.07 0.60 0.03 0.83 0.49
Natica 83.18 493 0.75 0.07 0.76 0.53
Tellina 89.34 6.37 0.60 0.07 0.39 0.35
Turbo 133.31 4.76 0.93 0.56 0.56 0.68

mean durability score’s zero intercept implies
that the slope of the line defining the
taphonomic relation should vary between
sites (Fig. 10A), whereas the shell dissolution
relation is not constrained by theoretical x- or
y-intercepts and the data here suggest that the
slope of the line defining the taphonomic
relation does not change between sites
(Fig. 10B). Although it should not be possible
for shells with a durability score of 0 to have a
half-life >0, it is possible that shells with a
durability score >0 might still have a half-life
that is effectively 0. The dashed gray line in
Figure 10A suggests that shells from core 1
with a durability score <0.2 have effectively 0
half-lives. At this time the relations in
Figure 10 should be considered hypotheses
deserving additional study, and only addi-
tional data will be able to characterize the
relation between shell durability and shell
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half-life. However, this approach provides
a potential framework for examining this
relation.

Examining the Effect of Shell Size.—Small
Tellina were sampled from alternate layers of
core 2 to examine the effect of shell size on
half-lives, but the other taxa were not suffi-
ciently abundant to implement a size-sensi-
tive sampling procedure. In contrast to the
bimodal distribution of Tellina shell size (<~4
or >~6 mm), the other taxa do not form
distinct size classes (Fig. 3A). Instead, the
other three taxa were divided into two equal
data sets separated by the median shell size,
and the half-life of each subset was deter-
mined. In all taxa, the small shells had a
shorter half-life than the large shells, although
bootstrapped confidence intervals for the two
size classes overlap for Ethalia and Natica
(Fig. 11A-D). Small Tellina have half-lives
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FiGUure 10. Shell half-lives as a function of durability predictors. Points are labeled using the legend from Figure 3;
vertical error bars are the 95% bootstrapped confidence intervals (Figs. 8, 9). A, Shell half-life versus combined
durability score with a regression line forced through the origin. B, Shell half-life versus rate of shell loss in acid
dissolution experiments; horizontal error bars are 95% quantiles (Fig. 4A).
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large shells, but this difference is significant only for Tellina and Turbo opercula.
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that are half that of large Tellina (334 versus
667 yr, Fig. 11E,F). Small Turbo opercula have
significantly shorter half-lives than large
opercula (910 versus 1549 yr, Fig. 11G,H).
Although the data here are insufficient to
quantify the effect, half-life is expected to
vary with shell size. The difference between
small and large Ethalia (5.5, 7.2 mm) and
Natica (4.6, 5.8 mm) was less than the differ-
ence between small and large Tellina (3.6,
6.9 mm) and Turbo (4.1, 5.8 mm).

Greater differences between the size of
small and large shells, or larger sample sizes
for Ethalia and Natica, may reveal a relation
between shell size and half-life. Notably, the
shell dissolution experiments did not show
size-specific rates of dissolution, but larger
shells start with more mass to lose so if shells
dissolve at the same rate larger shells will
have longer half-lives. The dissolution exper-
iments suggest that larger Tellina and Turbo
might have faster rates of dissolution, but
there was no such suggestion for Ethalia and
Natica. This may be related to the simple
scaling of Tellina and Turbo shell surface-area-
to-volume ratio with size versus the relatively
complex relation between surface-area-to-vol-
ume ratio and size when additional whorls
are added to Ethalia and Natica shells.

Discussion

Burial and Bioturbation.—Callianassid shrimp
have a well-documented bioturbation impact
on coastal sedimentary environments mainly
through effective particle sorting, such as the
preferential burial of gravel-sized grains
(Tudhope and Scoffin 1984; Tudhope 1989;
Meldahl 1987; Bradshaw and Scoffin 2001).
Because shell microborers are most active at
the sediment-water interface, rapid burial
promotes shell survival (Tudhope and Scoffin
1984; Perry 1998; Bradshaw and Scoffin 2001;
Best et al. 2007). Following the death of an
infaunal individual (here, Ethalia, Natica, or
Tellina) its shell may never be exposed to the
sediment-water interface, as it is likely to be
buried rapidly below 20 cm (Figs. 6A, 7A,C)
(Tudhope and Scoffin 1984; Tudhope 1989;
Meldahl 1987; Bradshaw and Scoffin 2001).
Although some studies (e.g., Bradshaw and
Scoffin 2001) described this depth as near the
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base of the taphonomically active zone (TAZ,
sensu Davies et al. 1989; Olszewski 2004), the
shell ages presented here make that less
certain. Certainly the top ~20 cm are distinct
from the deeper layer, and the top layer is
the taphonomically most-active zone; howev-
er, the homogeneous age distribution be-
tween 20 and 125 cm suggests that these
shells are not below the depth of final burial
(DFB, sensu Olszewski 2004). Indeed, Ols-
zewski (2004) demonstrated the importance
of non-coincident depths to define the TAZ
and DFB. The data presented here do not
directly address shell movement within the
deeper sedimentary layer. It is possible that
shells are transported directly from the
surface layer to various depths within a
callianassid burrow system, or that shells
are repeatedly moved within this deeper
sedimentary layer. Although the ages for
>4 mm shells are consistent with movement
within the deeper sedimentary layer, they
also suggest that it is very unlikely for shells
from the deeper layer to return to the top
20 cm. The distinct age distributions and
half-lives of small versus large Tellina and
Turbo suggest that the delineation of the TAZ
and DFB is size dependent in these lagoonal
sediments.

These findings are consistent with those of
Tudhope and Scoffin (1984) who examined
particle movement by callianassid shrimp in
the Davies Reef (central GBR) lagoon. They
found that while tagged sediment finer than
1-2 mm was generally ejected from the
burrow and maintained in the surface layer,
tagged sediment coarser than 1-2 mm was
generally transported to depths between 20
and 60 cm. Tudhope and Risk (1985) suggest-
ed that the surface layer of callianassid-
burrowed sediment is doomed to destruction,
and it is the deeper layer that is likely to be
preserved. Our work with individually dated
particles corroborates this, showing that the
top ~25 cm of sediment from central GBR
lagoons has a different size composition and
much younger shell age distribution than the
underlying sediment that is more likely to be
preserved in the fossil record. The activities of
callianassid shrimp promote the burial and
survival of coarser sedimentary material at
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the expense of finer sedimentary material and
fine-scale temporal resolution.

Stratigraphic Disorder.—The ultimate limita-
tion to sampling resolution for sedimentary-
based studies of ecology, evolution, and
geochemistry is imposed by the sediments
themselves. To be useful the scale of time-
averaging in the sedimentary deposit cannot
exceed the scale of the process being investi-
gated (Kowalewski 1996). Sampling finer than
the scale of time-averaging will not improve
temporal resolution. Sedimentary deposits
can be complete (in the sense that the entire
time interval is represented), but still be
mixed to a temporal scale coarser than
required for a particular study (Flessa et al.
1993). Although increasing the number of
ages per sedimentary layer will reduce the
impact that rare shells have on the age of a
particular layer (Cutler and Flessa 1990),
sedimentary deposits such as those examined
here are age homogeneous throughout the
length of the core for most taxa given their
occurrence frequency in the sediment. The
four taxa examined here are among the most
abundant in central GBR lagoonal sediment,
and the sample volume was significantly
larger than for traditional cores, yet the age
distributions were homogeneous over the
125 cm length of the cores. The >4 mm
fraction from these sediments is not suitable
for examination of processes occurring on
scales less than thousands of years, and the
vertical distance between stratigraphic sam-
ples must exceed 1 m to detect significant
differences in sample age. Similar findings of
stratigraphic disorder were presented by
Flessa et al. (1993), and the sedimentary depth
at which shells became age stratified was not
reached in either study.

Previous coring of similar reef sediments
with a 76-mm-diameter vibrocore reached
depths of 4 m (John Brewer Reef; Walbran et
al. 1989), and 75-mm-diameters cores driven
by hydraulic jackhammers reached depths of
75 m (Davies Reef; Tudhope and Scoffin
1984). Deeper coring could reveal the onset
of age-stratified or additional age-homoge-
neous sediments. In central GBR mid-shelf
lagoonal sediments, callianassid shrimp bur-
rows have been recorded to depths of at least
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60 cm (Tudhope and Scoffin 1984), and *'°Pb
data suggested sediment mixing to over 1 m
(Walbran 1996). Although our examination of
the >4 mm fraction found a distinct top layer
and a deeper age-homogeneous layer, Wal-
bran et al. (1989) found stratigraphic consis-
tency in the age of the bulk carbonate
sediments from comparable water depths on
a neighboring reef (John Brewer Reef, Wal-
bran et al. 1989: Fig. 4). Despite the fact that
*Pb is associated with finer sediment frac-
tions, *Pb data from John Brewer Reef
indicate an actively mixed layer from 0 to
~50 cm (with activity peaking at 19-22.5 cm)
and a less actively mixed region from 50 cm
to just over 1 m (Walbran 1996). Although the
age of shells and the sediment containing
them need not agree (e.g., Kershaw et al.
1988), greater understanding of size-biased
bioturbation and preservation will ultimately
be key to understanding these apparent
contradictions in sedimentary records. The
data presented here should emphasize the
importance of performing paleontological
analyses on the same individuals that are
dated, and therefore the utility of the AAR
approach, which affords a cost-effective
means of dating hundreds of individuals.
Mineralogy and Chemistry.—Chemical pro-
cesses are important in the creation of
sedimentary deposits and fossil preservation.
Although the loss of aragonitic shell material
has been well documented in the fossil record
(e.g., Wright et al. 2003), there is compelling
evidence to suggest that an aragonite-calcite
dichotomy is overly simplistic and that shell
microstructure plays a pivotal role in shell
durability (Glover and Kidwell 1993; Harper
2000; Best et al. 2007). Rapid dissolution and
re-precipitation occurs in modern carbonate
environments (e.g., Walter and Burton 1990;
Patterson and Walter 1994; Sanders 2003).
Therefore, the chemical stability of shell
material is important to its ultimate survival
even after it is buried, even in pure carbonate
sediments where the pore-water chemistry
promotes dissolution deep within the sedi-
ment (Walter and Burton 1990). Dissolution
rates are likely to be higher where bioturba-
tion is extensive and the sediments are
relatively coarse. Although the pore-water
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chemistry of central GBR sediments remains
unstudied and studies from other areas have
focused on the top meter, shell mineralogy
and microstructure are likely to be important
to the long-term survival in these sediments.

Although each taxon in this study has a
distinct microstructure, all four taxa are
entirely aragonitic. A durability score com-
bining shell density, thickness, and shape
yields results similar to those of the acid
dissolution experiment. These data suggest
that the differences in shell microstructure do
not play a dominant role in determining the
different half-lives of these four taxa in this
environment.

Shell Half-Life—Shell survival has been
measured using a variety of methods includ-
ing experimental deployments and dating
shell assemblages, and each method has its
strengths and weaknesses. Experimental shell
deployments fixed at or above the sediment-
water interface provide maximum opportu-
nity for encrusting and bioeroding organisms
to alter the shells, but as a consequence these
deployments are difficult to compare with
shells in the sediment. Experimental shell
deployments on tethers or in bags have “cage
effects” as individual shell movement is
restricted within the sediment with possibly
important restrictions on important tapho-
nomic processes such as bioturbation. Fitting
exponential distributions to dated shells to
determine half-lives requires a series of
assumptions that are certainly false. Shell
input is unlikely to be constant, owing to
years with “high”” or “low”” recruitment and/
or survival. The probability of shell destruc-
tion is not age independent, as shell damage
accrues over time and shell structure decays
over time. But although older shells are likely
to be more fragile than younger shells, studies
have generally not found a significant relation
between shell age and taphonomic condition
(e.g., Meldahl et al. 1997).

Mollusc shell age distributions have been
documented for several taxa and environ-
ments. These data have been treated some-
what differently, so to maximize comparabil-
ity we have recalibrated radiocarbon ages
published before the establishment of the
consensus curve (Stuiver et al. 1998) using
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the calibration curve of Hughen et al. (2004),
and we recalculated shell half-life using the
curve-fitting functions of R to find the best-fit
exponential curve. The original and recalcu-
lated data are recorded in Table 3 and
supplemental online material. These studies
should yield accurate half-life estimates for
the shell population from which they were
randomly sampled. Where "“C ages were
=1950 A.p., an age of 0 B.r. was used in the
half-life calculation. The treatment of “‘mod-
ern shells” has a significant effect on the
calculated half-life, but assuming an age of 0
B.P. was more justified than assigning ages
between the date of publication and 1950 A.D.
Excluding modern shells would result in a
nonrandomly sampled shell population. As-
signing ages in between the date of publica-
tion and 1950 A.p. would add an additional
layer of assumptions to the calculations. This
decision leads to slightly shorter half-lives
than assigning the shells an age based on the
date of publication. Only studies of shells
collected from single localities were included.

Most studies are from the subtropical Gulf
of California where Chione spp. valves col-
lected at the sediment surface have half-lives
that vary from 18 to 559 yr depending on the
siliciclastic environment from which the
shells were collected (Table 3) (Flessa et al.
1993; Martin et al. 1996, Meldahl et al. 1997).
Chione spp. buried in marine sediments have
significantly longer half-lives (>900 yr) al-
though half-life still varies substantially de-
pending on environment (Table 3) (Flessa et
al. 1993). The half-lives of Chione spp. in beach
cheniers increase with distance from the
shoreline, but the half-lives are within the
estimate range for the adjacent tidal flat
(Table 3) (Kowalewski et al. 1998; Flessa et
al. 1993). This may be an indication of the
importance of meteoric dissolution on shell
loss in this environment. Estimates from the
Gulf of California range from 18 to 1165 yr,
but half-life estimates from ~300 to ~550 yr
are the most common. Flessa (1998) dated
Cerastoderma edule shells from intertidal, sub-
tidal, and offshore siliciclastic sediments of
the temperate North Sea. Cerastoderma is an
intertidal bivalve, but both the intertidal and
subtidal environments yielded half-lives of
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~2600 (1270-4050) yr (Table 3). Cerastoderma
from offshore environments had half-lives
>4800 yr. These half-lives are nearly an order
of magnitude greater than the half-lives from
the Gulf of California. Panamanian bivalve
half-lives range from 118 to 1587 yr depend-
ing on environment, although the uncertainty
on these estimates is high because of the small
sample sizes involved (Table 3) (Kidwell et al.
2005). Brazilian brachiopod half-lives range
from 117 to 530 yr depending on the sam-
pling locality, but the half-lives do not appear
to correlate with water depth or distance from
shore (Table 3) (Carroll et al. 2003).

Although these estimates cover two orders
of magnitude, from ~20 to ~2600 yr, most
estimates are within a much narrower range
from ~100 to ~1000 yr. The half-life esti-
mates from Rib Reef fall squarely in this range
(~70 to ~1300 yr). The present study sug-
gests that morphological characteristics can
account for a ten-fold difference in half-life
for shells from the same environment. Shell
size accounts for a twofold difference within
Tellina shells, but small-scale spatial hetero-
geneity is implicated in the greater-than-
threefold difference in Tellina half-life and
the twofold difference in Turbo opercula half-
life. These results fit within a consistent, albeit
sparse, suite of previous studies. There is
clearly room to examine the half-lives of
additional taxa and environments.

Conclusions and Implications

1. Surface sediments of mid-shelf Great
Barrier Reef lagoons are distinct from
sediments deeper than ~20 cm. The sed-
iments above 20 cm are finer grained than
deeper sediments, with only few large
(>4 mm) constituents, most of which are
all living molluscs.

2. Molluscan remains indicate that the
>4 mm sieve fraction below 20 cm is
age homogeneous. In the short strati-
graphic sequences recorded here (20 to
125 cm), intact shells from all four mol-
luscan species are stratigraphically disor-
dered: shell position is a poor indicator of
relative shell age and hence sediment age.

MATTHEW A. KOSNIK ET AL.

3. Shell durability (here, size, density, thick-
ness, and shape) are important predictors
of shell half-life.

4. Shell ages and inferred half-lives vary on
small spatial scales. Taphonomic varia-
tion at a small spatial scale (<100 m) can
exceed within-core differences.

5. The extent of time-averaging constrains
the degree to which these fossil assem-
blages can be used to address questions of
paleoecology or microstratigraphic stud-
ies of evolution. Importantly, shell sam-
ples within at least 1 m of vertical
separation record the same time interval
because of thorough vertical mixing in
this modern carbonate environment.
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