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[1] Abundant and well-preserved marine macrofossils on Seymour Island, Antarctica, provide a valuable resource to
establish paleoenvironmental conditions at high southern latitudes during the warm Paleogene. Stable isotope, minor
element, and 87Sr/86Sr compositions have been measured for the aragonite bivalve Cucullaea from the Eocene La Meseta
Formation. The 87Sr/86Sr stratigraphy suggests an early to late Eocene age for the La Meseta Formation. Sea surface
temperature estimates based on d18O values range from 14.5� to 15.5�C in the early and middle Eocene to 10.5�C in the late
Eocene. High-resolution sampling along growth structures provides estimates of seasonality in temperature, which decrease
considerably up section. To address the relative contribution of temperature and ice volume or salinity to the d18O record,
Sr/Ca was measured and evaluated as a potential independent paleothermometer for Cucullaea. INDEX TERMS: 4215
Oceanography: General: Climate and interannual variability (3309); 4267 Oceanography: General: Paleoceanography; 4870
Oceanography: Biological and Chemical: Stable isotopes; 9310 Information Related to Geographic Region: Antarctica
KEYWORDS: bivalve, oxygen isotope, seasonality, paleotemperature, Cucullaea

1. Introduction

[2] A wealth of evidence derived from of oceanographic and
terrestrial records indicates that the early Eocene was characterized
by an unusually warm global climate [Greenwood and Wing, 1995;
Zachos et al., 2001]. Foraminiferal d18O data indicate significantly
reduced latitudinal temperature gradients in the oceans during this
time [Zachos et al., 1992]. Global early Eocene warmth deterio-
rated during middle and late Eocene along a gradual cooling trend
that lasted roughly 17 million years [Zachos et al., 2001]. Enough
cooling had occurred by earliest Oligocene to allow for the
development of a major ice sheet in Antarctica [Mackensen and
Ehrmann, 1992].
[3] Several recent estimates of climate parameters during the

early Paleogene have been based on studies of molluscan d18O
[Bice et al., 1996; Andreasson and Schmitz, 1996, 1998, 2000;
Purton and Braiser, 1997; Purton et al., 1999; Schmitz and
Andreasson, 2001]. Analysis of molluscan carbonate provides
information for small windows of time, yet these measurements
offer valuable insights into paleoclimate that serve as benchmarks
for models of ancient climate and ocean circulation. One notable
advantage of molluscan records versus foraminiferal-based records
is the preservation of seasonal variability in d18O within accre-
tionary growth structures.
[4] Unfortunately, fossil records in polar regions are limited, due

in part to poor fossil preservation and extensive ice cover. Neritic
marine deposits exposed on Seymour Island situated adjacent to
the Antarctic Peninsula are remarkable for the excellent preserva-
tion of Cretaceous and Paleogene floras and faunas that have been
the subject of numerous paleontological studies [e.g., Woodburne
and Zinsmeister, 1984; Zinsmeister, 1984; Zinsmeister and Feld-
mann, 1984; Wrenn and Hart, 1988; Case, 1992; Doktor et al.,
1996; Aronson et al., 1997]. Molluscan faunas such as those

preserved on the Seymour Island provide a rare opportunity to
collect oxygen isotope data from a high-latitude coastal environ-
ment for multiple time slices during the Eocene.
[5] This investigation provides a record of the evolution of sea

surface temperatures and seasonal temperature variation along
coastal Antarctica during the transition from early Eocene warmth
to early Oligocene glaciation using stable isotope data derived from
the aragonite bivalve, Cucullaea. The motivation for this study is
twofold. First, we seek to provide a record of paleoclimate that can
be integrated with evolutionary and ecological observations of the
La Meseta fauna. Second, our reconstruction of sea surface temper-
ature (SST) and amplitude of temperature variation can be com-
bined with data from lower-latitude sites to provide a pole-to-
equator temperature gradient. Ultimately, these data can be com-
pared with paleoclimate models and add to our understanding of
the dynamics of ancient polar climates.

1.1. Geologic Setting

[6] Seymour Island is a small, ice-free island located �100 km
east of the Antarctic Peninsula at 64�170S, 56�450W; it has
remained at the same latitudinal position since the mid-Cretaceous
[Norton and Sclater, 1979] (Figure 1). Deposits exposed on
Seymour Island developed in response to uplift and erosion of
the northern Antarctic Peninsula during subduction along the
western margin of the peninsula [Elliot, 1988]. The La Meseta
Formation, as established by Elliot and Trautman [1982], crops out
on the northeastern portion of Seymour Island around a small,
topographically prominent mesa.
[7] The La Meseta Formation is a richly fossiliferous, shallow

marine succession consisting of �700 m of intercalated conglom-
erates, sandstones, and shell banks as well as unconsolidated
sediment [Elliot and Trautman, 1982]. It has been subdivided by
Sadler [1988] into seven separate mappable units separated by
unconformities, designated from oldest to youngest as Tertiary
Eocene La Meseta (Telms) 1–7. A variety of near-shore environ-
ments have been inferred for these deposits including incised
valley estuarine [Sadler, 1988; Porębski, 1995] and pro-delta to
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lagoonal [Elliot and Trautman, 1982; Wrenn and Hart, 1988].
Sedimentological features suggest that the La Meseta Formation
was tidally dominated and represents a highly lenticular, trans-
gressive-regressive package of sediment [Porębski, 1995].
[8] Although detailed analyses of sedimentary features suggest

that La Meseta lithofacies accumulated in an incised valley
estuary [Sadler, 1988; Porębski, 1995], there is little faunal
evidence for the presence of brackish water. Taxa represented
in the La Meseta fauna include bivalves, gastropods, brachio-
pods, arthropods, fish, sharks, and whales [Wiman, 1905; Welton
and Zinsmeister, 1980; Feldmann and Wilson, 1988; Weidman et
al., 1988; Stilwell and Zinsmeister, 1992; Doktor et al., 1996] as
well as a number of typically stenohaline taxa such as echinoids,
asteroids, ophiuroids, crinoids, and corals [Blake and Zinsmeis-
ter, 1988; McKinney et al., 1988; Filkhorn, 1994; Baumiller and
Gaździcki, 1996; Aronson et al., 1997]. These stenohaline taxa
have physiological intolerances to lower salinities and are found
to range across the entire formation; their presence therefore
contributes strong evidence for normal marine salinities (i.e.,
33–35 ppt).

1.2. Age of La Meseta Formation

[9] The precise age of the La Meseta Formation has been a
subject of considerable debate [Woodburne and Zinsmeister, 1984,
and references therein]. Difficulty in assigning an age to this
deposit stems in part from the presence of floras and faunas
endemic to Antarctica, which cannot be reliably placed into a
global biostratigraphic context. Further complications arise from

heterochroneity of the La Meseta fauna; 11 marine invertebrate
genera previously known only from the late Cenozoic in middle
and low latitudes have been discovered in the La Meseta Formation
[Zinsmeister and Feldmann, 1984].
[10] Molluscan faunas [Zinsmeister and Camacho, 1982],

microfloras [Wrenn and Hart, 1988; Askin et al., 1991], marsupials
[Woodburne and Zinsmeister, 1984], shark teeth [Welton and
Zinsmeister, 1980], and whales [Wiman, 1905] show strong affin-
ities to Eocene assemblages. In particular, analysis of dinoflagellate
floras indicates a late early Eocene to late Eocene age [Wrenn and
Hart, 1988; Askin et al., 1991]. However, some La Meseta taxa are
purported to be as young as early Oligocene [Hall, 1977; Welton
and Zinsmeister, 1980]. Ambiguity has therefore persisted
between a late Eocene or early Oligocene age assignment for
the uppermost strata. The 87Sr/86Sr data presented here clearly
indicate an age no older than late Eocene for Telm 7 of the La
Meseta Formation.

2. Methods and Results

2.1. Sampling Strategy

[11] Geochemical analyses were restricted to the bivalve genus
Cucullaea to facilitate comparisons within and among stratigraphic
horizons. Cucullaea is a shallow, infaunal filter feeder and was
chosen for study because of its robust shell and abundance
throughout the section. The two species of Cucullaea in the La
Meseta Formation (C. raea and C. donaldi) do not co-occur at any

Figure 1. Geologic map of Seymour Island, Antarctica. The La Meseta Formation crops out on the northern portion
of the island and is divided into seven mappable units, called Telms (Tertiary Eocene La Meseta).
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stratigraphic level. C. raea is present in Telms 1–5, whereas
C. donaldi occurs in Telms 6 and 7. Specimens selected for
analysis represent all Cucullaea-bearing localities in Telms 2–7
of the La Meseta Formation that are represented in the collection of
W. Zinsmeister. The number of shells analyzed per Telm was
limited in some cases because of the number of available speci-
mens. Unfortunately, different localities within a Telm were not
collected in measured sections, and therefore relative stratigraphic
positions cannot be determined within each Telm.
[12] Two sampling techniques were implemented during this

study. One was designed to provide a long-term record across
stratigraphic horizons; the other was designed to provide suban-
nual-scale records within each horizon. In the first case, bulk
samples of carbonate were obtained by drilling across several
years of growth near the umbo of the shell to obtain an average
composition. This region of the shell is generally thicker and
represents the early stages of shell accretion, so problems related
to seasonal growth cessations associated with reproductive activ-
ities are minimized. A total of 52 bivalves (representing 28
sampling localities) were analyzed for bulk stable isotope compo-
sition.
[13] In the second case, high-resolution sampling was performed

by digitizing a thick section of shell cut along the axis of maximum
growth and interpolating drill paths between successive growth
bands to produce a continuous time series of data. A computerized
X-Y-Z stage was used to mill out the interpolated paths as described
by Dettman and Lohmann [1995]. All high-resolution samples
were drilled from the outer, prismatic layer near the ventral margin
(i.e., shell accreted late in the life span of the organism). Although
shell growth may be interrupted during spawning intervals when

the bivalve is older, this portion of the shell was chosen because the
outer, prismatic layer is thickest toward the ventral margin, allow-
ing for higher sampling resolution. Six bivalves representing Telms
2, 4, 5, and 7 were sampled in this manner. We chose to sample
three shells from Telm 5 (versus one specimen for each of the other
Telms) because Telm 5 is the thickest and likely represents a
greater span of time. Owing to shell fragmentation and abrasion,
we were unable to generate high-resolution records for shells from
Telms 3 and 6.

2.2. Preservation of Specimens

[14] X-ray diffraction analyses determined that the bivalve shells
consist entirely of aragonite. In addition, all shells that were thick
sectioned for high-resolution geochemical sampling were also
examined petrographically and under cathodoluminescence. Shell
microstructures are well preserved, and calcite cement is only
visible growing out from the edge of the shell in a few specimens.
Sediments of the La Meseta Formation readily luminesce, yet all
bivalve shells were found to be nonluminescent. On rare occasions,
luminescent fractures were found to cut across shells; these areas
were avoided during high-resolution sampling.
[15] Slight alteration was detected in some samples demonstrat-

ing elevated minor and trace element composition (Mn > 300 ppm,
Fe > 150 ppm); these samples are not included in the tabulated
results. Fossil shells derived from Telm 1 of the La Meseta
Formation exhibit iron oxide staining and pitting due to dissolu-
tion. These specimens appeared to be extensively altered under
visual examination and were excluded from all geochemical
analyses. Therefore only results for specimens from Telms 2
through 7 are reported here.1

2.3. Stable Isotope Analyses

[16] Roughly equal size splits of the carbonate powder (�20 mg
each) were taken for stable isotope and elemental analyses.
Samples for stable isotope analysis were roasted in a vacuum at
200�C for 1 hour to remove volatile contaminants. Powder samples
were individually reacted with anhydrous phosphoric acid at 72�C
in an automated Kiel device which is directly coupled to a Finnigan
MAT 251 isotope-ratio mass spectrometer. Precision of the data
was maintained at better than 0.1% by daily analysis of powdered
carbonate standards. All stable isotope compositions are reported
in standard d notation relative to the Vienna Peedee belemnite
(VPDB) standard.
[17] The d18O of bivalve aragonite ranges from �0.2 to +1.7%

across the entire formation (Figure 2). The observed trend in d18O
is characterized by low values in Telms 2 through 5, followed by a
shift to higher values in Telms 6 and 7 (Table 1). Average values of
d18O for Telms 2 through 5 are statistically indistinguishable at the
95% confidence interval. The d13C values range from �3.6 to
+2.9% and tend to show more variation both within and between
adjacent Telms than the d18O data (Figure 2).
[18] Temperatures have been calculated from d18O values using

the empirically determined paleotemperature equation for aragonite
molluscs of Grossman and Ku [1986]. A value for the oxygen
isotope composition of seawater (d18OSW) must be specified to
calculate SST. The d18OSW is influenced by several factors,
including continental ice volume, continental runoff, precipitation
and evaporation, and ocean circulation. We use a value of �1.0%
(SMOW) for the d18O of global mean seawater for an ice-free
world, according to the widely accepted estimate of Shackleton and
Kennett [1975]. All temperatures are calculated assuming a con-
stant, normal marine salinity during deposition of the La Meseta

Figure 2. (left) Bulk shell d18O and (right) d13C of 52 Cucullaea
specimens from the La Meseta Formation. Individual shell values
(solid circles) are plotted for each stratigraphic horizon with mean
values (open circles) for Telms 2–7. The 95% confidence intervals
are plotted as brackets; the large confidence interval for Telm 6 is
due to a very small sample size (n = 3). Mean d18O values do not
vary significantly for Telms 2–5 but increase by 0.8% in Telms 6
and 7.

1 Supporting data are available electronically at World Data Center-A
for Paleoclimatology, NOAA/NGDC, 325 Broadway, Boulder, CO 80303,
USA (e-mail: paleo@mail.ngdc.noaa.gov; URL: http://www.ngdc.noaa.
gov/paleo/data.html).
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Formation unless otherwise indicated. Zachos et al. [1994] pro-
posed that heterogeneities in surface d18OSW arising from surface
salinity gradients in the open ocean [Broecker, 1989; Fairbanks et
al., 1992] can be corrected by invoking an equation relating
modern surface d18OSW and latitude. Yet the appropriateness of
applying the modern d18OSW-latitude relation to ancient climates
has been debated [Huber et al., 1995; Price et al., 1996]. In fact,
simulations of surface ocean salinity during the Eocene suggest
that processes controlling salinity gradients in the ocean may have
been quite different [Bice et al., 1997]. Consequently, we chose not
to adjust our d18O data to account for possible latitudinal hetero-

geneities in surface d18OSW. Note that applying this correction at
the paleolatitude of Seymour Island would decrease d18O values by
0.5%, corresponding to a 2.4�C decrease in temperature relative to
the unadjusted paleotemperatures reported herein. Working under
these assumptions, average temperatures are 14.5�–15.5�C in
Telms 2–5 and decrease markedly to 10.5�C in Telms 6 and 7
(Table 1). The total range of bulk d18O values across the La Meseta
Formation corresponds to a temperature span of �9.0�C.
[19] High-resolution analyses were generated to assess variabil-

ity in d18O and d13C on a subannual timescale (Figure 3). The
series of data from each shell exhibit fluctuation in both d18O and
d13C (Table 2). Growth bands do not show a consistent pattern in
relation to seasonal d18O maxima and minima, but d13C maxima
often coincide with growth bands. The range in d18O values is
greatest in Telm 5 (shell 453) and smallest in Telm 7 (shell 6). If all
variability in the d18O signal is a result of seasonal fluctuation in
temperature, corresponding estimates of temperature seasonality
range from 2.5� to 11.5�C. Alternatively, variability in d18O on an
annual timescale could be produced by seasonal runoff. Amplitude
of seasonal variation in d13C ranges from 1.3 to 1.9%.

2.4. Major and Minor Element Analyses

[20] Major and minor elemental analyses were carried out with a
Finnigan MAT inductively coupled plasma mass spectrometer
(ICP-MS). Samples were dissolved in 1% HNO3 and analyzed
for Ca, Sr, Mg, Fe, and Mn. Precision of the analyses was better
than 3%.
[21] Both Mg/Ca and Sr/Ca ratios were measured to investigate

the relation between these minor element ratios and stable isotope

Table 1. Results for Bulk Samples of Cucullaeaa

Telm
Sample
Size

d18O
(Average,

SD)

d13C
(Average,

SD)

Average
Temperature,

�C
7 18 1.3, 0.1 �0.9, 1.4 10.5
6 3 1.3, 0.4 �2.7, 1.3 10.5
5 16 0.5, 0.4 �0.3, 1.4 14.5
4 5 0.1, 0.3 0.6, 0.8 15.5
3 2 0.3 �1.6 15.0
2 8 0.2, 0.3 0.8, 1.2 15.0

aStable isotope measurements are reported in per mil with respect to the
VPDB standard. Standard deviations are reported for Telms with n > 2.
Temperatures are calculated using the paleotemperature equation for
aragonite molluscs [Grossman and Ku, 1986], assuming constant salinity
and an ice-free world (d18OSW = �1.0%).

Figure 3. Profiles of d18O (left scale, solid circles) and d13C (right scale, open circles) plotted for six Cucullaea
bivalves from the La Meseta Formation. Shaded lines denote location of dark growth bands in each shell; asterisks
denote synchronous negative excursions in d18O and d13C for shell 1057. Note the different x axis scales for each
shell; all y axes are plotted on the same scale. Growth bands do not show a consistent pattern in relation to seasonal
d18O maxima and minima; d13C maxima often coincide with growth bands. Shell 6 (Telm 7) shows the least seasonal
variation in d18O.
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composition. Bulk samples obtained from three specimens from
each stratigraphic horizon were analyzed for elemental compo-
sition. No correlation was observed for Mg/Ca and d18O; a weak
but statistically significant correlation ( p < 0.001) was found
between Sr/Ca ratios and d18O for both a linear and an
exponential fit:

Sr=Ca ¼ �5:1 d18Oþ 13:3 r2 ¼ 0:59; n ¼ 16
� �

ð1Þ

Sr=Ca ¼ 14:1e �0:61 d18Oð Þ r2 ¼ 0:64; n ¼ 16
� �

: ð2Þ

[22] Elemental composition was also determined for high-
resolution samples from a single bivalve (shell 453, Telm 5)
(Figure 4). No correlation was observed between Sr/Ca and d18O
(r2 = 0.11) in this shell; however, a weak correlation between

Sr/Ca and d13C (r2 = 0.45) was found to be statistically
significant ( p < 0.001).

2.5. Strontium Isotope Analyses

[23] Powdered samples of bivalve aragonite were dissolved in
nitric acid, and strontium was subsequently separated using ion
exchange chromatography with Eichrom Sr-specific resin. The
effluent was dried and loaded onto a tungsten filament for isotope
ratio analysis using a Finnigan-MAT 262 thermal ionization mass
spectrometer. The 86Sr/88Sr ratio was normalized to 0.1194, and
measured 87Sr/86Sr ratios were corrected using the long-term
laboratory average of NIST 987, 0.710259 ± 0.000022 (2s). Data
reported herein have been adjusted to a NIST 987 value of
0.710248 in order to make numeric age assignments using the
LOWESS curve fit following the method outlined by Howarth and
McArthur [1997] (Table 3). Analytical uncertainty was calculated

Table 2. Results for High-Resolution Samples of Cucullaeaa

Telm Clam d13C Range d18Omin d18Omax d18O Range Tmin, �C Tmax, �C T Range, �C
7 6 1.3 1.1 1.6 0.5 8.6 10.9 2.5
5 1057 1.3 �1.4 1.0 2.4 11.4 22.9 11.5
5 456 1.3 0.0 1.2 1.2 10.5 16.2 5.7
5 453 1.5 �0.1 1.0 1.1 11.4 16.7 5.3
4 4A 1.9 0.3 1.1 0.8 10.9 14.8 4.0
2 611 1.5 �0.7 1.2 1.9 10.5 19.6 9.1

a Isotope measurements are reported in per mil with respect to the VPDB standard. Temperatures are calculated using
the paleotemperature equation for aragonite molluscs [Grossman and Ku, 1986] assuming constant salinity and an ice-free
world (d18OSW = �1.0%).

Figure 4. High-resolution profiles of d18O, d13C, and Sr/Ca from Cucullaea raea shell 453, Telm 5 of the La Meseta
Formation to assess degree of correlation between these variables. Shaded lines denote location of visible growth
bands. Variation in Sr/Ca shows no consistent relation to either d18O or d13C in this shell.
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using the standard deviation of NIST 987 over an 8 month period
(2s = 0.000022). This analytical error was combined with uncer-
tainty in the LOWESS fit to the secular 87Sr/86Sr curve for marine
waters [Howarth and McArthur, 1997] at a 95% confidence level

to yield the total uncertainty in age (Figure 5). The 87Sr/86Sr values
for six specimens from Telms 2, 5, and 7 were used to make age
assignments with respect to the timescale of Berggren et al. [1995]
(Table 3). Results from samples exhibiting unusual trace element
composition indicative of diagenetic alteration (see discussion
above) were rejected.

3. Age Model

[24] Strontium isotope analyses were performed on Cucullaea
specimens to provide a temporal framework for the stable isotope
data and to constrain the age of the uppermost portion of the
section, in particular. Because the marine Sr isotope curve oscil-
lates during the Eocene, there was no unique numeric age solution
for several of the specimens. In these instances, ages were assigned
using the principle of superposition in combination with dinocyst
biostratigraphy [Wrenn and Hart, 1988].
[25] When evaluated relative to the 87Sr/86Sr secular variation

curve for marine waters during the Eocene [Howarth and McAr-
thur, 1997], isotopic compositions of samples from Telms 2, 5, and
7 are consistent with marine values and confirm an Eocene age for
the La Meseta Formation (Figure 5). Porębski [2000] speculated
that the hiatus between Telms 3 and 4 represents the 49.5 Ma
eustatic sea level fall, which is also consistent with these age

Table 3. Sr Isotope Results for Bulk Samples of Cucullaeaa

Telm Shell 87Sr/86Sr Age, Ma

7 1099-B2 0.707784 34.69
7 6-6-2 0.707770,

0.707788
34.96

7 1055 B 0.707761 36.13
5 453 B 0.707783 >44.54 and <47.35
2 611 0.707738 50.53
2 1087 0.707738 50.53

aThe 87Sr/86Sr ratios are reported for six specimens derived from three
Telms. For Telms with multiple measurements, each shell represents a
different locality. Error associated with each measurement is calculated
using the long-term laboratory standard deviation of NIST 987 as described
by Howarth and McArthur [1997]. Using this approach, values reported
above have an error of ±0.000022. Replicate analyses are reported for a
single shell in Telm 7, which are the same, within analytical error. In some
cases, there were multiple solutions for age assignments; the appropriate
age was selected (shown here) using the principle of superposition and
dinocyst biostratigraphy [Wrenn and Hart, 1988].

Figure 5. The 87Sr/86Sr compositions of six Cucullaea shells from the La Meseta Formation plotted on the secular
Sr isotope curve for marine water (solid line) shown with 95% confidence interval (shaded lines) [Howarth and
McArthur, 1997]. Open circles denote multiple possible age assignments for a single shell. Both shells from Telm 2
have identical compositions and therefore appear as a single point. The 87Sr/86Sr values of Cucullaea shells are
comparable with Eocene seawater composition. Most notably, these age assignments indicate a late Eocene age for
the uppermost strata of the La Meseta Formation.
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assignments. Most notably, measured 87Sr/86Sr values are not
compatible with an Oligocene age, which would require 87Sr/86Sr
values �0.707817.

4. Paleoenvironmental Reconstruction

[26] The d18O values of bivalve aragonite simultaneously record
temperature and d18OSW. The d18OSW is influenced by variable
salinity and/or continental ice volume due to the sequestering of
16O in the ice. Because meteoric water has lower d18O values than
seawater, paleotemperature estimates for coastal settings at middle
to high latitudes may be biased toward warmer temperatures if low
salinities prevail [Klein and Fricke, 1997]. In addition, formation
of small, ephemeral ice sheets in the late Eocene has been
postulated through several lines of evidence, including presence
of glaciomarine sediment [Wise et al., 1991], ice-rafted debris
[Margolis and Kennett, 1971], and very positive d18O values for
benthic foraminifers [Zachos et al., 1994]. Owing to the probability
that some variation recorded in the oxygen isotope composition of
macrofossils at Seymour Island during the Eocene reflects variable
d18OSW, it is important to separate the relative contributions of
temperature and d18OSW to the resultant shell composition.

4.1. Sr/Ca Paleothermometry

[27] To evaluate the extent of temperature effect versus variable
seawater d18O, we turn to the possibility of extracting temperature
from d18O data through paired analysis of an independent elemen-
tal paleothermometer. Calibration experiments have demonstrated
that Mg/Ca ratios in foraminiferal calcite reflect ambient water
temperature [Nürnberg et al., 1996; Rosenthal et al., 1997].
Similarly, for biogenic aragonite, Sr/Ca ratios have been used as
a proxy for temperature in corals [Weber, 1973; Shen et al., 1996],
and Sr/Ca and temperature have been observed to correlate in
several aragonite bivalves [Dodd, 1965; Palacios et al., 1994;
Thorn et al., 1995; Klein, 1996].
[28] Ideally, evaluation of minor element paleothermometers for

bivalve carbonate should be made through calibration with modern
specimens of extant species in either a laboratory or natural setting.
Unfortunately, this approach is not feasible for species now extinct,
such as C. raea and C. donaldi. Therefore the approach we have
taken is to compare stable isotope and minor element composition
from splits of powdered carbonate samples. Correlation between
the Sr/Ca ratio and d18O would argue for a temperature-controlling
mechanism of Sr content where scatter in this relation may result
from variable salinity and/or ice volume effects. Bulk samples
drilled from the umbo of the shell do in fact show correlation
between Sr/Ca and d18O, suggesting the possibility that Sr/Ca
reflects temperature.
[29] We then tested the observed relation between d18O and

Sr/Ca in Cucullaea by measuring these two parameters along a
high-resolution transect of the outer, prismatic layer of shell 453
from Telm 5 (Figure 4). Although there are some similarities
between the Sr/Ca and d18O profiles of this shell, the relation
observed in the bulk samples was not reproduced. The similarity
between Sr/Ca and d13C in this shell is much stronger and
suggests that growth rate may be controlling the incorporation of
Sr into the shell.
[30] Because the purported correlation between Sr/Ca and d18O

is not substantiated by the high-resolution data, we do not have
confidence in the potential for Sr/Ca in Cucullaea as an inde-
pendent paleothermometer. It is interesting to note that high-
resolution samples were derived near the ventral margin while
bulk samples were taken near the umbo of the shell. Conse-
quently, discrepancy between the Sr/Ca-d18O relation for these
two types of samples could be attributed to ontogenetic differ-
ences in the incorporation of Sr. These observations highlight the

importance of characterizing the ontogenetic variation in minor
element ratios of bivalve carbonate to validate hypotheses based
on data from bulk samples.

4.2. Bivalve Stable Isotope Record

4.2.1. High-resolution profiles of D18O and D
13C. [31] Sea-

sonal variability in temperature is not easily documented for
ancient climates because few proxies for seasonality exist.
Fortunately, accretionary growth structures in bivalve shells
allow for documentation of intra-annual and interannual records
of temperature variation using d18O [Jones et al., 1983; Dettman et
al., 1999]. Many bivalves analyzed elsewhere exhibit annual
periodicity in growth bands [Lutz and Rhoads, 1980]. However,
annual growth bands have been observed to form during the winter
in some instances and during the summer in other cases [Rhoads
and Lutz, 1980; Jones and Quitmyer, 1996]. Dark, organic-rich
growth bands are most likely formed as a result of growth cessation
or slow rates of shell accretion. Possible explanations for growth
cessation include thermally controlled shut down [Dettman et al.,
1999; Neumann et al., 1993; Weidman et al., 1994; Peck and
Conway, 2000], nutrient limitation [Dextraze and Zinsmeister,
1987], or seasonal biorhythms such as spawning [Jones et al.,
1983; Weidman, 1995].
[32] Because C. donaldi and C. raea are both extinct species,

direct observation of the timing of growth bands is not possible,
but indirect evidence via d18O profiles can help to elucidate this
aspect of shell growth. In some specimens, dark growth bands
appear to consistently coincide with d18O minima (e.g., shell 453),
suggesting an interruption in growth during the summer season
(Figure 3). However, this pattern does not hold for all growth
bands in the other specimens. In some specimens, growth bands
appear to correlate with d18O maxima, implying a winter shut
down (e.g., shell 6). Irregular patterns observed between extreme
values of d18O and growth cessations are most likely a product of
multiple processes such as spawning or very low salinity in the
summer and nutrient limitation during the winter months in
addition to thermally induced growth cessations. We suspect that
nutrient limitation was a significant factor in this case because light
patterns at high latitudes exert significant control on seasonal
growth of phytoplankton and, consequently, on shell growth for
filter-feeding bivalves such as Cucullaea. Rates of shell secretion
are likely seasonally biased; average shell d18O and consequent
paleotemperature estimates may therefore also be seasonally
biased. Yet this is not unlike SST estimates based on foraminifer
d18O, which are likely also biased toward times when active shell
secretion is occurring. Although stable isotope profiles of Cucul-
laea shells are probably truncated due to episodic growth cessa-
tions, they still provide minimum estimates for the full seasonal
range of d18O and d13C.
4.2.2. Seasonality of D18O. [33] Annual variability observed

in high-resolution records of d18O can be influenced by fluctuation
in temperature and/or seasonal runoff input that affects salinity.
The d18O of freshwater runoff in this region during the Eocene
should have been significantly more negative than marine values,
owing in part to the high latitudinal position of Seymour Island.
Moreover, the presence of large wood fragments [Francis, 1991] as
well as plant macrofossils [Case, 1988] suggest that the Antarctic
Peninsula was heavily vegetated during deposition of the La
Meseta Formation. Such vegetation would contribute a negative
carbon isotopic signature to any freshwater runoff. Consequently, if
ambient seawater during shell growth of Cucullaea was affected by
substantial incursion of freshwater, a mixing trend between the
marine and freshwater end-members showing positive correlation
should manifest on a plot of d13C versus d18O.
[34] Lack of positive covariance between bulk d13C and d18O

values of Cucullaea shells (Figure 6) indicates that the stratigraphic
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trend in d18O and d13C (Figure 2) is not a product of local
fluctuation in salinity. Moreover, high-resolution samples derived
from individual shells plot in a tight cluster for all shells except
shell 1057 from Telm 5. The range in d13C for this particular shell
is not notably different than the other shells, yet the range of d18O
is much larger than the other two shells from Telm 5 (Table 2),
causing the data to plot in a roughly horizontal line in Figure 6. In
addition, shell 1057 has a lower average d18O than the other shells
in Telm 5 (Table 2) as well as occasional synchronous negative
excursions in both d18O and d13C (Figure 3). All of these features
suggest that the locality where this specimen lived may have been a
lower salinity environment, which experienced seasonal incursions
of isotopically light freshwater. However, the clustering of stable
isotope data for the other shells suggests that seasonally variable
salinity is not a significant factor, and we attribute the high-
resolution d18O record of the remaining five shells solely to
fluctuation in temperature.
[35] Amplitude of temperature variation estimated from d18O is

larger during intervals characterized by higher mean annual tem-
perature (Telms 2–5) than the amplitude observed in association
with the cooler climate of Telm 7 (Table 2). We calculate a total
range in temperature of �4�–9�C in the early and middle Eocene
compared to 2.5� in the late Eocene. Reduced temperature season-
ality (cooler summers) in the latest Eocene was probably a
prerequisite to significant ice accumulation, which is observed at
the Eocene-Oligocene boundary.

[36] All bivalves sampled from Telms 2 through 5 record
maximum d18O values between 1.0 and 1.2%. In contrast, the shell
from Telm 7 records a maximum d18O value of 1.6% (Figure 3).
The cause of potential growth cessation in Cucullaea ultimately
affects the interpretation of this result. For example, if growth
ceases below a fixed temperature, then variable d18O at this
shutdown point is a reflection of change in d18OSW due to either
a salinity or ice volume effect. Alternatively, if growth cessation
(and/or initiation) is triggered by a seasonal signal (e.g., light
limitation near the poles can strongly affect phytoplankton pro-
duction), then this would change the interpretation of d18O profiles.
In this case, differences in d18O maxima provide temperature
information at a certain time of year and the aforementioned offset
in d18O maxima between Telm 7 and Telms 2–5 would suggest
colder winters in the uppermost portion of the La Meseta For-
mation. Unfortunately, incomplete knowledge of causes for growth
cessation in Cucullaea precludes us from making definitive inter-
pretation of the shift in d18O maxima recorded in these high-
resolution profiles.
4.2.3. The D

13C profiles. [37] As mentioned previously,
bivalve d13C is not always a faithful recorder of seawater d13C
because of variable contributions from metabolic carbon; therefore
conclusions with respect to this record must be made with caution.
Cucullaea shells exhibit seasonal d13C variation that spans
1.3–1.9% and display d13C maxima that often coincide with
visible growth lines (Figure 3). The d13C of surface seawater is

Figure 6. Plot of d13C versus d18O of bulk and high-resolution samples of Cucullaea aragonite from the La Meseta
Formation, consistent with a fully marine environment. In contrast, mixing of isotopically light freshwater with
marine water would manifest as a mixing line between the two end-member compositions showing positive
covariance between d13C and d18O.
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strongly influenced by primary productivity owing to the
preferential uptake of 12C by planktonic organisms. In this way,
seasonal d13C maxima recorded in bivalve carbonate may
correspond to times of high productivity when surface waters
become depleted in 12C. Owing to light limitation at high
latitudes we would expect a strong fluctuation in the
phytoplankton population on an annual timescale causing
variation in seawater d13C. In several Cucullaea shells the d13C
profile exhibits strong seasonal variation (e.g., shell 453), which
could be attributed to seasonal changes in phytoplankton
production (Figure 3). Alternatively, d13C may be fluctuating in
response to variable incorporation of light metabolic CO2. In this
case, lower d13C between the growth bands would suggest
increased utilization of metabolic carbon while the organism is
actively secreting carbonate shell.
4.2.4. Secular trend in D

18O. [38] Paleontological studies of
floral and faunal assemblages of the La Meseta Formation have
provided several important clues to the climate (Table 4). Estimates
of paleotemperatures based on skeletal carbonate d18O have also
been published for the La Meseta Formation by Gaździcki et al.
[1992] and Ditchfield et al. [1994]. Assuming ice-free conditions
(d18OSW = �1.0%), paleotemperatures calculated from these data
range from 2.0� to 13.5�C and 5.9� to 12.8�C, respectively (Table 4).
However, combination of d18O data derived from multiple taxa in
these studiesmakes it difficult to interpret the resultant isotope record
uniquely in terms of either absolute value or magnitude of change.
Differing ecologies of each taxon and the possibility of resulting vital
effect offsets can produce significant isotopic variation within each
stratigraphic horizon. Furthermore, apparent shifts in temperature
between horizons from which different assemblages of taxa are
analyzed may only reflect differences related to taxon-specific vital
effects and may not be reflective of changes in SST. Although our
analyses include two different species,C. raea andC. donaldi, we do
not have reason to suspect any vital effect offset for d18O values at the
species level in bivalves. Modern bivalves have been shown to
precipitate their shells in isotopic equilibrium with ambient fluids
with respect to oxygen [Epstein et al., 1953; Jones et al., 1983;
Israelson et al., 1994; Weidman et al., 1994; Hickson et al., 1999],
although they may show offsets for carbon [Tanaka et al., 1986;
Krantz et al., 1987; Dettman et al., 1999].
[39] The d18O values of bulk samples from Cucullaea shells

from Telms 2–7 yield SSTs ranging from 8.0� to 17.0�C. This
broad range is in general agreement with most of the aforemen-
tioned independent proxies of temperature but encompasses
slightly warmer temperatures than previously published d18O data
for the Eocene La Meseta Formation. Average temperatures for
each Telm range from 10.5� to 15.5�C (Table 1), which is nearly
identical to the range predicted on the basis of faunal and floral

assemblages (Table 4). The range and standard deviation in d18O
differs greatly from Telm to Telm (Table 1). However, each pool of
specimens derived from multiple localities within a Telm undoubt-
edly represents a substantial yet unknown amount of time averag-
ing. Consequently, apparent scatter in bivalve isotope composition
within a single Telm may be a result of a temporal trend that has
been collapsed through time averaging. For example, Telm 5 has
the largest range in bulk isotope composition, but it is also the
thickest Telm in the section. Unfortunately, the lack of internal
stratigraphy for localities within a Telm prevents us from being
able to resolve trends in d18O at higher stratigraphic resolution.
[40] The temporal pattern of observed d18O values for Cucullaea

parallels the trend of foraminiferal d18O generated from high
southern latitude Deep Sea Drilling Program (DSDP) and Ocean
Drilling Program (ODP) sites, which is characterized by a pattern
of increasing d18O from late early to late Eocene [Shackleton and
Kennett, 1975; Stott et al., 1990]. For comparison, the d18O trend
for Cucullaea shells from Seymour Island has been plotted with
planktonic foraminiferal records from Maud Rise, located at 65�S
in the Weddell Sea, Antarctica (Figure 7). Maud Rise is located at
almost the same latitudinal position as Seymour Island but is �700
km north of the Antarctic continent where modern water depth is
2000–3000 m. The similarity of results from Seymour Island and
Maud Rise suggests that fossil molluscan and foraminifer records
preserved on Seymour Island are faithful recorders of regional
paleoclimatic signals rather than strictly local conditions.
[41] The d18O of Cucullaea aragonite appears to track the upper

limit of temperatures calculated from d18O of mixed layer dwelling
planktonic foraminifers at Maud Rise (Figure 7). The population of
Cucullaea shells in each Telm may represent a spectrum of environ-
ments, from fully marine to mixed marine and freshwater. However,
because our data overlap with the warmest of the planktonic
foraminifers at this site, it would be difficult to argue that our d18O
data are substantially affected by low salinities. For Telms that are
well constrained in age by 87Sr/86Sr stratigraphy the average d18O is
consistently�1.25% lighter than the subthermocline foraminifers at
Maud Rise (Figure 7). Stott et al. [1990] noted that the offset
between Acaranina and Subbotina (surface and subthermocline
dwelling foraminifers) was also maintained at �1.25% throughout
the early and middle Eocene. Because Acaranina go extinct just
before the middle/late Eocene boundary [Stott and Kennett, 1990],
the gradient between surface and subthermocline water temperatures
in the late Eocene could not be calculated from the Maud Rise data.
Using the Cucullaea d18O record, we are able to confirm that this
gradient remained the same into the late Eocene.
[42] The most notable feature in the temporal progression of

d18O documented here is the shift to more positive values between
Telms 5 and 6 (Figure 7). Average d18O increases by 0.8% between

Table 4. Compilation of Climate Proxy Data Derived From the La Meseta Fossil Recorda

Proxy Climate Source

Nothofagus fossil wood cool temperate Case [1988]
Leaf flor 10�–15�C Doktor et al. [1996]
Brachiopod faun 10�–14�C Weidman et al. [1988]
Molluscan faun cool or warm temperate Stilwell and Zinsmeister [1992]
d18O of high-Mg calcite cements in

Teredolites-bored wood
5.1�–13.2�C Pirrie et al. [1998]

d18O of bivalves, oysters, nautiloid 5.9�–12.8�C Ditchfield et al. [1994]
d18O of brachiopods, gastropods, bivalves 2.0�–13.5�C Gazdzicki et al. [1992]
d18O of Cucullaea bivalves 8.0�–17.0�C this study

aAll d18O data have been normalized by setting d18OSW = �1.0% and using the paleotemperature equations of
O’Neil et al. [1969] for skeletal calcite and Grossman and Ku [1986] for molluscan aragonite. These data represent
temperature estimates for the formation as a whole with the exception of the cement data, which are derived from
Telms 2 and 3.
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Telms 5 and 6, which corresponds to a decrease in temperature of
nearly 4�C, an increase in ice volume equivalent to 80% of present-
day ice volume [Shackleton and Kennett, 1975], or some combina-
tion thereof. Note that because this positive shift in d18O spans a
hiatus between Telms 5 and 6, the increase may have been abrupt or
gradual. The presence of small, ephemeral ice sheets during the
Eocene was proposed by Zachos et al. [1994] on the basis of
relatively positive benthic foraminiferal d18O values as well as clay
mineral assemblages and ice-rafted debris in ODP cores from Maud
Rise and Kerguelen Plateau [Ehrmann and Mackensen, 1992].
Although this scenario is possible, because of the lack of conclusive
evidence for large-scale Eocene glaciation in oceanic records [Wise
et al., 1992], it is unlikely that the +0.8% shift observed in
Cucullaea shells is entirely a product of ice accumulation on land.
Hence we attribute the majority of this shift to cooling of surface
waters during the middle and late Eocene but do not rule out the
possibility for some component of ice accumulation.

[43] The positive d18O shift between Telms 5 and 6 is contem-
poraneous with an angular unconformity [Porebski, 2000], a
considerable decrease in diversity of molluscan and brachiopod
faunas [Stilwell and Zinsmeister, 1992; Bitner, 1996], and faunal
turnover in many of the taxa [Zinsmeister and Camacho, 1982].
The change in character of the faunal assemblage during this
transition may be a direct response to cooler surface water temper-
atures. It is also interesting to note that replacement of the thick-
shelled, larger C. raea with the thinner-shelled and significantly
smaller C. donaldi also occurs between Telms 5 and 6, which
might reflect diminished length of the growing season due to
colder temperatures.

5. Conclusions

[44] Measured 87Sr/86Sr ratios of Cucullaea shells confirm an
Eocene age for the La Meseta Formation. The observed trend in

Figure 7. Evolution of Antarctic sea surface temperatures as recorded by planktonic surface-dwelling foraminifers
from ODP Sites 689 and 690 on Maud Rise (shaded symbols [Stott et al., 1990]) and Cucullaea from Telms 2–7 of
the La Meseta Formation (solid circles). Average d18O composition of Cucullaea is shown for each Telm (open
circles). Paleotemperatures are calculated assuming ice-free conditions (d18OSW = �1.0% SMOW) using equations of
Grossman and Ku [1986] for aragonite Cucullaea shells and Erez and Luz [1983] for calcite foraminifers. Ages for
Telms were assigned using 87Sr/86Sr stratigraphy for Telms 2, 5, and 7; remaining Telms are spaced equally between
dated horizons. Species of the genera Acaranina and Globigerinatheka lived in the mixed layer; Subbotina is
considered a subthermocline taxon. Note that Cucullaea d18O overlaps with the foraminifers exhibiting the lowest
d18O values (warmest temperatures).
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d18O of Cucullaea aragonite is very similar to both patterns and
absolute values observed in high southern latitude foraminiferal d18O
records. A prominent positive shift in the d18O record occurs between
Telms 5 and 6, coincident with a decrease in biodiversity and faunal
turnover in the La Meseta paleoenvironment. This increase is
attributed to cooling of surface waters during the middle and late
Eocene but may also reflect some component of ice accumulation.
Seasonal profiles of stable isotope compositions reported here
provide minimum estimates of annual range in temperature for
coastal Antarctica during the Eocene. Cooler climate during depo-
sition of Telms 6 and 7 and just prior to extensiveAntarctic glaciation
in the earliest Oligocene is associated with a significant decrease in
seasonal temperature range preserved in Cucullaea shells.
[45] Sr/Ca content in Cucullaea shells does not appear to have

potential as an independent paleothermometer for Cucullaea speci-
mens. However, this does not rule out the possibility that minor

element ratios in bivalve carbonate in other taxa may be effective
proxies for temperature. Future development of such independent
proxies for bivalve carbonate will be instrumental for interpreting
the relative contributions of temperature, salinity, and ice volume
to bivalve d18O.
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