Thermal Structure of the Deep Pacific Ocean

in the Early Pliocene

. Abstract. The thermal structure of the Pacific Ocean between water depths of
about | and 4.5 kilometers is estimated from the oxygen isotopic ratio of benthonic
foraminifera from deep-drilled and piston cores of early Pliocene age (about 3 to 5
million years ago). The ratio of oxygen-18 to oxygen-16 in the early Pliocene at each
site varies by an average of only = 0.12 per mil (I standard deviation). A plot of the
oxygen isotopic ratio against modern bottom-water temperature is adequately fit by
a line having a slope of — 0.26 per mil per degree Celsius (the equilibrium temper-
ature dependence of calcite-water fractionation), suggesting that the temperature
gradient of the Pacific Ocean during the early Pliocene was similar to that of today.

Determining the vertical temperature
gradient of past oceans is a problem that
has not been studied in detail. Previous
workers were primarily concerned with
studying the history of bottom-water
temperature change throughout the Cre-
taceous and Tertiary rather than with
reconstructing temperature gradients
through deep and intermediate waters
for a discrete interval of geologic time.
These workers (/ -4) measured the §'%0
(5) of benthonic foraminiferal calcite,
which is temperature-dependent, as a
deep-water temperature indicator. Their

results showed that bottom-water tem-
peratures have decreased throughout the
Cenozoic (from 65 million years ago to
the present). Savin et al. (4) used the ox-
ygen isotopic composition of both plank-
tonic and benthonic foraminifera to de-
termine that surface and bottom-water
temperature covaried until about the
middle Miocene. Before the middle Mio-
cene the surface-to-bottom temperature
gradient was about 60 percent of that af-
ter the middle Miocene, implying that
the thermocline was less clearly defined

).

In this report we examine the thermal
structure of the tropical and temperate
Pacific Ocean during the early Pliocene
(between about 3 and 5 million years
ago). This period predates the cyclic
Northern Hemisphere glaciation with its
complicating effects and is a time of
much less variable 80 in marine car-
bonates than the preceding or following
period (6-8). Studies of water column
structure and temperature at a time of
variable bottom-water 8®0 and temper-
ature would be complicated by the need
to choose a precisely defined time slice
for the reconstruction and by noise in-
troduced by bioturbation.

For this reconstruction we used early
Pliocene 80 data for samples of the
benthonic foraminiferal genus Uvigerina
(6-8), which is thought to deposit calcite
in equilibrium with bottom water (9), and
of other genera that do not fractionate
8O relative to Uvigerina (10). These
data, and data generated for this report
by standard procedures (8), are present-
ed in Table 1. Table 2 contains site loca-
tions and water temperatures at the
depth of each site. Our 8'®0 values are

Table 1. Isotopic results for all samples used in this study. The 880 values are relative to the B-1 standard. Data for sites 284 and 284A are from
(6), data for site V28-179 from (7), and data for sites 158 and 310 from (8).

5180 8180 8130 6180
*
Sample Foramt (per mil) Sample Foram (per mil) Sample Foram (per mil) Sample Foram (per mil)
DSDP 284 DSDP 158 DSDP 206 DSDP 83A
7.2, 40 U 215 5-5, 100 U 246 181, 90 U 270 10-1, 100 U 2.86
7.5. 128 U 2.28 6-1, 100 U 253 185, 90 U 285 10-2, 99 U 3.01
6-3. 100 U 277 191, 90 U 303 10-3, 100 U 2.95
12 40 DS%P 2844 226 6-5. 100 U 254 192, 90 U 299 105, 99 U 2.87
2 U a2 7-1, 101 U 268 193, 90 U 288 106, 102 U 2.76
6, : 7-3. 100 U 246 195, 90 U 3.06 U 2.66
DSDP 284 7-5. 100 U 269 203, 90 U 3.01 V28.179
91, 40 U 2.28 8-1, 100 U 315 205, 90 U 3.09
94, 40 U 2.04 U 3.07 1690 S 2.84
-4, : : DSDP 310 1700 s 221
10-1, 100 U 2.13 8-3, 100 U 2.75
63, 70 U 316 1711 S 2.87
10-6, 30 U 2.09 85,100 U 2.49
6-3. 140 U 316 1721 S 2.90
-1, 75 U 2.07 9-1, 100 U 2.62
64, 10 U 323 1731 S 2.90
11-4, 10 U 225 93.100 U 2.54
U 328 1741 s 3.08
13-2, 128 U 2.11 95,100 U 2.62
132,128 v 2 64, 90 0 299 1771 S 2.84
136, 40 v 158 DSDP62.1 65, 18 0 284 1780 s 3.14
e U 2 93, 26 S 3.03 6-5, 102 U 3.04 1791 s 3.24
44,128 v 204 10-1, 100 S 320 66, 10 U 3.16 1800 s 2.85
i1 U . 102, 77 s 3.18 6-6. 80 0 263 1810 s 3.27
-4, : 10-4, 97 s 3.23 6ec U 295 1820 S 2.90
DSDP 207A 10-5, 58 S 3.27 7-1, 138 0 3.03 1830 s 2.99
21, 148 U 2.64 U 2.99 72, 80 U 320 1840 s 3.01
31, 75 U 2.55 10-6, 116 s 3.00 7-2. 140 U 301 1870 s 2.96
31, 148 U 262 11-4, 10 s 3.13 73, 52 U 326 1890 s 2.91
32, 75 U 2.41 11-4, 90 s 3.05 7-3, 120 U 298 1900 S 312
33, 75 U 260 12:5, 71 s 2.99 1911 s 3.00
34, 75 U 2.60  12-5, 127 S 3.04 DSDP 834 1920 S 2.91
35, 77 U 273 7-1, 100 u 286 o040 S 2.95
-5 : DSDP 84 7-3, 100 U 289 1980 3 St
DSDP 208 171,100 U 2.85 7.5. 98 U 285 1% : o
92, 50 s 2.55 17-3. 100 s 2.66 81, 100 U XTI S 07
9.5, 148 s 3.08  18-1, 103 s 2.44 8-3, 100 U 28 2% : o
102, 50 s 2.61 193,100 U 3.03 8-5, 100 U 288 203 ; -
10-5, 125 S 2.65 19-5, 100 U 2.85 91, 98 U 300 204 S 32
112, 50 U 253 215, 52 U 2.92 93, 99 U 204 2000 s Ve
11-5, 125 S 251 9.5, 98 U 3.02 '

*The DSDP sample numbers give core, section, and interval in centimeters; for example, 9-5, 148 means core 9, section 5, 148 cm. The V28-179 sample numbers are

all centimeters.
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U, Uvigerina sp.; S, Globocassidulina subglobosa; O, Oridorsalis sp.
0036-8075/79/0928-1386$00.50/0 Copyright © 1979 AAAS
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Fig. 1. Average early Pliocene 80 plotted
against water depth (@). Error bars are *1
standard deviation. The curved line is for
z* = 1 km, calculated (A) for end points at 1
and 4.5 km (23). (O) Results at sites 158 and
208, including the two glacial samples (/3). All
data are presented in Table 1.

reported relative to the standard B-1 as
our laboratory calibration to Pee Dee
belemnite (PDB) is incomplete (/7).

There is some evidence of early Plio-
cene glacial activity, although the stan-
dard deviation at each site discussed
here is small (the average for all sites is
about 0.12 per mil; Table 2). Mercer (/2)
presented evidence for significant glacial
advances in southern South America at
about 3.6 million years. At Deep Sea
Drilling Project (DSDP) site 158, Keig-
win (8) found evidence for a significant
early Pliocene glaciation, or bottom-wa-
ter temperature drop, based on one
sample dated at about 4.2 or 4.3 million
years. We report a similar isotopically
heavy sample from DSDP site 208 (sam-
ple 9-5, 148 in Table 1), but our biostrat-
igraphic precision is not sufficient to de-
termine whether these samples are
equivalent in time. At neither location is
there evidence that foraminiferal speci-
mens from these samples are displaced
from later in the Neogene. These two
isotopically heavy samples are excluded
from further consideration in this report
because we are attempting to reconstruct
a preglacial ocean (/3).

The average early Pliocene benthonic
foraminiferal 80 values at all sites in-
crease with increasing water depth (Fig.
1), as expected for equilibrium precipi-
tation of calcite in waters of increasingly
cold temperatures. The greatest enrich-
ment in 80 occurs between about 1 and
2 km. Below about 3 km 80 appears
relatively stable throughout the tropical
and temperate Pacific Ocean.

Several sources may contribute to the
scatter of 880 values about a monotonic
5'80-depth curve (Fig. 1). These include
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possible violations of our assumption of
nonequilibrium deposition of foraminif-
eral calcite due to vital effects, which we
cannot test at this time, and different
temperatures at the same depth in the
ocean. For example, near sites 83A and
310, which lie at almost the same depth,
modern temperatures differ by about
0.4°C (Table 2), corresponding to an iso-
topic difference of about 0.10 per mil.
Site 84, at about 3100 m, is another ex-
ample. It is located within the enclosed
Panama Basin, which has a sill depth of
2920 m in the Equador trench (/4). The
next deepest sill is at 2330 m in a saddle
on the Carnegie Ridge. Although modern
hydrocasts indicate no spillover of water
into the Panama Basin across the shal-
lower sill (/4), abyssal dunes of forami-
niferal sand suggest that shallow spill-
over was a source of deep waters to the
basin in the past (/5). The data point for
site 84 in Fig. 1 may thus represent equi-
librium precipitation of calcite in water
from a source as much as 700 m shallow-
er and 0.07°C warmer.

A third source of scatter may be the
sinking of oceanic crust into deeper wa-
ter since the early Pliocene, which might
cause some benthonic foraminifera to
appear too light for the modern water
depth (/6). This could be significant
where the oceanic crust is unusually
shallow to begin with, as at site 158 (/7),
and where it is young and sinking most
rapidly, and at sites 83A and 84 (/8). We
estimate, from the age-depth relationship
of van Andel and Bukry (/9) and the
thickness of sediment accumulated in the
past 4 million years, that early Pliocene
benthonic foraminifera at sites 83A and
84 lived in water about 200 m shallower
than the depth at which they live today.
At these two locations today, such a
depth difference does not correspond to
an important temperature difference
(20). At site 158, we estimate the net sea-
floor subsidence to be about 140 m,
which equals a temperature decrease of
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Fig. 2. Average early Pliocene 8'0 plotted
against estimated present temperature at the
depth of the sea floor at each site (@) (2/). Er-
ror bars are =1 standard deviation. (O) Re-
sults at sites 158 and 208, including the two
glacial samples (/3). A line of slope —0.26 per
mil per degree Celsius (the equilibrium tem-
perature dependence of calcite-water frac-
tionation) (22) is fitted to the data by least
squares.

0.24°C and an isotopic difference of only
—0.06 per mil.

The 60 data, when plotted against
modern temperature at the depth and lo-
cation of each site (27), give a line with a
slope similar to that of the line for equi-
librium precipitation of calcite, —0.26
per mil per degree Celsius (Fig. 2) (22).
There are two ways to interpret this rela-
tionship. The first is that the early Plio-
cene benthonic foraminifera of this study
deposited their calcite out of equilibrium
with seawater, that the thermal structure
of the Pacific Ocean was different from
the modern thermal structure, and that
the close fit of these data to the predicted
slope is thus fortuitous. The second in-
terpretation, which we favor, is that the
early Pliocene Pacific Ocean tempera-
tures changed with depth as they do
today. Thus, the data in Fig. 1 suggest a
temperature decrease of about 3.5°C be-
tween water depths of 1 and 4.5 km. We
emphasize that this inferred temperature
decrease is relative, and that absolute
early Pliocene temperatures may have
differed from those observed today.

Table 2. Site locations, present water temperature (7) at the depth of each site, and early Plio-

cene 8'%0.
Tin Hydrocast 18
Site D(e rrl: ;h Latitude Longitude situ location ( Ser?nil) N
C) @n P
DSDP 284 1068  40°30.48'S  167°40.81'E  4.73  61-0006-0022 2.14 = 0.10 16
DSDP 207A 1389  36°57.75'S  165°26.06'E  3.40  09-0008-0022 2.59 + 0.10 7
DSDP 208 1545  26°06.61'S  161°13.27'E  2.94  09-0014-0038 2.57 * 0.06 5
DSDP 158 1953  06°37.36'N 85°14.16'W  2.37  31-1504-0014 2.60 = 0.11 12
DSDP62.1 2591  01°52.20'N  141°56.30'E 1.73  90-0863-0041 3.10 = 0.10 11
DSDP 84 3096  05°44.92'N 82°53.29'W  2.03  31-1681-0012 2.79 = 0.21 6
DSDP 206 3196  32°00.75'S  165°27.15'E 1.96  09-0005-0057 2.95 = 0.13 8
DSDP 310 3516  36°52.11'N  176°54.09'E 1.48  31-8036-0090 3.04 = 0.17 14
DSDP 83A 3645  04°02.80'N 95°44.25'W  1.86 @n 290 £ 0.08 14
V28-179 4509  04°37.00'N  139°36.00'W  1.39 21) 3.02 = 0.14 27

*Values are means * standard deviations. Glacial samples are excluded; see text and (/3).
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How temperature varies with depth in
the deep ocean depends on the ratio, z*,
of the vertical eddy diffusivity to the up-
welling rate (23, 24), and temperature-
depth relationships have been used to
calculate z*. The z* value can, in fact, be
calculated from the depth dependence of
any conservative tracer in a region
where only two water masses are mix-
ing. The 880 of calcite precipitating in
isotopic equilibrium with seawater is a
function of temperature and of the sea-
water 880, and therefore is, to a first ap-
proximation, a suitable conservative
tracer (25). The 8'80-depth trend in the
early Pliocene (Fig. 1) is adequately fit
by a curve having a z* value equal to the
present Pacific value of about 1 km (23,
24). Today, the area of the Pacific stud-
ied here is marked by mixing of more
than two water masses, and thus cannot
be strictly treated by the diffusion-advec-
tion model. Furthermore, temperature-
depth relationships may be influenced by
lateral mixing as well as vertical advec-
tion and diffusion. The calculated z* val-
ue must thus be considered with caution;
we simply wish to point out that it is in-
distinguishable from the present-day val-
ue.

In summary, early Pliocene oxygen
isotope data from Pacific Ocean ben-
thonic foraminifera reflect a relative pa-
leotemperature change of about 3.5°C
between 1 and 4.5 km. The structure of
the early Pliocene Pacific deep-water
column is similar to the modern struc-
ture. This result is consistent with the
fact that the early Pliocene has been
compared with interglacial episodes dur-
ing the Quaternary, when the most sig-
nificant Northern Hemisphere continen-
tal ice was restricted to Greenland. The
approach used in this study may be use-
ful for other problems in deep-water
paleoceanography.

LiLoyp D. KEIGWIN, JRr.
MICHAEL L. BENDER
JAMES P. KENNETT
Graduate School of Oceanography,
University of Rhode Island,
Kingston 02881
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Single Crystals of Linear Polyethylene

Crystallized from the Glass

Abstract. Isolated single crystals of polyethylene have been crystallized from the
glassy state by annealing uniformly thick films of amorphous linear polyethylene just
above their glass transition temperature. In agreement with previous results for poly-
carbonate, substantial molecular mobility at the glass transition temperature is im-

plied.

Recent reports from our laboratory de-
scribed a reproducible method of
quenching linear polyethylene (LPE) to
the glassy state (/, 2). Electron dif-
fraction and differential scanning calo-
rimetry showed that crystallization from
the glass occurs on warming, at about
190 K. This is in agreement with the val-
ue reported previously by Hendra et al.
(3) based on infrared measurements.
More recently, we replaced the liquid ni-
trogen slurry quenchent with isopentane
at its melting point and performed dy-
namic mechanical spectroscopy studies
which indicate that the glass transition
temperature (7,) is ~ 190 K ¢, 5). A
large peak in tan 8 (loss angle) is ob-
served at this temperature, as well as a
rise in rigidity. This peak is not observed
on cooling and reheating the sample or in
normally crystallized samples. In agree-
ment with Boyer (6) we define it as T(L),
the T, of unconstrained amorphous LPE,
whereas the large 8 peak (~ 260 K) ob-
served in these samples would be T,(U),
the T, of molecules constrained by crystal-
lites.

The effect of annealing the samples
above and below T (L) on the dynamic
mechanical spectra and the morphology
has been examined (¢). We have shown
that it is possible to grow isolated single
crystals from uniformly thick, amor-
phous films of polycarbonate (PC) by
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annealing just above T (L) (7). Here
we report similar results for amorphous
LPE. In addition to their intrinsic inter-
est, the results have implications for the
current controversy over the degree of
molecular mobility during crystallization
from the melt (8-10).

Thin-film samples of LPE (Dow HB-
PE; melt index, 1.2; density, 0.955 g/
cm®) mounted on electron microscope
grids were prepared as previously de-
scribed (/, 2). These films are of essen-
tially uniform thickness, displaying a
nodular surface structure ~ 100 A in di-
ameter when shadowed cold. Rapid
heating through 7, results in the develop-
ment of a microcrystalline texture, the
crystals being 100 A or less in size and
the surface resembling that observed in
the amorphous state (2). The sample
shown in Fig. 1 was annealed for 5 hours
at ~ 200 K in a test tube immersed in an
acetone-Dry Ice bath. It was then
warmed rapidly to room temperature and
shadowed with Pt/C before being placed
in the microscope.

In various regions of the samples we
observed numerous structures that were
~ 0.15 um in diameter, frequently more
or less hexagonal in outline, and inter-
connected with fibrils ~ 100 A in diame-
ter. No polymer remained between the
fibrils, indicating that the molecules from
at least these regions had moved dis-
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