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39. STABLE ISOTOPE RECORDS IN BULK SEDIMENTS (LEG 138)!

N.J. Shackleton? and M.A. Hall?

ABSTRACT

Several hundred samples of bulk sediments from all the 11 sites drilled during Ocean Drilling Program (ODP) Leg 138 in the
eastern equatorial Pacific Ocean have been analyzed for 8'*C and §'*0. The 8'3C records provide information on the changes in the
operation of the global carbon cycle during the late Neogene that were postulated by Shackleton (1985) on the basis of analogous
data from Deep Sea Drilling Program (DSDP) Leg 74 in the South Atlantic. The general validity of the trend from isotopically heavier
8'3C values during the mid-Miocene toward lighter values today is confirmed. The data appear to be useful for high-resolution
correlation among sites. The origin of the variability is enigmatic; even in the Pleistocene, there is low-frequency variability in bulk
sediment8'3C having an amplitude of more than 1%s that is not present in 8 *C records from foraminifers, and the concerns expressed
by Broecker and Woodruff (1990) regarding the interpretation of the record must be taken seriously.

The bulk-sediment 8'%0 data for the past 1 m.y. show a latitudinal trend that is consistent with the present-day surface
temperature gradient, with cooler water on the equator caused by upwelling. The data for the interval 1 to 4 Ma show a similar
trend, but between 4 and 7 Ma, the gradient across latitude is steeper. When interpreted in terms of temperature, this implies that
surface tlemperatures along the equator were lower during the interval of exceptionally high sediment accumulation rates of the
latest Miocene and early Pliocene. This intense equatorial upwelling declined at about 4 Ma, perhaps as the connection to the
Atlantic Ocean across Middle America became ineffective.

In the sediment immediately above 11- to 12-Ma-old basement, the §'%0 values at Sites 849, 850, 851, and 852 become
isotopically heavier than the values for sediment of similar age from Site 845 (which lies on 16-Ma-old basement and preserves a
longer record). This may imply diagenetic exchange at a relatively low temperature (altering the 8'0 value toward a more positive
value). Overall, the data sets are remarkably consistent. This suggests that other than close to basement, the isotopic effects of

diagenetic change must be small and spatially smooth. It should be possible to retrieve long sea-surface temperature records of

immense value from these data.

INTRODUCTION

In a series of papers (Shackleton, 1985; Shackleton, 1986; Shack-
leton, 1987; Shackleton and Hall, 1984), we reasoned that to learn
more about changes in the global carbon system, it is necessary to
obtain a historical record of the carbon isotopic composition of bulk
marine carbonates as a step toward obtaining an integrated budget for
the stable carbon isotopes. This is important because it provides the
means for monitoring changes in the global partitioning of carbon
between reduced carbon (organic carbon) and oxidized carbon (inor-
ganic carbon, carbonate carbon) and, potentially, for discovering the
history of oxygen in the atmosphere. Broecker and Woodruff (1992)
cautioned against relying too heavily on a single data set when making
inferences about the global carbon system. We had been aware of this
danger and had been gathering additional data sets; however, the Leg
138 cruise provided the first opportunity for obtaining first-rate con-
tinuous data for the late Neogene with good age control.

Several workers have made useful paleoclimatic inferences from
8'0 data in bulk sediments (Margolis et al., 1975; Anderson and
Steinmetz, 1981; Shackleton, 1986; Shackleton et al., 1993), and a
second objective was to explore the potential of §'*0 studies in bulk
sediments in relation to the Leg 138 sequences. This is of interest
because, although some of the sites contain sufficient foraminifers to
permit the construction of useful 8'®0 records, the preservation of
planktonic species is very poor in some of the sites, especially those
that lie farthest from the equator.

‘We have analyzed sediment from all the sites drilled during Leg 138
and have covered almost all intervals represented by carbonate sedi-
ments. Figure 1 shows the present positions of the sites (Table 1) and
their backirack paths in 1-m.y. intervals (Shipboard Scientific Party,
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1992, Fig. 3), superimposed on a sea-surface temperature map for
August (Levitus, 1982). Over the western transect, the basement age
is latest Middle Miocene at Site 848, and slightly younger at Site 854
at the Northern end. On the eastern transect Site 847 lies on younger
crust while Sites 844, 845 and 846 lie on latest Early Miocene crust.
The sites were chosen to provide information on the history of the sur-
face ocean circulation in the eastern equatorial Pacific. The western
transect is well suited for an examination of changes in North-South
gradients associated with the equatorial circulation. The interpreta-
tion of changes in East-West gradients is complicated by the effects
of plate motion on the relative positions of the sites (Fig. 1).

METHODS AND DATA

Most of the stable isotope data generated in our laboratory over the
past three decades have been obtained using material that was vacuum-
roasted at 450°C for 30 min to drive off organic matter that might con-
taminate the carbon dioxide to be analyzed in the mass spectrometer
(Shackleton and Opdyke, 1973). This procedure was developed as an
alternative to the method devised by Epstein et al. (1953), whereby the
samples were roasted in a stream of helium for the same purpose. On
two occasions, we experienced analytical problems that were traced to
a fault in the temperature controller of the roasting oven. These occur-
rences led us to use hydrogen peroxide, instead of vacuum-roasting, to
clean foraminiferal carbonate. In the present study, we initially used the
vacuum-roasting method for bulk sediments, but we experienced seri-
ous difficulty with contamination in some intervals. For this reason, all
measurements were repeated using hydrogen peroxide, and only those
results are reported here. Despite the fact that spot checks suggest that
in most samples vacuum-roasting generates equally valid data, we
recommend that in future vacuum roasting should be avoided or used
with caution.

To perform the hydrogen peroxide cleaning, about 0.1 g of sedi-
ment was placed in a glass thimble, covered with about 0.2 mL hydro-
gen peroxide (about 3% concentration) and left for more than 0.5 hr.

797



N.J. SHACKLETON, M.A. HALL

Table 1. Location of sites from which data are re-

ported.

Latitude Longitude Depth
Site () () (mbsf)
844 7°55.279'N 90°28.846'W 3414.5
845  9°34.950°'N 04°35.448'W 3704.2
846 3°05.696'S 90°49.078'W 3307.3
847 0°11.593'N 95°19.227'W 3334.3
848 2°59.634'S  110°28.791'W 3853.4

110°31.183'W 38371
110°31.283'W 3786,

851 2°46.223¥N  110°34.308°W 37613
852 5°17.566'N  110°04.579'W  3861.0

5! “1 I'N - 109°45.084'W 3726.0
854 11°13.433°N  109°35.652°W 35679

It then was rinsed by filling the thimble with pure acetone; the acetone
was decanted onto a paper tissue, and the sediment was dried overnight
in an oven at 60°C. About 30 mg of sediment was used for each mass
spectrometric analysis to provide ample carbon dioxide for rapid iso-
topic analysis. The samples were processed in a VG Isotech Autocarb
online system and analyzed using a VG SIRA Series II mass spec-
trometer. The laboratory standard Carrara marble was calibrated to
PDB through NBS 19, using the values —2.20%o for §'®0 and +1.95%0
for §"*C recommended by Coplen (1988). Analytical reproducibility
as indicated by the marble analyses is typically about +0.06%¢ (1 — ©)
for 8'*0 and somewhat better for 8'*C*

We have also compared measurements performed with untreated
sediments and sediments treated with hydrogen peroxide. We were
motivated by Schrag (pers. comm., 1992), who suggested that isotopic
exchange might occur between the carbonate and any CO? that had
been released by the reaction of hydrogen peroxide with organic mat-
ter. Initial results indicate that no systematic difference exists between
the two methods for these samples.

The majority of the samples reported here for Leg 138 sites were
splits of scrape samples (Leinen et al., this volume). Each scrape sam-
ple comprises material removed from the surface of one section (nor-
mally 1.5 min length, less for the last section in each core) of the core,
in preparation for color scanning. Samples were freeze-dried, homoge-
nized, and split in Leinen’s laboratory. Aliquots were sent to Cam-
bridge for isotope analysis. In addition, some discrete samples were ana-
lyzed; these include samples scraped from U-channels from Hole 848C
and discrete samples taken for magnetic analysis from Hole 852D.

All measurements are listed in Table 2 (CD-Rom, back pocket)
with reference to the PDB standard using the standard & notation where
§"0 = 1000 (R, /R,,— 1) with R, being the '*0/'®0 in the sample gas
and R,, the '*0/'°0 ratio in the standard. The age models given by
Shackleton et al. (this volume) have been used to express all data on a
common age scale. The age is estimated for the mid-point of the
interval represented by the scrape samples.

DISCUSSION: CARBON ISOTOPES

Figure 2 shows the carbon isotope data for all sites plotted vs. age.
It is apparent that to a close approximation all sites display the same
pattern, with a transition from values of above +2.5%o for the middle
Miocene to values close to zero on the PDB scale in late Pleistocene
sediments. These values are similar to those obtained from DSDP
Hole 525A (Shackleton and Hall, 1984) and to unpublished data from
the low-latitude Atlantic and Indian oceans.

When using these data, it is important to appreciate the basic differ-
ence between the history of 8'°C of ocean dissolved inorganic carbon,
and the history of 8"C in bulk carbonates. As we argued earlier, it is
essential to obtain a history of §'°C in carbonate deposited from the
ocean if we are to unravel the history of the global carbon budget and
perhaps of atmospheric oxygen (Shackleton, 1985; Kump and Garrels,
1986). Broecker and Woodruff (1992) explicitly stated that the history
of ocean surface water 8'°C, which is monitored (in an ideal world) by
measuring §'*C in fossil planktonic foraminiferal carbonate, is equiva-
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Figure 1. Location of Leg 138 sites and their backtracked paths at 1-m.y.
intervals (Mayer, Pisias, Janecek, et al., 1992), superimposed on sea-surface
temperatures for August (Levitus, 1982).

lent to the history of 8"*C in accumulated sediments. They then com-
pared their 8'*C record derived from analyses of planktonic foraminif-
era with the record published by Shackleton and Hall (1984) and found
that the two records are different; they concluded that this difference
constitutes a problem. However, to assume that bulk sediments and
surface water have had the same history for §'*C requires the hypothe-
sis that the 8'*C fractionation between surface water and average cal-
cifying organisms has remained constant. Given the rapid evolutionary
changes that occurred within the coccoliths, and the good evidence
that they do not calcify in isotopic equilibrium for *C (Dudley and
Goodney, 1979), this is not a particularly plausible hypothesis. We
would argue that changes in the '*C isotopic difference between Glo-
bigerinoides sacculifer and bulk sediments, discussed by Broecker
and Woodruff (1992), more likely reflect changes in the average frac-
tionation characterizing the mix of organisms making up the bulk,
rather than reflecting changes in the fractionation by G. sacculifer as
hypothesized by Broecker and Woodruff (1992). Although changes in
this difference between bulk sediment and surface water 8'*C may not
be inherently interesting, provided that one does not misuse one record
as a proxy for the other, there may even so be cause for concern. The
reason is that Shackleton (1985) explicitly assumed that the §'*C
record of bulk deep-sea sediment is the best approximation to the §°C
record of the total carbonate accumulating. However, if the record of
ocean surface water 8'"°C is significantly different from the record pre-
served in bulk deep-sea sediment, then there is no reason to assume that
the 8'C history of other important carbonate reservoirs (especially
shelf carbonate) exactly parallels that of deep-sea sediment.

Figure 2 shows no evidence for a significant long-term change in
the §'*C of bulk sediments at the time of C3Ar (Epoch 6 in old ter-
minology). The data gathered by the CENOP group and summarized
by Hag et al. (1980) points to a change in §'*C in benthic foraminifers
that averaged about 0.7%¢ over an interval of about 0.2 Ma in the
middle of Epoch 6 in their terminology. On the time scale of this study
(Shackleton et al., this volume), this would be between about 7 to 6.8
Ma. Broecker and Woodruff (1992) considered that because they did
not observe such a change in the data shown by Shackleton and Hall
(1984), there might have been a defect in these authors’ time scale. In
fact, there is even less reason to expect a parallelism between 8'°C in
bulk sediments and in the 8°C of ocean deep water that records the
so-called Epoch 6 carbon shift, than to expect a parallelism between
8'°C in bulk sediment and in surface water. This is because the §'*C
of ocean deep water differs from that of surface water by an amount
that is also variable on geological time scales (Broecker, 1982); since
the isotopic balance at steady state is maintained through 8'*C in the
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Table 2. '*C and "®0 data for Leg 138 sites.

Depth  Depth  Depth  Age  Laboratory Depth  Depth Depth  Age  Laboratory

Sample (mbsf)  Am  (med)  (Ma) code %0 §ic Sample (mbsf)  Am  (med)  (Ma) code 80 §C
138-844B- iz ISH-3,0-150 131,75 150 14675 129007 S93/1154 0.16 |.66
1H-1,0-150 075 0.0 075 00955 S93/1059 058 0.19 15H-4, 0-150 13325 150 14825 129345 S93/1155 0.8 1.62
1H-3, 0-150 375 00 375 02929 S93/1060 0.23 0.68 ISH-5,0-150 13475 150 149.75 129734 S93/1156 0.19 1.74
2H-1, 0-150 525 1) 638 04759  S93/1061 037 1.29 15H-6,0-150 13625 150 15125 130123  S93/1157 0.29 177
2H-2, 0-150 675 L1 7.88  0.5853 S93/1062 -0.03 0.19 1SH-7,0-150  137.41 150 15241 13.0425 S93/1158 (.18 1.84
2H-4, 0-150 9.75 1.1 10,88 0.8770  S93/1063  0.39 0.55 16H-1,0-150 13825 160 15443 13.0949 593/1159 (.18 1.81
2H-5, 0-150 1125 11 12.38 10450 §93/1064 008 061 16H-2,0-150  139.75 160 15593  13.1339  S9¥/1160  0.27 1.84
2H-6, 0-150 1275 LI 13.88 1.2300  S93/1065 -0.09 048 16H-3,0-150  141.25 161 15743 131728 S93/1161  0.34 1.82
2H-7, 0-150 13.99 1:1 15.12 1.3886  S93/1066 -0.24 0.79 16H-4,0-150 14275 160 15893 132118 5931162 039 1.93
3H-1, 0-150 1475 2.2 17.00 1.6292  §93/1067 -0.03 -0.21 16H-5,0-150 14425 16.1 16043 132507 S93/1163 020 191
3H-2, 0-150 16.25 2.2 18.50 1.8386  S93/1068 -0.18  0.64 16H-6,0-150 14575 161 16193 132929 S93/1164 038  L.79
3H-3, 015 17.75 22 20,00 21311 S93/1069 025 017 16H-7,0-150 14697 161 163.15 133272 593/1163 028 1.87
3H-4. 0150 19.25 2.2 21.50 24508 S93/1070 -0.32 0.29 17H-1,0-150 147,75 156 16335 13.3330 S9¥/1166 0.19 1.84
3H-5, 0-150 2075 22 2300 28338  §893/1071 -0.05 0.0l 17H-2,0-150 14925 156 16485 133754 8931167 025 1.89
3H-6, 0-150 22.25 2.2 24.50 3.3370  593/1072 -0.25 0.08 17H-3,0-150  150.75 15.6 16635 134177 S9¥1168 031 1.92
3H-7, 0-150 23.53 22 25.78 3.7369  8593/1073 -0.22 0.08 17H-4, 0-150  152.25 156 167.85 13.4601 S93/1169 022 1.92
4H-1, 0-150 2425 -85 15.70 1.4629  S93/1074 -0.05 0.45 17H-5,0-150  153.75 156 169.35 13.5025 S93/1170 021 1.89
4H-2, 0-150 2575 -85 17.20 1.6548 S§93/1075 -040 -0.22 17H-6, 0-150  155.25 156 170.85 13.: S9¥1171 0.26 1.94
4H-3, 0-150 2725 -85 18.70 1.8729  S93/1076 020 -1.15 17H-7, 0-150  156.54 156 172,14 13.5811 S9¥/1172 025 1.88
4H-3, 0-150 27.25 -85 18.70 1.8729  S93/1111  0.87 0.70 18H-1,0-150 15725 170 17430 136422 S93/1173 030 1.96
4H-4, 0-150 2875 -85 20.20 2.1738  59¥/1077 044 -0.10 18H-2, 0150 158.75 17.0 175.80 3.6 5931174 0.19 1.98
4H-5, 0150 3025 -85 21.70 2.4934  893/1078 -0.33 0.30 18H-3, 0-150  160.25 17.0 177.30 13.7269  S9¥/1175 0.35 2.11
4H-6, 0-150 3175 -85 23.20 2.8923  §93/1079 -0.09 0.03 18H-4,0-150 161,75 17.0 17880 137693 S93/1176 044 212
4H-7, 0-150 3299 -85 24.44 32692 5931080 -0.29 028 18H-5, 0-150 6325 17.0 18030 138116 S9¥/1177 0.21 209
5H-1, 0-150 33.75 36 37.40 6.1957  S93/1081 -0.99 0.29 18H-6, 0-150 64.75 17.0 18180 13.8540 S9¥/1178 042 2.19
5H-2, 0-150 3525 36 38.90 6.5857  S9¥/1082 -1.03 0.21 18H-7, 0150 6597 17.0 183.02 138883 S93/1179 043 217
5H-3, 0-150 36.75 36 40.40 6.8238  593/1083 -091 0.54 19H-1, 0150 66,75 17.2 18395 139147 S93/1180 048 2.21
SH-4, 0150 38.25 36 41,90 70067 59371084 -1.01 0.68 19H-2,0-150 16825 17.2 18545 139571 S93/1181 0351 2.37
5H-5, 0~150 39.75 3.6 43.40 74314  S9¥/1085 -1.20 0.64 19H-3, 0150 69,75 17.2 18695 13.9994 S93/1182 0.73 2.75
5H-6, 0-150 41.25 36 44.90 76103  593/1086 -0.99 1.38 19H-4, 0150 7125 17.2 18845 140418 S93/1183 079 279
SH-7, 0-150 42.45 3.6 46.10 7.7121  S93/1087 -1.13 0.88 19H-5, 0-150 7275 17.2 18995 14.0844 S93/1184 0.58 276
6H-1, 0-150 4325 4.1 47.35 7.8143  S93/1088 -1.09 1.01 19H-6. 0-150 7425 17.2 19145 14.1276 S93/1185  0.66 2.83
6H-2, 0-150 4475 4.1 48.85 7.9370  593/1089 -|.23 0.98 19H-7, 0-150 7542 17.2 19262 14.1612 S93/1186 0.79  2.71
6H-3, 0-150 46.25 4.1 50.35 80911 893/1090 -1.08 1.07 20H-1, 0-150 7625 |86 19488 14.2265 S93/1187 0.55 2.36
6H-4, 0-150 4775 4.1 51.85 8.3314  893/1091 -1.06 1.04 20H-2, 0-150 7775 18.6 19638 14.2698  S93/1188  0.40 2,11
6H-5, 0-150 4925 4.1 5335 BS5T7I7T  S93/1092 -089 1035 20H-3,0-150  179.25 186 197.88 143130 S93/1189 024 198
6H-6, 0-150 30.75 4.1 54.85 87481  S93/1093 -1.03 094 20H-4,0-150  180.75 186 19938 143562 §93/1190 023 223
6H-7, 0150 52.01 4.1 56.11 RB787 85931094 -0.38  0.19 20H-5,0-150 18225 186 200.88 14.3995 S93/1191 -0.07  2.11
7H-1, 0-150 5275 67 5945 93034 8931095 -0.64 059 20H-6, 0-150 18375 18.6 20238 144427 S9¥/1192  0.16  2.00
7H-2, 0-150 5425 67 6095 94978 S§93/109% -0.06 0.18 20H-7,0-150  185.04 186 20367 144799 S93/1193 021 2.1l
7H-3, 0-150 55.75 6.7 62.45 9.6430  S93/1097 -0.64 0.48 21X-1,0-150  185.75 186 20438 145003  S93/1194  0.10 1.96
TH-4, 0-150 5725 67 6195 97645 8§93/1221 -0.76 0.83 21X-2,0-150 187.25 18.6 20588 14.5436 S93/1195 0.12 2,07
7H-5, 0-150 5875 67 6545  9.8860 S593/1099 -088 .21 21X-3,0-150 188.75 18.6 20738 14.5868 S93/1196 028 2.04
TH-6, 0-150 6025 67 6695 100074 S93/1100 -087 139 21X-4,0-150 19025 18.6 20888 14.6301 S93/1197 002 215
TH-7, 0-150 6153 67 6823 10,1204 §93/1101 -0.87  1.35 21X-5,0-150 191.75 18.6 21038 14.6733 S93/1198 -0.03  2.22
8H-1. 0-150 62.25 6.7 68.95 10.1848 85931102 -0.76 1.40 21X-6,0-150  193.25 18.6 211.88 14.7165 S93/1199 0.14 214
8H-2, 0-150 6375 7.1 7090 103592 593/1103 -0.82 1.30 21X-7.0-150 19435 18.6 21298 147481 S93/1200 030 227
§H-3, 0-150 6525 7.1 7240 104934 5931104 -0.72 1.51 22X-1,0-150 19535 18.6 21398 147771 893/1223  0.16 1.93
8H-4, 0-150 66.75 7.1 7390 10.6051 S93/1105 -0.78  1.57 22X-2.0-150 196.85 18.6 21548 14.8203 S93/1224 029 222
8H-5, 0-150 68.25 7.1 7540 106990  S93/1106 -0.53 1.70 22X-3,0-150 19835 18.6 21698 14.8635 893/1225 0.36 2.38
8H-6, 0-150 69.75 7.1 76.90 107681  593/1107 -0.65 1.57 22X-4,0-150 19985 186 21848 149068 S93/1226 049 2.59
8H-7, 0150 7098 7.1 78.13  10.8247  S93/1108 -1.01 1.51 72X-5,0-150 20135 186 21998 149500 S93/1227 044 263
9H-1, 0-150 B Y 7890 108602 5931109 -0.87 1.31 22X-6, 0150 202.85 18.6 22148 149847 S93/1228 (.08 229
9H-2, 0-150 7325 86 81.90 109961 893/1222 -0.53 142 22X-7,0-150 203.94 18.6 22257 150098 S§93/1229 -0.01 2.05
9H-3, 0-150 7475 B6 8340 11.0442 5931112 -044 1.39 23X-1,0-150  205.05 18.6 22368 150355 S93/1230 0.07 2.17
9H-4, 0-150 7625 B6  B490 110924  S9u1113 017 171 23X-2,0-150 20655 18.6 22518 150702 893/1231 -029 195
9H-5, 0-150 7775 86 8640 111405 S93/1114 -0.01 2.18 23X-3,0-150 208.05 18.6 22668 151049 S93/1232 -0.07  2.16
9H-6, 0150 7925 86 8790 111886 8931115 002 237 23X-4,0-150 209.55 186 22818 151395 S§93/1233 -0.07 206
H-7, 0-150 80.55 86 89.20 11.2303 5931116 0.17 247 23X-5,0-150  211.05 186 22968 151742 S9¥/1234 -0.19 2.13
10H-1, 0-150 81.25 106 91.88 113162  S9%/1117 -002 2.21 23X-6,0-150 21255 186 23118 1520890 S§93/1235 -0.08 1.99
10H-2, 0-150 8275 106 93.38 113643 S9¥1118 0.4 2.12 23X-7.0-150  213.60 186 23223 152332 SO¥1236 -0.20 1.84
10H-3, 0-150 8425 106 94.88  11.4087 8931119 0,10 1.98 24X-1,0-150 21465 18.6 23328 152574 593/1237 -0.37 1. 73
10H-4, 0-150 85.75 106 96.38  11.4456  593/1120 0.05 2.07 24X-2,0-150 216,15 18.6 23478 152921 S93/1238 -0.3] 1.88
10H-5, 0-150 87.25 106 97.88 11.4855 8931121 0.14 2.18 24X-3,0-150 21765 186 23628 153268 593/1239 -0.18 2.08
10H-6, 0150 88.75 106 99.38 11.5254 593/1122 0.03 206 24X-4,0-150  219.15 18.6 237.78 153615 S93/1240 0.02 219
10H-7, 0-150 BO.89 106 100.52 11.5556 8931123  0.12 2.06 24X-5,0-150  220.65 18.6 23928 153961 S93/1241 -0.26 1.96
11H-1, 0-150 90.75 135 104.25 11.6550 5931124 -0.05 1.79 24X-6,0-150 222,15 186 24078 154308 S93/1242 -0.11 2.12
1 1H-2, 0-150 9225 135 10575 11.6949  S9%1125 -0.06 1.67 24X-7,0-150 22328 186 24191 154568 593/1243 -0.09 2.10
11H-3, 0-150 93.75 135 107.25 11.7348 S93/1126 0.09 1.56 25X-1.0-150 22435 18.6 24298 154817 S93/1244 -0.21 2.09
| IH-4, 0-150 9525 135 10875 11.7747 8931127 0.10 1.54 25X-2,0-150 22585 18.6 24448 55163 S93/1245 -0.21 1.96
| IH-5, 0-150 96.75 135 11025 11.8146 3593/1128 0.04 1.33 25X-3,0-150 22735 18.6 24598 155510 §93/1246 -0.21 1.86
1 IH-6, 0-150 98.25 135 111.75 11.8545 S93/1129 0.07 1.50 25X-4,0-150 228.85 18.6 24748 155857 S93/1247 -0.41 1.77
1 IH-7, 0-~150 99.50 135 11300 11.8876 S93/1130 0.13 1.63 25X-5,0-150 23035 186 24898 156203 S93/1248 -0.31 1.92
12H-1,0-150 10025 135 [13.78 11.9085 593/1131 0.09 1.51 25X-6,0-150 23157 18.6 25020 15.6485 593/1249 -0.16 2.07
12H-2,0-150  101.75 135 11528 11.9484 S93/1132 0.17 1.74 26X-1,0-150 23405 186 25268 15.7059 S593/1250 0.03 2.20
12H-3,0-150 10325 135 11678 119884 S93/1133 (.13 170 2,0-150 23555 186 25418 157405 8931251 -0.04 2.13
12H-4,0-150 10475 13.5 11828 120426 S93/1134 0.28 1.80 26X-3,0-150 237.05 186 25568 157752 593/1252 -0.30 211
12H-5, 0-150  106.25 135 119.78 120969 593/1135 0.28 1.62 26X-4,0-150 23855 18.6 257.18 158099 S§93/1253 -03] 2.14
12H-6, 0150  107.75 135 121.28 12,1512  S893/1136 -0D.04 1.65 26X-5, 0-150 05 186 258.68 158454 S93/1254 -0.12 219
12H-7,0-150 109.05 13.5 12258 12,1980 593/1137 -047 1.56 26X-6,0-150 241.55 186 260.18 15.8821] 593/790 -0.09 2.04
13H-1,0-150 109.75 13.8 123.55 122333 §593/1138 -0.16 1.68 26X-6,0-150 241,55 18.6 260.18 158821 S93/1255 -0.14 2.08
13H-2,0-150 111.25 138 125.05 122876 S593/1139 -0.02 1.74 26X-7,0-150 24249 186 261.12 159051 593/789 -022 2.18
13H-3, 0-150 112,75 13.8 12655 12.3418 593/1140 0.05 1.71 26X-7, 0-150 42.68 18.6 26131 159098 S93/1256 -0.33  2.20
13H-4,0-150 11425 138 128.05 123961 S9¥1141 023 1.64 2TX-CC,0-150 243,10 186 261.73 159201 593/ 788 -0.19 2.14
I3H-5,0-150 11575 138 12955 124504 593/1142 0.39 1.72 27X-CC,0-150 243.10 186 261.73 159201 8931257 -0.21I 222
13H-6, 0-150 117.25 138 131.05 12,5047 5931143 037 1.64 28X-1,0-150 25335 186 27198 161710  S93/787 -0.31 1.84
13H-7,0-150 11848 138 132.28 125490 S93/1144 0.33 1.66 28X-1,0-150 25335 186 27198 16.1710 593/1258 -0.34 1.94
14H-1,0-150 11925 148 13408 12,6143 S9¥/1145 030 1.80 28X-2,0-150 25485 186 27348 162077 893/78¢ -0.20 2.14
14H-2,0-150  120.75 148 13558 12,6557 S93/1146 027 1.80 28X-2,0-150 254.85 18.6 27348 162077 893/1259 -0.32 218
14H-3, 0-150 122.25 148 |37.08 [12.6886 S93/1147 021 1.86 28X-3,0-150 25635 186 27498 16.2444  S§93/785 -0.13 2.12
14H-4, 0150 123.75 148 13858 12.7215 S93/1148 0.24 1.85 28X-3,0-150 25635 186 27498 16.2444 59371260 -0.32 2.13
14H-5,0-150 12525 148 14008 127544 S93/1149  0.31 1.79 28X-4,0-150 257.85 18.6 27648 162811 893/ 784 -030 2.13
14H-6, 0-150 12675 148 141.58 12,7873 893/1150 0.19 1.77 28X-4,0-150 25785 18.6 27648 162811 S93¥/1261 -04l 2.22
14H-7,0-150 127.88 148 142,71 12.8121 S93/1151 -0.13 1.84 28X-5,0-150 25935 186 27798 163178 S§93/783 -0.22 2.14
I5H-1,0-150 12875 150 14375 128349 593/1152 0Q.15 1.69 28X-6,0-150 25935 186 27798 163178 S93/1262 -1.33 1.90
ISH-2,0-150 13025 150 14525 12,8678 S93/1153 0.5 1.97 28X-7.0-150 260.88 18.6 279.51 163553 893/ 782 -0.30 1.96

Only the first page of this table is reproduced here. The entire table appears on the CD-ROM (backpocket).
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Figure 2. 8'C in bulk pelagic sediments vs. age for Leg 138 sites (all data except for Hole 848D).

surface water, this mechanism introduces additional variability in
deep water §'3C.

Table 3 shows mean values in million-year increments. Each value
is a simple average of all the measurements falling in the interval; if the
sediments of the equatorial Pacific Ocean are representative of global
marine carbonates, this table would provide appropriate data for stud-
ies of global carbon budgeting. The data in this table differ from those
used by Shackleton (1985) in one important respect. The mean value
for the last 1 m.y. is significantly different from the mean value for
recent sediments, as given by Shackleton (1985) and by Broecker and
Woodruff (1992). As pointed out above, for budgetary purposes, one
should use averages taken over about 1 m.y., and it may be that over
the last few thousand years, the §'*C value of bulk carbonates has been
isotopically lighter than the value required for a long-term steady state.
This situation may have arisen as a consequence of the dramatic
global explosion in the population of Coccolithus huxleyi, which only
appeared in the record at about 0.2 Ma and is now the dominant
carbonate producer (Thierstein et al., 1977). Shackleton (1985) put
forward the argument that when calculating changes in carbon storage
and in the concentration of oxygen in the atmosphere, one should start
with the values for S and 8"C at the present. This is probably
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incorrect: one should start with a value that has been averaged over a
long enough time interval to constitute a steady-state value.

Figure 3 shows the data for the past 12 m.y. in smaller time seg-
ments for clarity. At several points bulk sediment §'°C values change
by up to 1%e within much less than 1 m.y.: for example, all sites show
peak 8"°C values of about +1.4%. at 0.4 Ma, which may be compared
with an average recent value close to zero on the PDB scale (Broecker
and Woodruff, 1992) and an average for the last 4 m.y. of +0.6%c (Table
3). A similar short event is present at about 11.3 Ma. Less marked, but
similar, excursions pervade the record. The peak centered at 0.4 Ma
was also recorded in the fine fraction from a deep-sea core in the
Caribbean analyzed by Anderson and Steinmetz (1981) and in Site 677
by Schrag (pers. comm., 1992). Anderson and Steinmetz (1981) also
illustrated the marked changes that have occurred over the past 0.6
M.y. in the makeup of the nannofossil assemblage. Paull and Thierstein
(1987) showed that if one separates the fine fraction (less than 3 pim)
of a typical deep-sea sediment sample by size class, each size class
proves to have been dominated by a different group of nannofossils
and has a different §'°C (and 8'°0) composition; they observed arange
of about 3.0%c among size classes from the same sediment sample.
Thus, we may anticipate that the evolutionary replacement of one
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Figure 3. 3'°C in bulk pelagic sediments vs. age for Leg 138 sites in 4-m.y. panels. In each site, all data points are shown

connected by a line. Note the 1.5%o scale offset for Hole 848D

group of nannofossils by another might easily entail a change in the
carbon isotopic fractionation between surface ocean dissolved CO,
and accumulating fine carbonates by more than 1%e. To maintain a
long-term isotopic balance between incoming and outgoing carbon,
the isotopic composition of the whole ocean dissolved carbon reser-
voir would change to counterbalance this alteration in the mean
isotopic fractionation factor governing the difference between accu-

in the 0- to 4-Ma panel.

mulating carbonate and the ocean carbon reservoir. The rate of such
a response by the §'°C of the dissolved carbon reservoir, of course, is
limited by the residence time of carbon, for which Broecker (1974)
gives a value of 0.3 m.y. This figure was obtained by dividing the
estimated mass of carbon in the ocean, by the sedimentary output (or
erosional influx), The residence time was probably greater prior to the
Pleistocene, because global accumulation rates were lower (Donnelly,
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Table 3. §"*C mean values for all 3"*C in each
million-year interval.

Age §hc
interval to
(Ma) PDB
0-1 0.84
1-2 0.59
2-3 0.72
34 0.65
45 0.85
5-6 1.02
67 1.04
7-8 1.29
89 1.16
9-10 1.06
10-11 1.43
11-12 1.97
12-13 1.88
13-14 2.24
14-15 2.53
15-16 2.26
16-16.5  2.03

1982). This suggests that to be meaningful in relation to global carbon
budgeting, the bulk sediment 8'*C record should be smoothed to a reso-
lution of about 1 Ma. High-frequency variations may prove to be useful
for stratigraphic correlation, but it will be inherently difficult to inter-
pret §'*C in terms of carbon budgeting. High-frequency variations may
prove to reflect variations in surface water 8'*C; however, this cannot
be assumed without verifying it by analyzing foraminiferal §'*C,

Stratigraphic correlation has been aided by the 8'*C record in the
neighborhood of the Paleocene/Eocene boundary (Shackleton, 1985).
Figure 3 suggests that considerable potential also exists for using the
Neogene &'"°C for the purposes of stratigraphic correlation. Figure 3
also suggests that the high-resolution stratigraphic correlations among
the Leg 138 sites proposed by Shackleton et al. (this volume) using the
GRAPE density records have been successful.

DISCUSSION: OXYGEN ISOTOPES

Figure 4 shows oxygen isotope data for bulk sediments in all the
Leg 138 sites vs. age. This plot shows significant differences from site
to site at all ages. However, a common pattern occurs among Sites
849, 850, and 851 that shows somewhat isotopically lighter values
between 1 and 4 Ma, and a second more prominent peak at about 12
Ma, flanked by isotopically positive values during the last million
years and centered at about 6 Ma. The mean difference between the
values for the past million years and for the interval from 1 to 4 Majis
about 0.5%e (Table 4). If we assume that during the last million years
the glacial/interglacial range in ocean water 'O has been about
1. 1%, a figure of 0.5%¢ for a time-averaged enrichment would not be
unreasonable. Within the rather large uncertainties, this implies that
the trend toward more positive §'*0 values over the past | m.y. may
be explicable largely in terms of change in the isotopic composition
of the ocean (averaged over glacials and interglacials) and that there
was no long-term trend in surface temperature with the growth of
glaciation through the last 3 m.y. This is compatible with the small
temperature changes on a glacial/interglacial time scale, documented
by CLIMAP (1981) for this region. However, further work will be
required before data from bulk sediment can be used to resolve the
interesting controversy surrounding the issue of low-latitude tem-
perature changes through the Cenozoic (Barron, 1987).

Although the bulk sediment is a mixture of components, its 8'*O
value does appear to vary with temperature sufficiently closely to be
useful. Figure 5 shows measurements (Table 5) for four validated core
tops: Site 848D, and piston cores V28-238 (1°01°N, 160°29°E), RC10-
65 (0°41.4'N, 108°37.2'W) and V22-108 (43°11’S, 3°15'W). Surface
water 8'°0 is estimated from Fairbanks et al. (1982) for the East Pacific
sites and from Craig and Gordon (1965) for the remainder. Isotopic
temperature calculated from 8'*0 is compared with observed warm
season temperature (Levitus, 1982). Also plotted are temperatures cal-
culated from the isotopically lightest and heaviest values in each Leg 138
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Table 4. §'"*0 mean values.

0-1Ma 1-4Ma 4-7Ma

Site (%) (%) (Foc)
844 0.19 03 -008
846 0.85 030 015
847 0.57 0.01  -0.28
848 0.48 0.08
849 0,35  -022 044
850 0.16 .34 024
851 =006 D40 003
852 028 -0.79 -0.75
853 012 065 -1.06
854 025 -1.02 -1.50

Table 5. Temperature, salinity, and isotope data for Figure 5.

Site SST, Sal.  &"%0, o0, &'%0, T, T,
ODP846 190 347 005 025 172 160 98
ODP847 240 345 000 002 127 168 115
ODP848 218 340 010 -064 073 202* 14.2¢
ODPR49 225 349 010 -034 109 189 127
ODP850 233 349 010 -043 074 193 141
ODPS51 245 347 005 -096 042 215 153
ODP852 260 345 -000 069 081 200 134
ODP853 266 340 0.3 -1.04 010 210 159
V28238 280 345 000 -206 -067 264* 199
RCIO65 233 349 010 -1.03 061 220% 147"
V22-108 104 343 -040 172 289 80* 3.5*

Notes: S57y = sea-surface temperature (August “m'}lﬁ V22-108, February);
Sal. = salinity: & "Ou = surf ace water 3'%0: 5'%05 = most negative
bulk 8'*0 measurement 0-1 Ma; 8'70; = most positive bulk 5"%0

measurement 0-1 Ma; T = temperature calculated from 8 7Oy (* =
Holocene); 7] = temperature calculated from & 7Oy (* = last glacial
maximum).

site in the past million years, for several Leg 138 sites. Figure 5 sug-
gests that bulk sediment §'%0 data give a useful measure of spatial sur-
face temperature distribution and that this may prove to be capable of
substantial refinement.

Prior to 4 Ma, 8'*0 values for sediments from Sites 849, 850, and
851 are again more positive, while the values for all other sites are more
negative (Table 5). The change is most marked at Site 849 (0.65%
heavier). If we can trust these values as indicative of temperature gra-
dients, this would imply that while the average temperature at Site
852 (5°N) remained more or less constant, the temperature reduction
along the equator caused by equatorial upwelling was accentuated by
more than 2°C during the early Pliocene, compared either with today
or with the Pleistocene and late Pliocene. Figure 6 shows a smooth
estimate of the surface 8'*0 gradient between the off-equatorial Sites
852 and 853, and the near-equator Sites 849, 850, and 851. To generate
this plot, we first estimated §'®0 values for each site at 0.05-m.y.
intervals using a Gaussian weighting with a total width of 0.3 m.y. To
generate an off-equator record using the best parts of the records of
Sites 852 and 853, we used only the data for Site 852 between 0 and
2.35 Ma; an average of the data from both sites between that age and
4.3 Ma; and the data from Site 853 from that age to 8 Ma. For the
equatorial group, we simply averaged the value for each of Sites 849,
850 and 851 at every 0.05 m.y. point. Figure 6 shows the two smooth
830 records (top) and the difference (middle); an increase of 1%o in
the difference would imply about 4° of cooling of the equatorial
surface water. Figure 6 also shows a smoothed average of the sedimen-
tation rates for Sites 849, 850, and 851 on the 110°W transect (esti-
mated over overlapping 0.4-m.y. time intervals), based on the age
models of Shackleton et al, (this volume). Figure 6 suggests an asso-
ciation between sedimentation rate along the equator, and cooling of
the surface water. The major increase in apparent temperature gradient
is associated with a dramatic and sustained increase in sedimentation
rates at about 7 Ma. The reduction in temperature gradient at about
4.5 Ma is again closely associated with a decrease in sedimentation
rates at all sites; sedimentation has remained fairly constant at this
lower rate up to the present.

This association between sedimentation rate and temperature on
the equator suggests that enhanced wind-driven equatorial circulation,
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Figure 4. 8'80 in bulk pelagic sediments vs. age for all Leg 138 sites except Site 848. The data from the metalliferous sediments at the base of Site 845 are not

plotted and would be off the scale.

rather than increased nutrient flux to the oceans, was the cause of the
unusually high sedimentation rates in the early Pliocene and late Mio-
cene. Whether the trend toward the lower accumulation rates and
reduced temperature gradients of more recent time is linked with the
closing of the connection with the Atlantic Ocean across Middle Amer-
ica or whether it is controlled primarily by changes in atmospheric cir-
culation cannot be determined from these data alone. We have not
attempted to interpret the data for the period prior to 8 Ma because it is
possible that the data from Site 852 has been affected by diagenesis.
In each site, the §'30 values take a turn toward more positive values
near the base of the section. The data plotted vs. age (Fig. 4) suggest
that these trends are not primary, but result from diagenetic alteration
of the oldest and most deeply buried sediments. Although the model
runs of Schrag et al. (1992) predicted a trend toward isotopically light
880 values in the deepest parts of stratigraphic sections, these workers
envisaged interaction with basalt to generate isotopically lighter §'*0
values in the altered calcite. However, Oyun et al. (this volume)
showed that in these sites, active seawater advection occurs in the
oceanic crust at the base of the sediments (as first shown for the central
equatorial Pacific by Baker et al., 1991), so that the recrystallization
trend will be toward low-temperature equilibration with seawater,

which is consistent with the observed 8'®0 trends. Only in the metal-
liferous sediments at the base of the section at Site 845 do we observe
very light 80 values that are consistent with equilibration with fluids
from the underlying basalt, rather than with seawater.

SUMMARY

The carbon isotope data from Leg 138 sediments provide a good
database with excellent age control for studying global carbon budget-
ing; to first order, these data confirm the validity of the record from
DSDP Leg 74 sediments that has up to now constituted the chief data-
base for this time interval. The carbon isotope records include rela-
tively brief events of enigmatic origin, which may prove valuable for
high-resolution stratigraphic correlation. On the other hand, their un-
explained existence suggests that the concerns expressed by Broecker
and Woodruff (1992) should be taken seriously.

The oxygen isotope data provide a unique record of change in the
effect of equatorial upwelling on surface temperature, a record that is
consistent with the history of sediment accumulation rates in the
region during the Pliocene. However, the use of the oxygen isotope
data is probably limited by the effects of diagenesis in the deeper parts
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Figure S. Isotopic temperature calculated from 8'%0 in bulk sediments vs,
observed summer sea-surface temperatures (Table 4). Solid triangles = validated
Holocene data; solid squares = validated last glacial maximum; open triangles
= warmest scrape sample 0-1 Ma; open squares = coolest scrape sample 0-1
Ma. Temperature is calculated from the relationship 7 = 16.9 — 4.4(3'%0, -
8'%0,,) + 0.1(6"80, - §'°0,,)% (O’ Neil et al., 1969; Shackleton, 1974).

of the section at all sites; further work should be devoted to this prob-
lem, as discussed by Schrag et al. (1992).
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Figure 6, Smoothed 8'%0 record (above) of off-equator Sites 852 and 853, compared with that of near-equatorial
Sites 849, 850, and 851. 8'®0 gradient (middle, shaded) between about 5°N and the equator (the difference between

the above records). Average sediment accumulation rates (below) in Sites 849, 850, and 851.
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