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INTRODUCTION

During the last few years, several studies have
shown that under certain conditions the amino acid
racemization reaction can be used to estimate the age
of fossil materials and also to deduce paleotempera-
tures (see Bada and Schroeder, 1975; and Schroeder
and Bada, 1976, for reviews). Since racemization is a
chemical reaction, there are two variables which can
affect the extent of racemization in a fossil, time and
temperature. If the temperature history of a fossil can
be evaluated, then the extent of racemization in that
fossil can be used to estimate its age, or, alternatively,
if the age can be estimated using some other dating
technique, then the extent of racemization can be used
to estimate the average temperature to which the fossil
has been exposed during its depositional history.

All of the samples which have been used so far in
studies of amino acid racemization in marine sediments
have come from ocean areas where bottom water
temperatures have probably been fairly constant over
the last several million years (Savin et al, 1975). In
certain oceanic areas, however, bottom water tempera-
tures may not have been constant throughout the past,
and the fluctuations in temperature may, in turn, be
detectable by amino acid racemization, provided the
age of the sample can be estimated, using some other
independent dating method. In this instance, the amino
acid racemization reaction is used as a paleothermome-
ter. An example of this application is provided by the
results presented here for Leg 42A, Sites 372 and 376.
Site 372 was located southeast of Menorca in the
Western Mediterranean, whereas Site 376 was west of
Cyprus in the east (see Hsü et al., this volume).

EXPERIMENTAL METHODOLOGY
The experimental procedure is essentially the same

as that described in earlier publications (Bada and
Man, 1973; Bada et al., 1977). All reagents were
carefully purified to remove traces of contamination.
Deionized water was doubly distilled in an all-glass
apparatus. Constant boiling βM HC1 was prepared by
two successive azeotropic distillations of reagent-grade

HC1. Ammonium hydroxide was prepared by dissolv-
ing gaseous ammonium in doubly distilled water on a
vacuum line under reduced pressure. All glassware was
cleaned with Chromerge (potassium dichromate-con-
centrated sulfuric acid) and washed extensively with
deionized water, followed by numerous washings in
doubly distilled water.

Approximatey 10 g of sediment was slurried in
several hundred ml of doubly distilled water and then
carefully poured onto a clean stainless steel sieve (^62
µm). The collected foraminifers were carefully washed
in doubly distilled water, transferred to clean Pyrex
beakers, and subjected to several 5 to 10 minute
periods of ultrasonic cleaning in order to remove any
clay particles or organic material which might be
absorbed onto the surface of the foraminifer tests
(Schroeder, 1975). After the ultrasonic cleaning, the
foraminifer tests were dissolved in an excess of 6M
HC1 and this solution was hydrolyzed for 24 hours in a
sealed glass tube at 100 °C. Following hydrolysis, the
sample was desalted, as described elsewhere, using
BIORAD AG-5OW-X8 cation exchange resin.

Amino acid analyses were carried out on a
Beckman-Spinco Model 118 Automatic Amino Acid
Analyzer.

RESULTS AND DISCUSSION

The ratios of alloisoleucine (allo) to isoleucine (iso)
determined in foraminifer tests from Sites 372 and 376
and the ages of these samples deduced from the
calcareous nannofossil assemblages are shown in Table
1. These results, plotted in the form of the reversible
first-order kinetics racemization2 equation are shown in
Figure 1 (see Bada and Schroeder, 1972, and Schroe-
der and Bada, 1976, for a discussion of isoleucine
racemization kinetics).

The present bottom water temperature in the Medi-
terranean is /vi3°C and the racemization kinetic curve
estimated at this temperature is shown in Figure 1. It is
readily apparent that the observed extent of isoleucine
racemization in the samples from Sites 372 and 376 is
considerably less than that which would be predicted

1 Alfred P. Sloan Fellow 1975-1977.

2 Actually, the reaction involving isoleucine is more properly
termed epimerization, but for simplicity we will refer to it here as
racemization.
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TABLE 1
Isoleucine Racemization in Foraminifer Tests From Sites 372

and 376 (Calcareous Nannoplankton Zones given in
Müller, this Volume)

Sample
(Interval
in cm)

Calcareous
Nannoplankton

Zone -Age (yr)a Allo/iso

372-2-2, 23-25
372-3-3,41-44
376-5-1,83-85

NN 18-NN 16
toρofNN14(?)
NN 19

1.8-2.9 × 10° 0.962
3.3 X 106 1.016
1.0-1.8 × 106 0.610

Estimated from correlations of nannoplankton zones with pal-
eomagnetic reversals (Ryan, 1973).

using a temperature of 13°C. The racemization results
imply that the actual temperatures to which the Site
372 and 376 samples have been exposed since their
deposition have been considerably cooler than the
present-day value of 13°C. This result, in fact, is
consistent with various lines of evidence which suggest
that ^ 5 million years ago the bottom water tempera-
ture in the Mediterranean was considerably cooler than
it is at present.

At the beginning of the Pliocene, when the desic-
cated Mediterranean was again flooded by marine
waters, the Strait of Gibraltar was probably deeper
then the present 400-meter depth (Hsü et al., 1973;
Hsü et al., this volume). Paleoecological and sedimen-
tological evidence suggest that deep and cold Atlantic
waters did enter the Gibraltar during the early Plio-
cene (Cita, 1973). The occurrence of psychrospheric
ostracodes in the Western Mediterranean (at Leg 13
Site 132) indicates a Pliocene bottom temperature in
the range of 4° to 6°C (Benson, 1973). The earliest
Pliocene benthic foraminifers are species found typi-
cally in a basin with a sill-depth of about 1200 meters
(Wright, this volume) and this conclusion is in com-
plete agreement with that based upon the study of os-
tracodes. Cold-water species of ostracodes are present
in the upper Pliocene, but are absent in the Quater-
nary, at Site 132 (Benson, this volume); the bottom
temperature must have warmed up to about 10°C 1.5
to 2.0 million years ago, when the psychrospheric spe-
cies disappeared from the Western Mediterranean.

We can entertain two alternative models for the
history of bottom-water temperature in the Mediterra-
nean. One suggests that the bottom-water temperature
5 million years ago was about 4°C, and the tempera-
ture then warmed up at a constant rate of about 2°C
per million years. If this model is correct, the average
temperature to which the samples from Sites 372 and
376 have been exposed should be approximately equal
to the mean of the initial and final temperatures, or
about 9°C. Using the racemization curves estimated at
various temperatures, we found that a temperature of
5° to 6°C best fit the racemization results obtained for
Sites 372 and 376. The racemization curves estimated
at 5° to 6°C are shown in Figure 1. The racemization-
deduced temperature is less than that which is pre-
dicted using the model where temperature has in-
creased at a constant rate.

A second model suggests that the temperature 5
million years ago was about 4°C and since that time
the temperature has increased exponentially to the
present-day value of 13°C. The racemization-derived
average temperature appears to be more compatible
with the model in which the bottom water tempera-
tures have increased exponentially. However, in view
of the few samples analyzed and of the uncertainties in
the temperature deduced from amino acid racemiza-
tion, we cannot rule out other more sophisticated
models, such as one which postulates a linear tempera-
ture increase during the Pliocene and an oscillating
temperature change during the Pleistocene. Neverthe-
less, the racemization results do provide additional,
independent evidence that during the last several
million years the bottom water temperatures in both
the Western and Eastern Mediterranean have been
considerably cooler than they are presently.

CONCLUSION
The results we have presented here suggest that

amino acid racemization might be used to deduce
temperatures in oceanic areas where bottom water
temperatures may have varied throughout the past. In
the case discussed here, the amino acid racemization
results provide additional evidence that bottom water
temperatures in the Mediterranean have been consider-
ably cooler than they are at present. Another important
potential application of this racemization paleotemper-
ature technique would be to investigate possible fluc-
tuations in bottom water temperatures in nearshore
basins during the Pleistocene ice ages.
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Figure 1. Isoleucine racemization in foraminifer tests from Leg 42A, Sites 372 and 376,
and the estimated racemization kinetic curves at 5°C, 6°C, and 13°C. The kinetic
curves at the various temperatures were caldUlated by dividing the racemization kinetics
into two linear segments. The first linear region extends from an allo/iso ratio of 0.0
to -0.35; the second linear region begins at allo/iso 0.35 and continues to equilibrium
(i.e., allo/iso -1.3-1.4). The slope (which equals 1.72 k'iso) of the first linear segment
of the racemization curve is ~IO times that of the second linear portion (Bada and
Schroeder, 19 75). The values ofkiso for the first linear region at the various tempera-
tures were determined from the equation (Bada and Schroeder, 1972) Log kiso =
15.77-5939/T, where T is in °K. A similar procedure for calculating racemization
kinetic curves at various temperatures has been used by Wehmiller et al. (1976).
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