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High-resolution estimates of temporal mixing within shell beds:
the evils and virtues of time-averaging

Michatl Kowalewski, Glenn A. Goodfriend, and Karl W. Flessa

Abstract.—This study quantifies the fine structure of time-averaging by using large samples of
dated shells collected from within individual strata. Time-averaging results in both good and bad
news for interpreting bioclastic deposits.

Nine samples of shells were collected from four Holocene cheniers on the Colorado Delta (Gulf
of California) and 165 shells of the bivalve Chione fluctifraga were dated using "*C-calibrated amino
acid racemization (D-alloisoleucine / L-isoleucine). The age range of shells within samples averages
661 years and, in seven out of nine samples, exceeds 500 years. The sample standard deviation
ranges from 73 to 294 years and averages 203 years, far exceeding the dating errors (<100 years)
and potential variation in the life span of Chione (<10 years). Time-averaging is homogeneous
among strata within cheniers but varies significantly among cheniers. Age-distributions of dated
shells indicate that at 50-year resolution, the samples provide a continuous and uniform record for
the entire interval. The actual sample completeness (63.6%) is very close to that predicted by sim-
ulations of sampling a 100% complete, uniform record (67.3%).

The bad news is that, no matter how carefully collected, data from shell beds may not be suitable
for studying processes on timescales shorter than 102 to 10° years; explanations for faunal change
that invoke reasoning or models derived from a strictly ecological point of view may rarely be
justifiable. Also, notable differences in temporal resolution between the shell beds of seemingly
identical origin imply that paleontological patterns (e.g., species diversity) may be affected by cryp-
tic variation in time-averaging. The comparison of our data with time-averaging estimates obtained
from other cheniers at coarser sampling resolutions indicates that pooling of samples (analytical
time-averaging) can significantly reduce the temporal resolution of paleontological data.

The good news is that shell beds can record the optimal type of time-averaging: where paleo-
biological data are a time-weighted average of the faunal composition from the spectrum of en-
vironments that existed during the entire interval of time. Samples from single strata provide a
long-term record that is representative of the predominating environments. Within the range of “C
dating, shell beds can provide a complete, high-resolution record, and thus may offer exceptional
insights into the environmental and climatic changes of the last 40 thousand years.
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Introduction

Shell beds and shell-rich deposits are one of
the primary sources of paleontological data in
the Phanerozoic fossil record. These deposits,
however, typically undergo extensive tempo-
ral mixing (time-averaging) during their for-
mation (e.g., Walker and Bambach 1971; Pe-
terson 1977; Staff et al. 1986; Wilson 1988; Fiir-
sich and Aberhan 1990; Kidwell and Bosence
1991; Kidwell and Behrensmeyer 1993; Kid-
well and Flessa 1995; Kowalewski 1996a). In
the last decade, high-resolution dating meth-
ods have been used to quantitatively estimate
the extent of time-averaging. These studies
have shown that temporal mixing on the scale
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of hundreds to tens of thousands of years is
the rule rather than the exception in marine,
lacustrine, and terrestrial deposits (Behrens-
meyer 1982; Goodfriend 1987; Cohen 1989;
Powell and Davis 1990; Flessa et al. 1993;
Goodfriend and Mitterer 1993; Flessa and Ko-
walewski 1994; Wehmiller et al. 1995; Good-
friend and Gould 1996; Martin et al. 1996; An-
derson et al. 1997; Meldahl et al. 1997).
However, because of the high cost of dating,
most studies have been based on a small num-
ber of dates, while the few larger data sets had
low sampling resolution, because they were
based on literature compilations (e.g., Flessa
and Kowalewski 1994), uncalibrated dates
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(e.g., Powell and Davis 1990), or data collected
over large areas (e.g., 100-1000 m? [Meldahl et
al. 1997]). Thus, our understanding of time-
averaging is itself biased by averaging caused
by pooling dates from different samples, sites,
and environments (““analytical time-averag-
ing” [see Fiirsich and Aberhan 1990; Behrens-
meyer and Hook 1992]). Consequently, we still
lack information about time-averaging at the
highest and most fundamental resolution: that
of a collection of fossils from a single sample
of a minimal stratigraphic span (i.e., confined
to the smallest indivisible stratigraphic unit
that can be distinguished in the outcrop). How
much time-averaging is there likely to be with-
in the bag or slab of fossils the paleontologist
brings back from the field and uses as the fin-
est sample unit in subsequent analyses?

We used '*C-calibrated amino acid racemi-
zation dating of mollusk shells from Holocene
shelly deposits to obtain precise estimates of
time-averaging at the highest sampling reso-
lution—that of adjacent shells from within the
same stratum. The assembled data set is
unique, in terms of both sample size (165
dated specimens) and collecting method (mi-
crostratigraphically constrained samples of
shells systematically collected from individu-
al strata). The resulting data provide new and
more detailed insights into the nature of time-
averaging, including quantitative estimates of
(1) temporal mixing unaffected by analytical
time-averaging; (2) effects of “analytical time-
averaging’’; (3) age structure and complete-
ness of time-averaged samples; and (4) varia-
tion of time-averaging among samples from
the same type of accumulations (i.e.,, within-
facies variability in temporal resolution).

Material and Dating Technique

Study Area and Sampling—We studied tem-
poral resolution in the bioclastic ridge-forming
beach deposits (sensu Meldahl 1995: p. 62) from
the tidal flats of the Colorado River Delta (Fig.
1). These deposits are classic example of chen-
iers (Hoyt 1969; Otvos and Price 1979): residual
lag deposits formed through the reworking of
the intertidal mudflat during episodes of low
sediment input from the Colorado River
(Thompson 1968; Kowalewski et al. 1994). The
most recent episode—caused by diversion of the
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river for irrigation, power, and flood control—
began 100 years ago (Fradkin 1984). As a result,
cheniers have been forming in the upper inter-
tidal zone. Older cheniers, situated landward in
the supratidal flats, correspond to previous ep-
isodes of mudflat reworking caused by natural
diversions of the river to the Salton trough
(Thompson 1968; Kowalewski et al. 1994; Good-
friend et al. 1995).

This study focuses on the venerid bivalve
Chione fluctifraga, a common species in the Col-
orado Delta cheniers. We have developed a re-
liable, efficient, and inexpensive dating tech-
nique for C. fluctifraga (see below for details).
Data were obtained from four cheniers situ-
ated in the central part of the lower delta (Fig.
1B): Chenier 1 is situated in the upper inter-
tidal, and Cheniers 2, 3, and 4 are increasingly
older ridges, partly buried within the supra-
tidal muds (Fig. 1C). It is difficult to correlate
those cheniers, located in the northern part of
the mud flats, to the chronological framework
of Kowalewski et al. (1994), which was based
on the cheniers located farther south. These
two areas are likely to have had different pro-
gradational histories (see also Thompson
1968). We think that Cheniers 1-3 correspond
roughly to ““Modern’” and Chenier 4 to “’Sub-
modern” cheniers of Kowalewski et al. (1994).
The geochronology of cheniers and the pro-
gradational history of mud flats will be dis-
cussed in detail elsewhere.

Nine samples were collected at various
depths from five trenches excavated in the
four cheniers (Fig. 1C) and a total of 165 com-
plete valves of C. fluctifraga were dated using
amino acid ratios. Except for sample 3-150
with 7 individuals, all samples included 18-21
dated valves (Table 1). Each sample was col-
lected from well-exposed trench walls by
handpicking C. fluctifraga valves (articulated
bivalve shells are very rarely found in the
cheniers [Kowalewski et al. 1994]). Each sam-
ple consists of specimens that were collected
as laterally adjacent valves parallel to the sed-
imentary layering (depositional dip varies
within the Colorado cheniers from few to few
tens of degrees). In those cases when neither
stratification was visible nor depositional dip
indicated, we collected specimens from the
same depth in the trench. (We assume here



