
PALAIOS, 2023, v. 38, 148–157

Research Article

DOI: http://dx.doi.org/10.2110/palo.2021.041

ONSHORE-OFFSHORE TRENDS IN THE TEMPORAL RESOLUTION OF MOLLUSCAN DEATH
ASSEMBLAGES: HOW AGE-FREQUENCY DISTRIBUTIONS REVEAL QUATERNARY SEA-LEVEL

HISTORY

MATIAS DO NASCIMENTO RITTER,1,2 FERNANDO ERTHAL,2,3 MATTHEW A. KOSNIK,4 MICHAŁ KOWALEWSKI,5 JOÃO CARLOS
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ABSTRACT: Surficial shell accumulations from shallow marine settings are typically averaged over centennial-to-
millennial time scales and dominated by specimens that died in the most recent centuries, resulting in strongly right-
skewed age-frequency distributions (AFDs). However, AFDs from modern offshore settings (outer shelf and
uppermost continental slope) still need to be explored. Using individually dated shells (14C-calibrated amino acid
racemization), we compared AFDs along an onshore-offshore gradient across the southern Brazilian shelf, with sites
ranging from the inner shelf, shallow-water (, 40 m) to offshore, deep-water (. 100 m) settings. The duration of time
averaging is slightly higher in deeper water environments, and the AFD shapes change along the depositional profile.
The inner shelf AFDs are strongly right-skewed due to the dominance of shells from the most recent millennia
(median age range: 0–3 ka). In contrast, on the outer shelf and the uppermost continental slope, AFDs are
symmetrical to left-skewed and dominated by specimens that died following the Last Glacial Maximum (median age
range: 15–18 ka). The onshore-offshore changes in the observed properties of AFDs—increased median age and
decreased skewness, but only slightly increased temporal mixing—likely reflect changes in sea level and concurrent
water depth-related changes in biological productivity. These results suggest that on a passive continental margin
subject to post-glacial sea-level changes, the magnitude of time-averaging of shell assemblages is less variable along the
depositional profile than shell assemblage ages and the shapes of AFDs.

INTRODUCTION

Water depth, a key parameter of stratigraphic paleobiology, plays an

essential role in determining how marine organisms are distributed along

an environmental gradient (Holland 1995) as well as how sedimentary

processes related to base-level changes influence the resulting fossil record

(Patzkowsky and Holland 2012; Scarponi et al. 2013; Shaw et al. 2021).

However, in addition to the recognized effect of bathymetry on the

paleobiology of accumulations, we also need to understand how the

temporal resolution of the marine fossil record relates to water depth.

Temporal mixing of marine shells/skeletal elements determines the

temporal resolution of the fossil record and affects the informative value of

paleontological data (e.g., Walker and Bambach 1971; Kidwell and

Bosence 1991; Kowalewski 1996; Olszewski 1999; Kidwell 2013; Nawrot

et al. 2018, 2022; Tomašových et al. 2022). Quantitative estimates of the

scale and structure of time averaging of marine invertebrate assemblages

have been mainly derived from dating mollusk shells from modern

shallow-water marine settings (e.g., Kowalewski et al. 1998; Olszewski and

Kaufman 2015; Dominguez et al. 2016; Ritter et al. 2017), although other

taxonomic groups and environments are increasingly being examined (e.g.,

Carroll et al. 2003; Krause et al. 2010; Terry and Novak 2015; Tomašových

et al. 2016; Kowalewski et al. 2018; New et al. 2019; Albano et al. 2020;

Nawrot et al. 2022). In shallow marine environments, age-frequency

distributions (AFDs) of surficial mollusk or brachiopod shell accumula-

tions tend to be dominated by younger specimens, with rare or no pre-

Holocene specimens (e.g., Flessa et al. 1993; Meldahl et al. 1997;

Kowalewski et al. 2000; Carroll et al. 2003; Krause et al. 2010; Dexter et

al. 2014; Tomašových et al. 2016). However, such right-skewed AFDs may

be less common below the sediment interface, reflecting multiple processes

that affect accumulations of skeletal remains during the transition from

surface to subsurface (Scarponi et al. 2013; Kosnik et al. 2015; Terry and

Novak 2015; Dominguez et al. 2016; Tomasovych et al. 2019, 2023).

Numerical estimates of time-averaging have also been used to understand

how the temporal resolution of the late Quaternary marine fossil record

varies at local spatial scales (Dominguez et al. 2016; Ritter et al. 2017),

during transgressive-regressive cycles (Scarponi et al. 2013), and as a

function of down-core stratigraphic mixing (Kosnik et al. 2015;

Dominguez et al. 2016).

However, variation in time-averaging from shallow to deep marine shelf

settings has yet to be fully explored. Similarly, estimates of time averaging

from deep-water locations are few relative to shallow-water settings,

though the work of Tomašových et al. (2016) off the coast of California (89
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m water depth) is a notable exception. Using individually dated bivalve

shells from the southern Brazil shelf (SBS), combined with recalibrated

ages from two previously published studies (Dexter et al. 2014; Ritter et al.

2017), we estimate time-averaging along an onshore-offshore depositional
profile ranging from sites on the shallow inner shelf (, 40 m water depth)

down to the uppermost continental slope (. 100 m water depth).

MATERIAL AND METHODS

Study Area

The Southern Brazilian shelf (SBS), a part of the southern Brazilian

continental margin, is an Amero-trailing edge coast (Inman and Nordstrom

1971). This subtropical passive margin, which has been tectonically stable

over the last glacial cycle, represents one of the widest shelves in the world,

varying in width from 100 to 230 km (Fig. 1). The SBS is subdivided into

four physiographic sectors (Zembruscki 1979), three of which are included

in this study: the São Paulo Bight, the Florianópolis-Mostardas sector, and
the Rio Grande Cone sector.

The São Paulo Bight (70– 230 km), the northernmost area of the SBS, is

the arc-shaped portion of the southern Brazilian margin (Zembruscki

1979), where present-day sedimentation rates are negligible, and late

Quaternary sediments are actively being reworked (Mahiques et al. 2011).

The outer shelf margin of the Florianópolis-Mostardas sector corre-

sponds to the most convex part of the SBS due to the influence of the Ponta

Grossa arc. This region experienced elevated tectonic activity primarily

during the Mesozoic Era (Zembruscki 1979). The Florianópolis-Mostardas

area is relatively elevated and irregular, with prominent scarps and mud

belts (Mahiques et al. 2011); the width of the continental shelf in this
sector varies between 100 and 170 km (Zembruscki 1979). The outer shelf

is dominated by relict biodetrital facies, including mollusks shells, coral

fragments, cirriped plates, and foraminiferal tests (Zembruscki 1979;

Martins et al. 1985). These deeper shell-rich concentrations—distributed

along the SBS shelf break (Martins et al. 1972)—appear similar to shallow

water assemblages on the southernmost inner shelf, likely indicating that

the deeper assemblages are relicts of the last glacial maximum (LGM),

approximately 19–23 thousand years ago, when sea level was roughly 120

m lower than today (Kowsmann et al. 1977; Corrêa 1996). Unlike the Rio

Grande Cone sector to the south, the Florianópolis-Mostardas sector has

fewer valleys and canyons on the shelf break (Butler 1970; Lopes et al.

2021), possibly enhancing the preservation of surficial shells that have

accumulated locally.

In the Rio Grande Cone sector (100–200 km), the present-day

continental shelf surface has been interpreted as a subaerial coastal plain

developed during the LGM and dissected by fluvial channels before the

onset of the postglacial transgression (Weschenfelder et al. 2014). The

shelf break, located at water depths between 140 and 180 m, is

characterized by the presence of elongated sandbanks and topographical

highs with up to 30 m of relief, which may have formed during periods of

stable sea level associated with the LGM (Corrêa 1996). In shallow waters,

Pleistocene fossiliferous sediments were reworked during the Holocene

sea-level rise (Martins et al. 1967; Ritter et al. 2017; Dillenburg et al.

2020).

In the Florianópolis-Mostardas and in the Rio Grande Cone sector, sea

level rose at an average rate of 1.2 cm/yr. between ~ 20 ka (the LGM) and

7 ka (Corrêa 1996). At 5.6 ka, during the Middle Holocene, the relative sea

level peaked 1–3 m above the present level and subsequently fell slowly

until around 4 ka when the rate of relative sea-level fall increased (Angulo

et al. 2006; Barboza et al. 2021).

The SBS has been the site of multiple studies focused on time-averaging

and its taphonomic, stratigraphic, and eustatic contexts (Carroll et al. 2003;

Barbour-Wood et al. 2006; Krause et al. 2010; Dexter et al. 2014; Ritter et

al. 2017, 2019; Erthal and Ritter 2020), but those previous studies

primarily focused on shallow, inner shelf settings. This study augments

those previous analyses by examining a much larger portion of the regional

depositional profile to provide a valuable model for understanding

stratigraphic paleobiology processes that operate on passive continental

margins that experience glacial-interglacial (multi-millennial) scale on sea-

level fluctuations.

Shell Samples

Eighty-six right valves of the shallow infaunal bivalve Saccella

larranagai (Klappenbach and Scarabino 1969) (Fig. 2) were dated.

Saccella larranagai is a small (, 6 mm), thin-shelled mollusk with a

nacreous shell microstructure. It is a deposit-feeder that inhabits offshore

soft sediments (mud and sand with high organic content) of the southern

South American shelf (Klappenbach and Scarabino 1969). Saccella

larranagai is one of the most common species found in the deep waters

of the SBS, together with empty shells of Limopsis janeiroensis E.A.

Smith 1915, Similipecten nanus (Verrill and J.K. Bush 1897), and Mactra

spp. (Amaral and Rossi-Wongtschowski 2004). The Saccella shells were

recovered from sediment samples collected from water depths of 100 (n¼
25), 160 (n¼31), and 242 m (n¼30). Shells were sampled from the top 10

cm of sediment collected using box cores during the REVIZEE

oceanographic project (Living Resources of the Brazilian Economic

Exclusive Zone; Amaral and Rossi-Wongtschowski 2004) (228S to

348300S) between April 4th and 15th, 1998.

Individual Shell Dates

Individual shells were dated using 14C-calibrated amino acid racemiza-

tion (AAR). According to the standard procedure (Wehmiller and Miller

FIG. 1.—Study area and sampling sites on the southern Brazilian shelf (SBS). The

SBS sectors (delimited by dashed lines) are based on Zembruscki (1979) and Nagai

et al. (2014).
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2000), the right valves were prepared for amino acid analysis at Northern

Arizona University. The chromatographic instrumentation and procedure

used to separate amino acid enantiomers were described by Kaufman and

Manley (1998). The ratio of right-hand to left-hand enantiomers (D/L) for

all amino acids are reported in the Online Supplementary File (Tables S1,

S2). Of the 86 Saccella shells analyzed by AAR, 23 were dated using

carbonate target AMS at the Keck Carbon Cycle Accelerator Mass

Spectrometry Facility at the University of California Irvine (Bush et al.

2013; Bright et al. 2021) (Online Supplementary File Table S2).

Radiocarbon ages were calibrated to calendar years using the marine14

database (Reimer et al. 2013). A regional marine reservoir correction of

(DR) 33 6 24 yr was used based on Angulo et al. (2005). Forty AAR age

models were fit using Bayesian model fitting procedures implemented

using updated versions of the analytical scripts published by Allen et al.

(2013). R packages ‘‘rjags’’ (Plummer 2019), ‘‘R2jags’’ (Su and Yajima

2020), ‘‘bbmle’’ (Bolker and R Core Team 2020), ‘‘Hmisc’’ (Harrell 2020),

and ‘‘parallelDist’’ (Eckert 2018) were employed in fitting the age-models

and log-likelihood analyses.

Six models had Bayesian Information Criterion (BIC) values within

three units of the best-fit model and contributed to the final BIC-weighted

average model: two models were fitted to the Asp D/L (D- and L-

enantiomers), three models were fitted to Val D/L, and one model was

fitted to Phe D/L. Simple power-law kinetics (SPK) functions with

empirically fit initial D/L ratios (R0) contributed 75.7% of the BIC weight

to the final calibration model. SPK and time-dependent reaction kinetics

(TDK), both with R0 ¼ 0, contributed ~ 12% each to the final averaged

model (Online Supplementary File Table S3). In addition, models using the

gamma (five) and lognormal (one) distributions to estimate uncertainty

contributed to the final averaged model.

In addition to the 86 shells dated for this study, the same Bayesian model

fitting procedure was used to update the age models for two 14C-calibrated

AAR bivalve datasets: (1) Semele casali Doello-Jurado, 1949 from the

northern portion of the SBS (São Paulo Bight; Fig. 1) (Barbour Wood et al.

2006; Krause et al. 2010; Dexter et al. 2014; n ¼ 275); and (2) Mactra

isabelleana d’Orbigny, 1846 from the Rio Grande Cone sector (Fig. 1)

(Ritter et al. 2017; n¼ 60; Online Supplementary File Tables S4–S7). The

recalibrated ages allowed us to compare time-averaging estimates between

the deep (. 100 m water depth) and shallow areas (, 40 m water depth).

Time-Averaging Estimates

Quantifying time-averaging is complicated by the uncertainty associated

with estimating specimen age. In a hypothetical situation where all the

dated specimens were of identical true age, uncertainty in the specimen age

estimates would result in a time-averaging estimate equal to the uncertainty

in the age estimates (value greater than the true time-averaging of zero).

This straightforward, albeit unlikely, example illustrates that time-

averaging estimates must account for age estimation uncertainty. Still,

there is yet to be a universally accepted method of addressing dating

uncertainty in time-averaging estimates.

One method currently used assumes the total observed variation in an

assemblage’s age estimate is the sum of the variation due to time-averaging

and the variation due to uncertainty in specimen age estimation

(Dominguez et al. 2016). This approach to estimating time-averaging uses

variation derived from 10,000 Markov-Chain Monte-Carlo (MCMC)

replicates to estimate uncertainty (Allen et al. 2013) (for more details,

see Allen et al. 2013; Dominguez et al. 2016; Ritter et al. 2017) and

partitions the total age variability into two components (Dominguez et al.

2016; Ritter et al. 2017; Kowalewski et al. 2018): (1) time averaging and

(2) age estimation error. While Dominguez et al. (2016) used the

interquartile range (IQR) to quantify the degree of variability, IQR has

been shown to be unreliable in simulation as IQR does not share the same

additive properties as variance (Online Supplemental File text and Fig. S1).

So, while most of the existing time-averaging literature uses the IQR as the

preferred measure of time-averaging, we will use the standard deviation

(Tomašových et al. 2023), which has desirable statistical properties (Taylor

1997) and, in simulation, performs well across multiple underlying AFDs

(Online Supplemental File text and Fig S1). While the variance is more

sensitive to outliers and multi-modal distributions than IQR, variance can

be used to account for the age uncertainty, whereas IQR cannot work

effectively. We use distinct terminology to avoid confusion with previous

studies using IQR. The Estimated Time Averaging (ETA) is computed

based on two parametric estimates of dispersion: The Total Assemblage

Variance (TAV) and the mean Age Estimation Variance (AEV). The Total

Assemblage Variance (TAV) is a sample variance for all the MCMC

replicates pooled across all specimens in a sample (Eq. 1):

TAV ¼
Pi¼k

i¼1 xi " !xð Þ2

k " 1
ðEq: 1Þ

Where k is the total number of MCMC age estimates combined across all

specimens, xi is an ith MCMC age estimate, and x-bar indicates the grand

mean age based on all MCMC age estimates pooled across all specimens.

For example, for a sample of 10 specimens, each described by 10,000

MCMC age estimates, TAV is simply a single variance estimated based on

all 100,000 MCMC age estimates.

The Age Estimation Variance (AEV) is the mean of variances estimated

separately for each specimen based on each specimen’s MCMC replicates

(Eq. 2):

FIG. 2.—A right valve of Saccella larranagai (Klappenbach and Scarabino 1969).

Scale bar ¼ 1 mm.
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AEV ¼ 1

n

Xi¼n

i¼1

Pj¼m
j¼1 xij " !xi

! "2

m" 1
ðEq: 2Þ

Where n is the number of specimens included in a sample, m is the number

of MCMC estimates for a given specimen, xij is a jth MCMC age estimate

for the ith specimen, and xi-bar is the mean age of the ith specimen. Note

that AEV is simply an arithmetic mean of MCMC age variances estimated

separately for each specimen and can be considered an estimate of age

variation introduced by dating error.

Estimated Time Averaging (ETA) is then defined (Eq. 3) as two times

the square root of the Total Assemblage Variance (TAV) minus the mean

Age Estimation Variance (AEV):

ETA ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TAV " AEV
p

¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pi¼k

i¼1 xi " !xð Þ2

k " 1
" 1

n

Xi¼n

i¼1

Pj¼m
j¼1 xij " !xi

! "2

m" 1

s

ðEq: 3Þ

Note that because ETA is computed as a square root of the variance

estimate TAV–AEV (Eq. 3), the ETA estimate of time-averaging is in the

same units as the original age estimates (years).

The additive property of variance makes it useful for partitioning the

uncertainty due to age estimation and age differences due to time

averaging. A simulation using typical sample sizes drawn from known

parameters (normal, exponential, and uniformly distributed ages using

variance to quantify the dispersion of ages) does an excellent job of

accounting for age uncertainty in the estimate (Online Supplemental File

text and Fig. S1). ETA is analogous to the standard deviation, typically

expressed as mean 6 SD, where one standard deviation encompasses

34.1% of the area encompassed by a normal distribution. ETA, once

multiplied by two, will encompass 68% of a normal distribution’s variation

(Eq. 3). Since most AFDs are not normally distributed, 6 SD is unlikely to

be 68% of the AFD, but the choice of 6 SD is no less arbitrary than 6
25% represented by IQR. The choice of 6 SD as a metric for time-

averaging is based on the fact that the math for accounting for age

uncertainty is straightforward in theory (Taylor 1997) and practice (Online

Supplemental File text). While Tomašových et al. (2023) use the ratio

between the observed IQR and the observed SD to estimate a corrected

IQR, we found that this approach introduced additional uncertainty in the

time-averaging estimate, whereas simply using the square-root of variance

(i.e., standard deviation) yields accurate and precise estimates at reasonable

sample sizes. While the variance is more sensitive to outliers and multi-

modal distributions than IQR, variance can be used to account for the age

uncertainty, whereas IQR cannot work effectively.

Unfortunately, the metric proposed here (ETA) differs from the

existing time-averaging literature. First, ETA is a corrected time-

averaging estimate with the uncertainty due to age estimation removed.

All things being equal, this should decrease the estimated amount of

time-averaging in an assemblage. Secondly, ETA and IQR are defined to

encompass different amounts of the AFD. If the ages are normally

distributed, 61SD or 2SD equates to the inner 68% of the AFD. In

contrast, the traditionally used IQR is the inner 50%, so all else being

equal, the time-averaging estimates using ETA will be slightly larger than

IQR-based time-averaging estimates. For both of these reasons, the two

time-averaging metrics should not be directly compared. However, the

ETA method effectively removes the effect of dating uncertainty on time-

averaging to yield more accurate and generally smaller time-averaging

estimates, especially when age uncertainties are large relative to the

magnitude of time-averaging. This approach for removing age uncer-

tainty from the estimated time-averaging does not impact the estimated

sample age.

The 86 Saccella shells dated here were sampled from three deep-water

sites. The 275 Semele dated by Dexter et al. (2014) were sampled from 14

shallow-water sites, and the 60 Mactra dated by Ritter et al. (2017) were

sampled from three shallow-water sites. Time-averaging estimates were

calculated for each location. Four sites with , 3 dated Semele specimens

are excluded due to the small sample size. The skewness and kurtosis of

the AFDs were measured using the R package ‘‘moments’’ (Komsta and

Novomestky 2015). R scripts (R Core Team 2022) used to implement the

analyses and produce the figures are provided in the Online Supplemental

File and Ritter et al. (2023).

Taphonomic Analysis

Dated shells (Mactra, n ¼ 60 and Saccella, n¼ 86) were individually

scored for quality of preservation using an established taphonomic

protocol: shells were examined using a stereoscopic microscope (103 up

to 203) and categorically scored for the extent of encrustation,

bioerosion, margin modification, fragmentation, fine-scale surface

alteration (outside), and color alteration (summarized in Ritter et al.

2019). Each taphonomic variable was scaled between 0 (pristine) and 1

(maximum taphonomic alteration), making those variables comparable

and equally weighted (Ritter et al. 2019). Only individually 14C-dated

shells of Semele casali (n ¼ 41 of 275) were included in taphonomic

analyses (Dexter et al. 2014; Online Supplemental File Table S9). The

median total taphonomic scores (the scores of the cited taphonomic

signatures) were calculated separately for each bathymetric category

(shallow, n¼ 101; deep water, n¼ 86), allowing to test for differences in

the state of preservation between environments and species (using Mann-

Whitney U pairwise test) and among the three species (using Kruskal-

Wallis rank-sum test).

RESULTS

Age and Temporal Resolution

Median shell ages are dramatically older at deeper-water sites (Fig. 3A).

The deep-water sites (. 100 m water depth) are dominated by Late

Pleistocene shells dated to ~ 17 ka. The shallow-water sites (, 40 m water

depth) are dominated by Late Holocene shells dated to ~ 0.8 ka. The 57 m

site contains a bimodal mix of two-thirds Holocene shells with a median

age of 1.3 ka and one-third Pleistocene shells with a median age of 12.8 ka

(Fig. 4I). Time averaging is similarly associated with depth except for a

shallow-water Mactra assemblage with two ~ 39 ka shells (~ 10% of the

sample) resulting in an ETA value of 22 ka (Fig. 3B, Table 1). The deep-

water sites have an ETA of ~ 6 ka, the shallow-water sites have an ETA of

, 4.4 ka, and the 57 m site has an ETA of 11 ka (Figs. 3B, 4I, Table 1). It

is probably a mixture of two age populations of distinctly different ages.

However, we cannot exclude the possibility that the intermediate-depth site

(57 m) was disturbed by recent seafloor trawling activity (e.g., Cardoso et

al. 2021), which could have mixed young and old skeletal biological

remains.

Samples from the three deep-water sites are comparable in terms of their

assemblage age (16–18 ka) and estimates of time-averaging ~ 6 kyr (Fig.

3). In contrast, the shallow sites yielded consistently young median ages ,
3 ka but two assemblages have ETA . 10 kyr versus , 4.4 kyr for all the

other shallow water sites (Fig. 3).

The shapes of the assemblage AFDs (based on MCMC replicates

including age uncertainty) range from moderately left-skewed to strongly

right-skewed, with skewness values ranging from g1¼ -3.18 to 2.70 (Fig.

4). At the same time, the kurtosis values vary from g2 ¼ 1.53 to g2 ¼
15.59. The deepest sites have the most symmetrical AFDs with very

similar mean and median ages (Table 1). The shallowest site has the most

skewed AFD due to the presence of ~ 10% very old shells. The AFDs are

moderately to strongly right-skewed (g1 range ¼ 0.62–2.70), with a

kurtosis range ranging from g2¼ 1.53 to g2 ¼ 12.59, indicating variably

leptokurtic AFDs (Fig. 4A–4I).
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Taphonomic Bias

Scores indicate that specimens from shallow sites display higher but less

variable taphonomic alteration (median ¼ 0.428, IQR ¼ 0.108) than

specimens from outer shelf sites (median ¼ 0.321, IQR ¼ 0.154), with a

significant difference in terms of taphonomic damage (p¼ 0.004) (Fig. 5).

There is also a difference among species in shallow-water environments (p

, 0.001), with Mactra having higher taphonomic scores than Semele. The

taphonomic scores were not significantly different across the three deep-

water sites (p ¼ 0.07; Fig. 5).

TRENDS IN THE TEMPORAL RESOLUTION

After accounting for the uncertainty in estimating shell ages, the scale of

time-averaging (ETA) across all sites is weakly related to present-day

bathymetry or location along the depositional profile of the SBS. This

pattern persists despite sea-level changes: a low stillstand stage associated

with the LGM (from before 24 ka to about 15 ka), followed by a relatively

rapid and substantial sea-level rise until 6 ka, then a gentle drop to the

current high stillstand. In contrast, the shape of the AFD shifts from right-

skewed on the shallow shelf to slightly left-skewed or symmetrical in the

distal, modern deep-water settings (Fig. 4). The temporal resolution of this

incipient fossil record is lower at offshore sites, with a notable exception of

one onshore site and an intermediate-depth site, both of which appear to

mix shells from more than one distinctly different population that included

very old shells. Trends in the median age and shape of AFDs are much

more pronounced than time averaging estimates, likely reflecting processes

associated with sea-level rise. Tomašových et al. (2016) noted a similar

gradient in time averaging under sea-level rise, with a marked change in

AFDs skewness at roughly 51–58 m water depth on the California shelf.

Tomašových et al. (2016) also documented a left-skewed distribution at

their deepest site (89 m).

In surficial shell accumulations, high biological productivity that

typifies mollusks from shallow environments should result in highly

right-skewed AFDs (Fig. 4) (e.g., Kidwell 2013), whereas both

symmetrical and left-skewed AFDs are expected in regions with reduced

shell productivity (e.g., Olszewski and Kaufman 2015; Tomašových et al.

2016). However, shapes of AFD can also be influenced by other factors

such as stratigraphic context, boundary conditions of the taphonomically

active zone, the dynamics of burial and reworking processes, or a decrease

in destruction and sequestration rates below the sediment interface

(Olszewski 2004; Scarponi et al. 2013; Olszewski and Kaufman 2015;

Terry and Novak 2015; Kosnik et al. 2015; Dominguez et al. 2016; Petro et

al. 2018).

In the study system, the changes in the AFDs with depth may be related

to changes in shell productivity modulated by the sea-level rise that took

place after the LGM. The shoreward shift in the location of the high shell

productivity zone over time can account for variations in both median ages

and overall shape of AFDs along the depth gradient. This scenario predicts

that, during the LGM, water depths at distal shelf-break sites were similar

to those found today at shallow sites, with comparably high shell

productivity. The post-LGM transgression reduced the shell productivity at

those deeper sites and reduced the input of new shells into surficial

sediments. The scarcity of shells in age classes younger than ~ 15 ka

observed at deeper sites (Figs. 3, 4) is consistent with the suppressed input

of new shell material as sea level continued its rise and the offshore sites

became progressively deeper. This pattern would reflect the timing of peak

productivity as a function of water depth during sea-level rise and does not

seem to be related to disintegration and sequestration rates, which were

reported to be constant with water depth in other shelf settings

(Tomašových et al. 2016).

Although within-bed depositional resolution (¼ time-averaging) tends to

vary as a function of sea-level changes in coastal settings (Scarponi et al.

2013), these temporal trends do not appear to translate into analogous

lateral trends. That is, the onshore-offshore trends in the resolution of

surficial assemblages across the Brazilian shelf are not analogous to

temporal patterns in different parts of a depositional profile (Fig. 3B).

Deep-water sites were continuously submerged during the latest

Quaternary, enabling high biological productivity and high shell input

during the LGM, when sea level was substantially lower than today.

Conversely, present-day shallow-water settings became conducive to high

benthic productivity following the Holocene flooding of the proximal shelf

(Corrêa 1996). This increase in productivity, coupled with the water-depth

oscillations, produced a pattern where median shell ages in shallow-water

age assemblages are much younger in AFDs from inner shelf settings, and

even the oldest shells tend to be young when compared to deeper water

settings (‘‘virgin area’’ effect of Craig and Oertel 1966; see also Flessa and

Kowalewski 1994). The trend toward younger shell ages in proximal parts

of the shelf demonstrates that, as a result of sea-level oscillations along

siliciclastic passive margins, surficial shell accumulations record increas-

ingly younger time intervals up dip reflecting a landward movement of

FIG. 3.—Relation between water depth (m) and shell assemblage age parameters

(see also Table 1). A) Water depth and median assemblage age, with bars indicating

the 15.9th to 84.1st quantiles (one standard deviation) of the age distributions. The

increased age variation observed for deeper sites is driven by higher dating

uncertainty rather than increased time-averaging. B) Water depth and time-averaging

accounting for age uncertainty (ETA).
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FIG. 4.—Bayesian modeled age-frequency distributions of shell assemblages by collection site (site codes in Table 1; only those sites with n . 8 are displayed here). Sites

D1–D14 are from Dexter et al. (2014); sites R1–R3 are from Ritter et al. (2017); sites T3–T5 are the new analyses used here.
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TABLE 1.—Summary of age and time-averaging estimates by site. For each sample, the taxon, number of specimens (N), and water depth are reported

(depth). Each sample’s mean age, median age, and total age variance (TAV) are based on the sample’s combined posterior age distribution. A sample’s

age-estimation uncertainty (AEV) is the mean-variance of the individual specimen posterior age distributions. The estimated time-averaging (ETA) is

two times the square root of TAV - AEV (Eq. 3), and ETA is the preferred measure of time-averaging as it accounts for dating uncertainty and

encompasses 68% of the variance of normally distributed data. The interquartile range (IQR) and the standard deviation (SD) of the total age variance

are provided for comparison. The sites D1–D14 are those presented in Table 1 of Dexter et al. (2014). The R1–R3 sites are described in Ritter et al.

(2017) whereas T3–T5 are new data from this study (see also Fig. 4). Sites with fewer than three shells were not included.

Site Taxon N

Depth

(m)

Age mean

(yrs.)

Age median

(yrs.)

TAV

(yrs.)

AER

(yrs.)

ETA

(yrs.)

TAV. IQR

(yrs.)

TAV. SD

(yrs.)

R1 Mactra isabelleana 20 7 6449 2690 122692317 206174 22134 1905 11077

R2 Mactra isabelleana 20 19 1402 1281 465329 86839 1230 919 682

R3 Mactra isabelleana 20 21 239 211 19235 16928 96 165 139

D1 Semele casali 38 10 2476 1825 4878787 131204 4358 2645 2209

D2 Semele casali 20 10 685 599 275334 16364 1018 767 525

D3 Semele casali 23 10 646 451 515385 10002 1422 857 718

D5 Semele casali 35 15 1855 1012 3572191 45215 3756 2430 1890

D6 Semele casali 4 20 840 206 1443546 1990 2402 643 1201

D8 Semele casali 11 25 798 531 806310 12943 1782 731 898

D9 Semele casali 68 25 1196 738 1883295 24350 2726 1155 1372

D10 Semele casali 37 30 1219 351 3455634 4046 3716 1414 1859

D12 Semele casali 24 35 1186 1100 569333 50582 1440 1136 755

D14 Semele casali 9 57 5378 2110 30598921 176955 11032 9799 5532

T3 Saccella larranagai 25 100 17326 17372 38535475 27611766 6610 6789 6208

T4 Saccella larranagai 31 160 17984 18060 36297699 27288810 6002 5931 6025

T5 Saccella larranagai 30 242 15944 15564 34322818 26154336 5716 6323 5859

FIG. 5.—Taphonomic scores by species (Mactra, Semele, and Saccella) and assemblage environment (shallow vs. deep). Taphonomic scores are scaled from zero (pristine)

to 1 (most altered). The taphonomic scores across shallow sites are for Mactra and Semele shells, whereas the scores for deep sites are for Saccella shells. The Saccella shells

were grouped by water depth. Shell photo scale bars: Mactra and Semele ¼10 mm; Saccella ¼ 1 mm.
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highly productive shallow-water habitats concurrent with sea-level rise.

Consequently, the dating efforts confirm that surficial shell accumulations

located along the shelf edge largely represent relict accumulations from the

time when the sea level was much lower (Martins et al. 1967) and record

environmental conditions incongruent with their present-day depositional

context. As a result, these macrobenthic assemblages are expected to be

characterized by elevated live-dead disagreements (e.g., Tomašových and

Kidwell 2011). Also, old shells are expected to be transported landward to

shallow areas during the Holocene sea-level rise. Our data are more

conservative but still agree with Flessa’s (1993) estimation: roughly 10% of

shells from the shallowest site are much older than expected (~ 40 ka),

resulting in a very high time averaging estimate for that sample (Fig. 3B).

Using different species to estimate time-averaging at different sites may

have introduced a bias because of potential interspecific differences in shell

input and shell disintegration rates (Fig. 5). Whereas the two shallow-water

species (Mactra and Semele) have cross-lamellar shell structures, the

offshore species (Saccella) possesses a nacreous shell microstructure

instead. However, except for one site, the scale of time-averaging does not

vary dramatically across sites and taxa, suggesting that those interspecific

differences have not played an overriding role in controlling the scale of

time-averaging (e.g., Nawrot et al. 2022).

The dating uncertainties (measured in years) increase with specimen

age, inflating time-averaging more substantially in samples dominated by

older shells (in this case, offshore sites). Most of our individual sites have

smaller-than-desirable sample sizes, which could bias the time averaging

estimates (Table 1) (see also Olszewski 1999). In a simulation, increasing

the number of dated specimens results in estimated time-averaging

converging on the true time-averaging of a sample (Fig. 6). Larger sample

sizes reduce the uncertainty in estimates when the AEV/TAV ratio gets

larger. Still, for most applications, ~ 12 dates should be sufficient to

estimate ETA (Fig. 6). With 12 or more dates, the incremental

improvement through dating additional specimens is minimal, and the

time-averaging estimated based on a random subset of 12 specimens of a

sample is within 5% of the time-averaging estimates based on the whole

sample, regardless of the underlying distribution from which the dated

specimens were drawn (see Online Supplemental File text for detail of the

simulation).

CONCLUSION

The results reported here provide empirical estimates of time-averaging

and taphonomic patterns in shell assemblages that have accumulated on a

passive continental margin during the sea-level rise following the LGM.

Analyses of more than 400 individually dated mollusk shells across

numerous shallow (, 40 m) and deep-water (. 100 m) sites on the

southern Brazilian shelf revealed pronounced differences in the AFDs of

surficial shell assemblages. Whereas shallow-water shell assemblages are

dominated by individuals from recent millennia and strongly right-skewed

AFDs, deep-water shell assemblages are dominated by the latest

Pleistocene shells characterized by symmetrical to left-skewed AFDs.

The scale of time-averaging also varies, with more pronounced age mixing

at offshore sites but these trends are relatively minor when compared to a

dramatic offshore increase in shell assemblage ages. The geochronological

discrepancies in the AFDs (i.e., differences in median ages and shapes of

the curves) most likely reflect sea-level history during the latest

Quaternary. Deep-water sites were continuously submerged during the

latest Quaternary, enabling temporal mixing even when the sea level was

substantially lower than today. However, the input of younger shells into

surficial accumulations decreased notably once these sites transitioned to

more deep-water settings as sea-level rose. Conversely, shallow-water sites

were flooded only in the Holocene, limiting the maximum age of shell

availability for mixing (‘virgin area effect’) and allowing for input of new

shell material to continue until the present day.
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TOMAŠOVÝCH, A., KIDWELL, S.M., AND DAI, R., 2023, Modeling the transition of death
assemblages through the mixed layer predicts a downcore increase in time averaging.
Paleobiology, doi: 10.1017/pab.2021.62.

VERRILL, A.E., 1897, A study of the family Pectinidae, with a revision of the genera and
subgenera: Transactions of the Connecticut Academy of Arts and Sciences, v. 10, p. 41–
95.

WALKER, K.R. AND BAMBACH, R.K., 1971, The significance of fossil assemblages from fine
grained sediments: time-averaged communities: Geological Society of America Annual
Meeting Program with Abstracts, v. 3, p. 783–784.

WEHMILLER, J.F. AND MILLER, G.H., 2000, Aminostratigraphic dating methods in
Quaternary Geology, in J.S. Noller, J.M. Sowers, and W.R. Lettis (eds.), Quaternary
geochronology: Methods and Applications: American Geophysical Union Reference
Shelf Series, v. 4, Washington, DC, p. 187–222, doi: 10.1029/RF004p0187.
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