Of particular interest is the basal drag (or
brittle) thermomechanical model pro-
posed by Lachenbruch and Sass (2) that
explains the regional heat flow data. This
model is similar to that shown in Fig. 3;
shear stress increases rapidly with dis-
tance from a weak fault, and a resistive
shearing traction at the base of the plate
balances the change in horizontal shear.
The increase in shear stress with dis-
tance from the fault is consistent with the
Lachenbruch and Sass model, too. How-
ever, prior to rigorous pursuit of any
model, reliable vertical stress gradients
should be determined.

If shear stress on the San Andreas
fault is limited to about 100 bars, the
fault is yielding at an extremely low
stress. Furthermore, nearly total stress
release occurs during earthquakes. It is
not clear how this release occurs. The
applicability of laboratory-derived fric-
tional coefficients to faulting has been
demonstrated for induced earthquakes at
the Rangely oil field in Colorado, active
normal faults in the Texas coastal area,
and elsewhere (/2). Furthermore, geo-
detic data appear to verify the basic con-
cept of elastic strain energy accumula-
tion and release along the San Andreas
fault. Thus, sliding experiments do seem
to be a reasonable analog for earth-
quakes. However, since the frictional
coefficients of all common rock types
and minerals are similar, explanations of
low fault strength cannot be based on
fault zone composition (/3). One means
for lowering the strength of a fault is by
reducing the effective stress normal to
the fault plane with high (nearly lithostat-
ic) pore pressure. Although anomalously
high pore pressure has been proposed to
exist throughout the region of the San
Andreas fault (/4), the maintenance of
high pore pressure throughout the active
history of the fault would require either
extremely low regional permeability or
some mechanism for regenerating pore
pressure within the fault zone itself.

In terms of earthquake prediction, it is
clear from these results that if the fault
zone is anomalously weak and stress is
almost totally relieved during great
earthquakes, the accuracy of long-term
prediction could be greatly enhanced by
stress measurements in critical areas.
Furthermore, fault zone monitoring for
short-term prediction may be quite
straightforward if generation of pore
pressure within the fault zone is the
mechanism responsible for weakening
the fault.

MARk D. ZoBAck
JouN C. ROLLER
U.S. Geological Survey,
Menlo Park, California 94025
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Seasonal Oxygen Isotopic Variations in Living

Planktonic Foraminifera off Bermuda

Abstract. Seasonal variations in the oxygen-18/oxygen-16 ratio of calcite shells of
living planktonic foraminifera in the Sargasso Sea off Bermuda are a direct function
of surface water temperature. Seasonal occurrence as well as depth habitat are de-
termining factors in the oxygen isotopic composition of planktonic foraminifera.
These relationships may be used to determine the seasonal temperature contrast of

oceans in the past.

The O/'%0 ratio in calcite is depen-
dent on the temperature and isotopic
composition of seawater (/). During the
Pleistocene, changes in global ice vol-
ume induced characteristic changes in
the 'O content of the oceans. Thus, the
oxygen isotopic composition of calcare-
ous foraminifera in deep-sea sediments
provides important stratigraphic records
of temporal changes in both global ice
volume and ocean water temperatures
@).

To fully utilize the 'O content of
planktonic foraminifera as a paleoeco-
logical tool, it is necessary to identify the
factors that determine the '*0O/'%0O ratio
of different species. In isotopic studies of
fossil planktonic foraminifera it is gener-
ally assumed that calcite secretion takes
place in isotopic equilibrium with am-
bient seawater, although a few studies of
living planktonic foraminifera have sug-
gested the contrary (3, 4). An important
consideration is that planktonic foram-
iniferal shells reflect a range of hydro-
graphic conditions depending on their
life-spans, depth habitat preferences,
and vertical migration. In addition,
planktonic foraminifera exhibit a charac-
teristic seasonal succession in species
composition in temperate regions (5), re-
sulting in a death assemblage in deep-sea
sediments composed of species that
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lived in the same region but during dif-
ferent seasons and therefore under dif-
ferent hydrographic conditions.

To investigate some of these variables,
we determined the oxygen isotopic com-
position of six species of living plankton-
ic foraminifera collected in surface
plankton tows at a station 6 km southeast
of Bermuda on an approximately bi-
weekly schedule during an 18-month pe-
riod (July 1975 to December 1976) ().
Hydrographic data were collected bi-
weekly at station S (32°06'N, 64°39'W)
about 16 km from our plankton station
@).

Isotopic determinations were made on
monospecific samples of the following
species (8): Globigerinoides ruber (pink
and white varieties separately), Globi-
gerinoides conglobatus, Globigerinella
aequilateralis, Globorotalia truncatuli-
noides, Globorotalia hirsuta, and Pul-
leniatina  obliquiloculata.  Globigeri-
noides ruber had the best sample cov-
erage because it occurred throughout the
year in the surface waters off Bermuda.
The foraminiferal shells were grouped in
various size classes to determine pos-
sible isotopic differences due to growth
rate or ontogenetic stage. No systematic
differences between different size frac-
tions of the same species were found (9).

Our results show that seasonal varia-
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Fig. 1. Seasonal variation of 8180 of living planktonic foraminifera collected off Bermuda. (Solid
line) Surface water temperature measured at the time of plankton collection. (Dashed line)
Predicted isotopic composition of calcite deposited in oxygen isotopic equilibrium with surface
seawater (/0).
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Fig. 2. Plot of 8180, — 80, against surface water temperature at the time of plankton collec-
tion, showing a 51°0 temperature dependence in foraminiferal calcite that is very close to the
equilibrium fractionation factor. (Solid line) Regression line for the foraminiferal data corrected
for the isotopic composition of seawater; slope = —0.22 andr = —.84. (Dashed line) Predicted
oxygen isotopic composition of calcite (relative to PDB) deposited in isotopic equilibrium with
surface seawater (J0). Values with an asterisk were not included in the regression analysis
and are shown here for completeness (9). The key for the symbols appears in Fig. 1.
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tions in the '8Q/'%0O ratio of planktonic
foraminiferal calcite are a direct function
of surface water temperature (Fig. 1).
The oxygen isotopic compositions of the
foraminiferal species undergo cyclic var-
iations with time, with depleted values
during the summer months and enriched
values during the colder months in win-
ter and early spring. The seasonal range
in surface temperature during the study
period is 27.6° to 19.4°C, and the salinity
varies between 36.96 and 36.27 per mil.
Except for a few analyses of G. aequi-
lateralis and G. ruber, the isotopic com-
positions generally fall close to or slight-
ly above the estimated equilibrium line
(1) (Fig. 1).

Linear regression analysis illustrates
the strong correlation between the 30
of foraminiferal calcite and surface wa-
ter temperature (correlation coefficient
r = —.84) (Fig. 2). The regression line
through the foraminiferal data has a
slope of —0.22 and approximately paral-
lels the line of the equilibrium fractiona-
tion equation over the same temperature
range.

We therefore conclude that the 8'%0
composition of living planktonic foram-
inifera is a function of surface water tem-
perature and, as such, records the sea-
sonal temperature cycle in oceanic wa-
ters off Bermuda. Good agreement exists
between the seasonal range in isotopic
composition between foraminiferal and
equilibrium calcite. There is some evi-
dence that spinose planktonic forami-
nifera have life-spans of a few weeks or
less (12), and our data suggest that no
considerable time lag exists between sea-
sonal temperature fluctuations and §'%0
changes in the foraminiferal calcite.

Before these results can be extrapolat-
ed to paleoecological studies of deep-sea
sediments, however, we need to consid-
er the seasonal succession and produc-
tivity of these species. Globigerinoides
ruber lives year-round in surface waters
of the Sargasso Sea (5) and therefore re-
cords different 0 values as a function of
seasonal temperature changes at the sur-
face. Species such as G. truncatulinoides
record seasonal depth migrations be-
cause the species occurs abundantly at
the surface only during the winter and is
restricted to depths below the euphotic
zone during the summer (5). We con-
clude that both seasonal occurrence and
depth habitats contribute to the isotopic
composition of planktonic foraminiferal
specimens in sediment assemblages.
This suggests that previous interpreta-
tions of the 8®0 composition of foram-
iniferal species in terms of their depth
habitats only (/3) are not entirely cor-
rect.
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Preliminary evidence indicates that
this seasonal temperature record may be
preserved in the isotopic record of deep-
sea sediments. The equation describing
the 80 fractionation with temperature in
living foraminifera off Bermuda is nearly
identical to that describing the isotopic
composition of G. ruber analyzed from
fossil assemblages of the Indian Ocean
(14). In addition, G. ruber and G. trunca-
tulinoides fossils (from regions of the In-
dian Ocean with a seasonal range in sur-
face temperature equal to that off Ber-
muda) have an isotopic difference similar
to the seasonal isotopic change in living
species off Bermuda (/4). We believe
that these similarities between the living
and fossil foraminifera are too close to be
fortuitous and that, with further calibra-
tion, these relationships could be used to
determine the seasonal temperature con-
trast and isotopic paleotemperatures of
oceans in the past.

DoucLas F. WiLLIAMS
Department of Geology and
Belle W. Baruch Institute, University of
South Carolina, Columbia 29208
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RicHARD G. FAIRBANKS
Lamont-Doherty Geological
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Silicon in Carbonaceous Chondrite Metal:

Relic of High-Temperature Condensation

Abstract. Electron microprobe analyses of an extraordinarily large metal grain
Sfrom the Murchison type 2 carbonaceous chondrite gave 0.24 mole percent silicon.
Thermodynamic calculations show that this is a natural consequence of condensa-
tion of alloys from the solar nebular gas at a total pressure 1075 < Py < 1073 atmo-
sphere, provided they failed to equilibrate with it after cooling to < 1200 kelvins.

A wide range of oxidation states is rep-
resented in chondritic meteorites (/). In
fact, so variable is the oxidation state
that it is used as the basis for the broad
classification of chondrites. Carbona-
ceous chondrites are the most oxidized,
the majority containing only trace
amounts of metallic nickel-iron. Most of
the iron in these meteorites is present as
FeO dissolved in silicates and even
Fe,O; dissolved in the mineral magnet-
ite, Fe;O,. Enstatite chondrites are the
most reduced, containing virtually no
oxidized iron in solid solution in sili-
cates. Their iron occurs principally as
the metal and sulfide. These meteorites
are so reduced that elements normally
combined with oxygen are present as
sulfides (Ca, Mn), nitrides (Ti), and met-
al [Si dissolved in the nickel-iron phase
in concentrations of 1.0 to 3.7 percent by
weight (2)]. We report here the discovery
of Si in the metal phase of a normal car-
bonaceous chondrite. We offer an ex-
planation in terms of condensation pro-
cesses from a nebular gas of solar com-
position.

Type 2 carbonaceous chondrites con-
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tain a variety of coarse-grained, an-
hydrous silicate and oxide phases dis-
seminated in a very fine-grained matrix
of hydrated phyllosilicates. Among the
anhydrous materials are whole and bro-
ken euhedral crystals of forsteritic oli-
vine, reaching 1 mm in size. Within these
are found grains of a Cr-rich nickel-iron
alloy, ranging from < 1 to 10 um in size.
This is the predominant mode of occur-
rence of metal in type 2 carbonaceous
chondrites. In previous papers (3, 4) we
discussed the origin of these olivines and
their inclusions in terms of condensation
from a high-temperature solar nebular
gas. Rarely, metal grains are found iso-
lated in the matrix (5).

In all these occurrences, the metal is
embedded in silicates. In performing
electron microprobe analyses, although
the beam diameter can be narrowed to
less than that of some of the larger metal
grains, the actual volume éexcited into x-
ray emission is often larger than the vol-
umes of these grains. This results in the
appearance of 0.0x to 0.x percent of fic-
titious Si in the metal analysis because of
excitation of Si x-rays in surrounding sil-
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