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11. OXYGEN AND CARBON ISOTOPIC VARIATION IN PLIOCENE BENTHIC FORAMINIFERS
OF THE EQUATORIAL ATLANTIC!

W. B. Curry? and K. G. Miller?

ABSTRACT

Large changes in benthic foraminiferal §'80 and 5'*C occurred during the Pliocene (between 3.0 and 2.0 Ma) at
Hole 665A. Oxygen isotopic compositions increased to maximum values at 2.4 Ma, correlating with an '*0
enrichment observed at Hole 552A and other locations (Shackleton et al., 1984). As at Hole 606 (Keigwin, 1986),
however, maximum &'30 values at 2.4 Ma were not as great as at Hole 552A, and enrichments in 4'*0 also occurred
before 2.4 Ma. We believe that the section representing sediments from 2.5 to 2.7 or 2.8 Ma is missing at Hole 552A
because of incomplete core recovery. Consequently, the older 5'80 increases are not found at Hole 552A.

Benthic foraminiferal §'>C values are much lower at Hole 665A than at Hole 552A, approaching the low values
observed in the Pliocene Pacific Ocean. This geographic distribution of 8'>C suggests that, like late Quaternary
glaciations, the equatorial Atlantic Ocean was dominated during the Pliocene by deep water that originated in the
Southern Ocean and had chemical characteristics very similar to the Pacific Ocean. Reduced O, values were
probably associated with low 8'3C values and contributed to increased preservation of organic carbon during

enriched '80 intervals of the Pliocene equatorial Atlantic.

INTRODUCTION

Climatic changes accompanying the major phase of North-
ern Hemisphere ice growth (2.4 Ma) are not yet well known.
The purpose of this report is to determine the changes in
chemistry that occurred in the deep eastern Atlantic Ocean
during the Pliocene spanning this important climatic transi-
tion. We infer changes in the ocean’s chemistry from varia-
tions in sediment chemistry and lithology observed in the
eastern Atlantic at Ocean Drilling Program (ODP) Site 665.

Sediments at this location were recovered using the ad-
vanced hydraulic piston corer (APC), and they span the last
4.5 m.y.; no evidence for hiatuses was observed within this
interval. The site was double cored with an offset so that
missing sections caused by coring disturbance could be eval-
uated. In addition, the paleomagnetic record for this site was
excellent, with all of the major magnetochrons represented
back to at least the Gauss.

We will interpret changes in Pliocene ocean chemistry and
circulation based on a model developed for late Quaternary
deep-water circulation in the Atlantic Ocean (Curry and
Lohmann, 1983, 1985; Oppo and Fairbanks, 1987; Curry et al.,
1988). Our principal measurements are the oxygen and carbon
isotopic compositions of benthic foraminifers and the organic
carbon accumulation in the sediments, all sensitive proxy
indicators of ocean chemistry.

Late Quaternary Model

The response of the deep ocean to late Quaternary climate
changes had dramatic consequences in the deep eastern
Atlantic. Variations in benthic foraminiferal 8'*C composition
exceeded 1.0%,, and sedimentary organic carbon percentages
varied from <0.3% to >1.5%. Changes in isotopic chemistry
and sediment lithology were systematic, with lowest 8°C
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values and highest organic carbon percentages occurring
during maxima in Northern Hemisphere glaciation.

These chemical and lithological changes result from
changes in the chemistry of deep water in the eastern basin.
During glacial maxima,the production rate of North Atlantic
Deep Water (NADW) decreased, which affected the chemis-
try of the deep water entering the eastern Atlantic across the
Romanche Fracture Zone (Curry and Lohmann, 1983; Oppo
and Fairbanks, 1987; Curry et al., 1988). About one-half of the
glacial-interglacial amplitude of 83C in the deep eastern
Atlantic results from this effect.

Today, the deep water ventilating the eastern Atlantic is a
well-oxygenated mixture of approximately 80% NADW and
20% Antarctic Bottom Water (AABW). During glacial max-
ima, reduced production of NADW (or its glacial equivalent)
changed the location and depth of the mixing zone between
NADW and AABW. As a result, a lower concentration of
NADW entered the eastern Atlantic, lowering the dissolved
oxygen concentration of this basin.

The very low benthic foraminiferal 8'*C values in cores
from below 3750 m (Fig. 1) suggest that minimum dissolved-
oxygen concentrations (O,) for the abyssal Atlantic occurred
below this depth in the eastern basin. The steep bathymetric
gradient in benthic foraminiferal §'*C (and presumably O,) in
the eastern Atlantic (Curry and Lohmann, 1983, 1985) resulted
in greater preservation of organic carbon as well as higher
organic carbon concentrations in the deep sites of this region
(Fig. 2).

The success of our reconstruction of late Quaternary deep
circulation relies on the comparison of benthic foraminiferal
chemistry and sediment lithology between shallow (<3750 m)
and deep (>3750 m) locations. The vertical chemical gradients
reflect the net effect of mixing between northern and southern
sources of deep water and the changes in chemistry that occur
from prolonged exposure of deep water to settling organic
detritus. Today, the northern component of deep water is
characterized by nutrient depletion and '*C enrichment.

When northern-source water is mixed with southern-
source deep water, 8"°C values as well as dissolved oxygen
and carbonate ion concentrations are lowered. The differences
in §*C between shallow and deep cores during glaciations
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Figure 1. 8"*C values for benthic foraminifers from late Quaternary
sediments at the Sierra Leone Rise. The samples from above 3750 m
have 8'3C values that generally do not fall below 0%, during
glaciations (approximately 20, 60, and 140 k.y.). Below 3750 m, &'3C
values are —0.2%,, to —0.5%,, showing the effects of reduced
production of NADW during glacial maxima. During interglacial
isotopic stages, carbon isotopic values are similar above and below
3750 m, showing that the eastern Atlantic is well ventilated with
NADW at these times.
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Figure 2. The bathymetric distribution of organic carbon in the late
Quaternary sediments of the Sierra Leone Rise. Above 3750 m,
sedimentary organic carbon concentrations remain low throughout
both interglacial and glacial intervals, while below 3750 m the con-
centrations increase to as much as 1.5% during glacial maxima. These
elevated concentrations of organic carbon result from greater preser-
vation in the deepest locations during glacial maxima when low §"3C
(and O,) values occur in the deep water of the eastern Atlantic (cf.
Fig. 1).

result from the increased contribution of southern-source
deep water into the deepest eastern Atlantic. Shallow cores
from the Sierra Leone Rise maintain §"°C values very similar
to pure northern-component deep water even during glacial
maxima (Oppo and Fairbanks, 1987), while deep cores vary in
isotopic composition between nearly pure northern-compo-
nent isotopic values during interglacial intervals to nearly pure
southern component isotopic values during glacial intervals.
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In this paper we follow a similar research strategy to
reconstruct a history of ocean chemistry and sedimentation
for the eastern Atlantic during the interval from 2.0 to 3.0 Ma.
Site 665A (4746 m) was double cored with the APC in the
eastern Atlantic south of the Sierra Leone Rise (Fig. 3), near
the transect of cores used to develop our model for late
Quaternary ocean circulation and chemistry (Fig. 3). It will
serve as our best indicator of the conditions below the sill
depth of the fracture zones that feed the eastern Atlantic.

Unfortunately, Leg 108 cores recovered above the sill
depth had various problems that deemed them unsuitable for
this analysis: Site 668 did not penetrate into the Pliocene; and
Site 667, although providing a good Tertiary record, did not
produce an adequate paleomagnetic record, perhaps because
of the extreme winnowing throughout most of the Pliocene
section.

In order to provide an isotopic record of the northern-
component end-member to compare with our equatorial
record, we analyzed Cibicidoides spp. for the 2.0-3.0 Ma
interval at Site 552, a record previously analyzed by Shack-
leton et al. (1984) using benthic foraminiferal isotopic samples
of various species. By comparing these two records (§'*C and
8'0 values from both Holes 665A and 552A), we will deter-
mine the amount of northern- or southern-component deep
water that penetrated into the eastern Atlantic during the
Pliocene.

METHODS

Isotopic analyses of benthic foraminifers followed standard pro-
cedures (Curry and Lohmann, 1982). The benthic taxon Cibicidoides
spp. was picked from the >250-um fraction of the sediment. Samples
were spaced at 10-cm intervals throughout Cores 108-665A-6H and
-7H. The samples were cleaned in an ultrasonic cleaner and roasted in
a vacuum for 1 hr prior to analysis. The calcium carbonate was
reacted with 1009% H,;PO, at a constant temperature of 50°C.

The evolved CO, and water were then separated by a series of
three distillations, and the purified CO, was introduced into the inlet
system of a VG Micromass 602E mass spectrometer at Woods Hole
Oceanographic Institution. Measurements are referred to the PDB
standard through intercalibration of our reference gas with NBS-20.
Analytical precision for the analysis of isotopic standards was
+0.06%,, for 8'*C and +0.05%,, for 8'%0, while replicate analyses of
unknown samples have poorer precision.

We analyzed organic carbon concentrations in the sediments
according to procedures similar to those outlined in Curry and
Lohmann (1985), with several modifications. After weighing the raw,
dry samples, calcium carbonate was removed from the samples by
acidification in 5-N phosphoric acid. The acidified samples were then
filtered onto 0.7-um glass fiber filters, each of which were combusted
at 800°C. The evolved CO, was measured in a Coulmetric CO,
Coulometer. Analytical precision for this measurement is £0.05%.

LITHOSTRATIGRAPHY

Site 665A

Lithostratigraphy provides detailed correlations between
holes at Site 665 (Fig. 4). Holes 665A and 665B were offset
cored at this site in order to provide a continuous record of
sediment without the interruption caused by coring distur-
bance. We have correlated the alternating dark (organic-
carbon-rich) and light (organic-carbon-poor) layers in these
holes to determine the amount of sediment lost between cores
during drilling. Our correlation is anchored by the Gauss/
Matuyama boundary (G/M; 2.47 Ma) within each core, and we
have correlated above and below that level by matching
various characteristic sequences of dark- and light-colored
sediment layers.

On the basis of this correlation, we believe that approxi-
mately 70 cm of sediment is missing between Cores 108-
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Figure 3. Location map showing the positions of Sites 665, 606, and 552.

665A-6H and -7H, while 1.6 m of sediment is missing between
Cores 108-665B-6H and -7H. The ages of samples at Hole
665A have been determined by linear interpolation between
the stratigraphic levels listed in Table 1. In the following
discussions, we have adjusted the chronology of Core 108-
665A-7TH to accommodate the missing section. With a mean
sedimentation rate of about 1.5 cm/k.y., the correction to the
ages of samples from Core 108-665A-7H amounts to about
50,000 yr. We compared the resulting chronology of isotopic
records at Hole 665A (Table 2, Fig. 5) with the magnetostrati-
graphic age estimates at Hole 552A.

Site 552A

Previous work by Keigwin (1986) has shown that benthic
foraminiferal 8'®0 values increased at Hole 606 prior to the
enrichment noted at 2.4 Ma at Hole 552A and that the Site 606
record lacks the sudden change in amplitude that character-
izes the Hole 552A isotopic record. Like Keigwin's (1986)
record, oxygen isotopic enrichments at Hole 665A occurred
before 2.4 Ma, within the interval from 2.5 to 2.7 Ma (Fig. 5).
Because of the discrepancies between Holes 665A and 606 and
Hole 552A, we have reevaluated the stratigraphy and core
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Figure 4. Lithostratigraphy of Cores 108-665A-6H and -7H and Cores
108-665B-6H and -7H. We have correlated the holes by (1) paleomag-
netic records and (2) sequences of alternating light (organic-carbon-
poor) and dark (organic-carbon-rich) lithologies. On this basis, we
believe that a total of 70-80 cm was lost between Cores 108-665A-6H
and -7H and 160 cm was lost between Cores 108-665B-6H and -7H.
We have adjusted the ages of our samples in Core 108-665A-7H to
reflect this sediment loss. Our correlation, based on magnetics and
color, differs slightly from the correlation of Ruddiman, Sarnthein, et
al. (1988). Their correlation, based on magnetic susceptibility, would
enlarge the gap between Cores 108-665A-6H and -7H.

recovery of Hole 552A to determine the continuity of sedi-
ment recovered in the middle Pliocene. Sedimentation rate
estimates between important magnetic reversals at Hole 552A
(Table 1) suggest that some sediment is missing.

The sedimentation rate at Hole 552A averaged about 13.7
m/m.y. between the top of the Olduvai Magnetosubchron
(1.66 Ma) and the G/M boundary (2.47 Ma). Between the base
of the Kaena Magnetosubchron (2.99 Ma) and the Gauss/
Gilbert boundary (3.40 Ma), the sedimentation rate averaged
21.5 m/m.y. The sedimentation rate was much lower, how-
ever, between the two important paleomagnetic boundaries in
Cores 81-552A-9H and -10H. The G/M boundary occurs in
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Table 1. Stratigraphic boundaries, ages, and sedimen-
tation rates at Holes 665A and 552A.

Sedimentation

Depth Age rate
(mbsf) (Ma) (m/m.y.) Comment
Hole 665A:
331 1.66 Top of Olduvai
19.8
49.1 2.47 Top of Gauss
15.5
57.3 3.00 LO G. seminulina
Hole 552A:
32.1 1.66 Top of Olduvai
13.7
43.2 2.47 Top of Gauss
8.8
47.8 2.9 Base of Kaena
21.5
56.6 3.40 Base of Gauss

Note: LO = last occurrence.

Core 81-552A-9H and the base of the Kaena occurs in Core
81-552A-10H; the sedimentation rate between the two inter-
vals was only 8.8 m/m.y.

One possible explanation for the low sedimentation rate
between these two stratigraphic markers may be due to the
loss of sediment between cores from drilling disturbances. We
evaluated this possibility by estimating the age of the base of
Core 81-552A-9H and the top of Core 81-552A-10H using the
various sedimentation rates in Table 1. Using the sedimenta-
tion rate for the interval between the top of the Olduvai and
the G/M boundary and extrapolating it below to the base of
Core 81-552A-9H, we predict an age for the 9/10 core break of
2.53 Ma.

For the age of the top of Core 81-552A-10H, we have two
estimates. Using the sedimentation rate between the base of
the Kaena and the Gauss/Gilbert boundary (21.5 m/m.y.), we
calculated an extrapolated age for the top of Core 81-552A-
10H of approximately 2.81 Ma. Thus, if our calculations are
correct, as much as 300,000 yr of sediment are missing
between Cores 81-552A-9H and -10H. Another more conserv-
ative estimate of the age of the top of Core 81-552A-10H can
be obtained by extrapolating the sedimentation rate of 13.7
m/m.y. (the rate between the Olduvai and G/M boundary)
upward from the base of the Kaena Magnetosubchron. In this
scenario the age of the top of Core 81-552A-10H is approxi-
mately 2.71 Ma, and the hiatus between Cores 81-552A-9H
and -10H would be about 180,000 yr.

Large sedimentation rate changes are likely to have oc-
curred during this interval of climatic change, so extrapola-
tions such as these should be performed with great reluctance.
However, at those ODP and DSDP sites where offset hydrau-
lic piston coring (HPC) was performed, we know that sedi-
ments are frequently missing between cores (as in Holes 665A
and 665B shown in Fig. 4). In fact, it is unlikely that contin-
uous core recovery can be achieved without offset coring.
Therefore, we believe that our calculations are reasonable,
and we conclude that the equivalent of at least 180,000 yr of
sediment are missing from between Cores 81-552A-9H and
-10H. We have adjusted the chronology of Hole 552A accord-
ingly (Table 2, Fig. 6).

DATA

Stable Isotope

Our Hole 552A isotopic data compare well with the records
of Shackleton et al. (1984) and Shackleton and Hall (1984).



Table 2. Isotopic data for Holes 665A
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and 552A.
Depth Age %0 s
(mbsf) (Ma) (PDB) (PDB)
108-665A-6H:

41.06 2,063 2.33 0.33
41.38 2079 244 0.15
41.46 2083 180  -0.18
41.56 2088 241  —0.73
41.66 2003 261 -0.72
41.85 2103 2.93 0.94
41.94 2108 294  -1.02
42,04 2113 288  -0.66
42.14 2118 285  —0.90
4224 2123 L7l -0.38
42.34 2128 285  -0.21
42.43 212 17 0.46
42.53 2137 219 0.64
42.63 2142 1.59 0.16
2.73 2148 1.9 0.56
42.83 2153 214 0.20
42.93 2158 216 0.64
43.07 2.165 222 0.27
43.13 2.168 2.3 0.27
43.23 2173 2.93 0.37
43.43 2,183 2.41 0.29
43.53 2188 285  —0.27
43.64 2.194 2,68 0.06
43.73 2198 242 —0.10
43.83 2203 289 —0.11
43.93 2208 277 —0.06
44.03 2213 281 —0.17
44.23 2223 294 —0.48
44,38 2231 266  —0.80
44.43 2234 244 —0.50
44.50 2237 247 -0.50
44.73 2249 2.24 0.63
44.83 225 227 —0.06
44.93 2259 2.44 0.80
45.03 2264 233 —0.12
45.14 2270 239 -0.36
45.23 2274 295  —0.18
45.33 2279 283 -021
45.43 2284 274 -0.77
45.53 2289 225 —0.37
45.63 2294 212 —0.46
45.73 2209 228 0.23
45.83 2304 277 -0.39
45.93 2310 2.55  —0.60
46.00 2313 268  -0.91
46.10 2318 221 -0.42
46.23 2325 1.90 0.00
46.33 2330 224 —0.41
46.43 2335 294  -0.23
46.53 2340 311 -0.7
46.58 2342 319 -0.53
46.67 2347 291 -0.87
46.77 2352 253 —0.66
46.87 2357 2.09 0.16
46.95 2361 272 0.10
47.05 2366 2.67  —0.76
47.15 2371 300 -0.45
47.35 2381 328 —0.57
47.45 2386 3.01  —0.69
47.56 2392 253 -0.98
47.75 2402 233 —0.26
47.85 2407 237 0.27
47.95 2412 1.6l 0.33
48.05 2417 2.26 0.20
48.15 242 22 0.27
48.25 2427 202 -036
48.43 2.436  2.50 0.51
48.63 2446 153 0.34
49.67 2507 294  —0.56
49.77 2513 251 —0.30
49.87 2520 226 0.22
49.93 2.5 232 0.36
50.03 2530  2.16 0.57

Table 2 (continued).

Depth Age %0 &%

(mbsf) (Ma) (PDB) (PDB)
50.13 2537 2.29 0.06
50.23 2543 221 —0.03
50.33 2550 247  —0.08
50.43 255 259 —0.10
50.50 2560 275 -0.23
50.57 2565 274 —0.20

108-665A-7H:

50.56 2613 268  —0.48
50.66 2619  2.67 0.09
50.74 2.624 267  —0.41
50.86 2631 270 —0.89
50.96 2636 3.00  —0.88
51.07 2643 286  —0.49
51.16 2648 253  —0.50
51.26 2654 219 —0.44
51.36 2659 200 —0.13
51.56 2671 190  —0.04
51.93 2692 222 —0.47
52.03 2.698 231 0.03
52.13 2703 2.29 0.09
52.23 2709 2.02 0.25
52.33 2715 2.34 0.46
52.43 2721 1.90 0.18
52.50 2725 229 0.55
52.63 2732 211 0.09
52.73 2738 245 -0.27
52.83 2744 2.70 0.13
52.93 2749 181 0.06
53.03 2755 174 0.68
53.13 2761 2.00 0.62
53.23 2767 221 0.63
53.33 2772 271 0.36
53.43 2718 1.9 0.57
53.53 2784 208 —0.30
53.63 2789 231 0.47
53.73 2795 2.49 0.08
53.83 2801 2.64 0.05
53.93 2807  2.34 0.60
54.00 2811 2.42 0.32
54.13 2818 2.38 0.15
54.23 2.824 243 0.41
54.33 2830  2.34 0.10
54.43 2.835 267  —0.25
54.63 2847 221 0.07
54.73 2.853 2.43 0.64
54.93 2.864 204  —0.06
55.03 2870 232 0.49
55.13 2876 1.84 0.31
55.23 2881  2.14 0.35
55.33 2.887  2.64 0.58
55.43 2893 255 0.48
55.50 2897 252 0.23
55.63 2904  2.55 0.23
55.74 2911 2.75 0.13
55.83 2916 2.44 0.06
55.93 2921 211 0.40
56.03 2927 2.37 0.36
56.13 2933 235 0.14
56.23 2939 212 0.61
56.33 2944 2.20 0.45
56.53 2956  2.08 0.58
56.63 2962 2.21 0.75
56.73 2967 1.6 0.55
56.83 2973 1.54 0.24
56.93 2979 1.87 0.53
57.00 2.983  1.87 0.06
57.13 2990 175 -0.11
57.21 2995 260  —0.06
57.33 3.002  1.87 0.51
57.44 3.008  1.57 0.41
57.53 3013 193 —0.10
57.64 3.020 197 0.56
57.83 3030 1.96 0.81
57.93 3.036  1.73 0.44
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Table 2 (continued).

Depth Age s'%0  s'ic
(mbsf) (Ma) (PDB) (PDB)
81-552A:
37.06 2022 3.57 0.52
37.14 2228 3.52 0.40
317.22 2.034  3.30 0.71
37.35 2043 331 0.56
37.47 2052 2.84 0.92
37.55 2058  3.08 0.79
37.64 2064  3.03 0.86
37.82 2077 3.07 0.89
37.91 2084  2.63 0.70
38.04 2093  3.59 0.58
38.16 2102 3.64 0.56
38.24 2.108  2.99 0.25
38.37 2118 297 0.87
38.48 2,126 297 0.95
38.51 2.128 295 0.83
38.61 2135 3.06 0.78
38.71 2142 277 0.83
38.79 2,148 3.00 0.92
39.06 2.168  2.80 1.04
39.14 2.174 298 1.28
39.24 2181 2.97 0.94
39.35 2.189 2.93 1.17
39.46 2.197 324 0.96
39.56 2204 331 1.03
39.67 2212 3.03 0.75
39.74 2218 274 0.98
39.87 2227 281 0.96
39.95 2233 240 0.33
40.06 2241 3.1 0.59
40.17 2.249 2.43 0.54
40.26 2255 271 0.48
40.35 2262 275 0.81
40.46 2270 2.63 1.02
40.57 2278 274 0.94
40.65 2284 2.89 0.73
40.75 2291 337 0.47
40.85 2299 345 0.54
40.95 2306  3.54 0.61
41.08 2315 2.82 0.81
41.14 2.320 2.47 0.76
41.25 2328 276 0.64
41.34 2334 328 0.24
41.46 2.343 2.73 0.77
41.55 235  2.58 0.57
41.64 235 277 0.61
41.74 2363 274 0.55
41.84 2371 3.49 0.52
41.94 2378 3.62 0.26
42.06 2387 343 0.33
42.16 2394  2.89 0.55
42.26 2401 251 0.75
42.36 2.409 2.69 1.02
42.44 2415 270 0.91
42.56 2423 2.96 1.14
42.65 2430 271 1.14
42.76 2438 287 1.09
42.85 2444 276 0.88
42.95 2.452 2.90 0.69
43.05 2459 274 0.72
43.14 2466  2.71 0.92
4327 2475 2.84 0.98
43.35 2481 242 0.62
43.44 2488  2.94 0.87
43.56 2497 292 0.84
43.66 2.504 278 0.87
43.76 2512 273 1.13
44.06 2714 2.67 0.99
44.15 2.720 2.46 1.25
44.26 2780  2.67 1.15
44.35 2735 2.63 0.88
44.45 2743 237 1.17
44.57 2751 265 1.10
44.64 2757 279 0.97
44,75 2.765 2.42 0.62
44.85 2772 2.64 1.05
44.94 2779 2.89 1.06

Table 2 (continued).

Depth  Age  &'%0 s
(mbsf) (Ma) (PDB) (PDB)

45.06  2.788 2.70 1.30
45.14  2.793 2.82 1.03
45.25  2.802 2.87 1.21
45.35  2.809 2.90 0.89
45.45 2.816 2.77 1.24
45.55 2.824 2.34 0.64
45.65  2.831 2.58 0.98
45.75  2.839 2.47 1.28
45.85 2.846 2.78 0.92
45.93  2.852 2.75 0.79
46.05  2.861 2.10 0.86
46.15  2.868 2.33 0.97
46.25 2.875 2.27 0
46.35  2.883 2.63 1
46.45  2.890 2.64 1.
46.55  2.898 2.66 1
46.65  2.905 2.66 1
46.87 2921 2.7 1
46.96  2.928 2.62 1

Note: Isotopic data are presented
with respect to the PDB standard
without correction for isotopic
disequilibrium. Cibicidoides spe-
cies were analyzed in each sam-
ple.
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Figure 5. Oxygen and carbon isotopic records for benthic foraminifers
in Hole 665A. Cibicidoides spp. (>250 pm) were analyzed at 10-cm
spacing throughout Cores 108-665A-6H and -7H. The oxygen isotopic
record exhibits the important enrichments associated with Pliocene
glaciation at 2.4 Ma and later (Shackleton et al., 1984). It also shows
significant enrichments at 2.5 Ma and earlier (see also Keigwin, 1986).
The carbon isotopic record exhibits low values throughout the entire
interval, with the values approaching those typical of Pliocene isoto-
pic records in the Pacific Ocean (Shackleton and Hall, 1984; E. Sikes,
pers. comm., 1987).

Our Cibicidoides isotopic data agrees with their Cibicidoides
data (Fig. 6), whereas the overall trends of the complete data sets
show similar patterns. The only important difference between
the record of Shackleton et al. (1984) and our record occurs at
about 2.4 Ma. The magnitude of the 880 increase at 2.4 Ma
observed by Shackleton et al. (1984) equaled glacial increases
observed in late Quaternary isotopic records (1.8%/,).

If the enrichment was due mostly to ice-volume increase
(as it is during the late Quaternary), the ice-volume increase at
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Figure 6. Oxygen and carbon isotopic records for benthic foraminifers
at Hole 552A in the northern North Atlantic (line = Cibicidoides
isotopic data, this study; crosses = Cibicidoides isotopic data of
Shackleton et al., 1984). The oxygen isotopic changes observed in this
record are similar to those observed by Shackleton et al. (1984),
except that the increase in 5'%0 observed at 2.4 Ma is not as large for
Cibicidoides spp. as for G. subglobosa. Our observations are similar
to those made by Keigwin (1986) in the record of Hole 606.

2.4 Ma was as large as any in the Pleistocene. However, our
8'80 record for Hole 552A, produced only from an analysis of
Cibicidoides spp., does not record the same full glacial isoto-
pic enrichment. The 2.4-Ma 8'®0 increase in Cibicidoides spp.
at Hole 552A was similar in magnitude to the enrichment
observed by Keigwin (1986) at Hole 606. The maximum &0
values observed in Holes 606 and 552A at this time were about
3.6°/,, PDB, which is 0.5°/,,-0.7°,, lower than maximum
values observed in late Quaternary Cibicidoides in northern
Atlantic Ocean cores (Curry et al., 1988).

These differences in §'®0 enrichment can be caused by at
least three factors: (1) changes in species’ vital effect, (2)
bioturbation of species with different abundance variations,
and (3) regional variations in the temperature structure of the
oceans. Since coexisting benthic foraminifers have different
oxygen and carbon isotopic compositions (Shackleton, 1977;
Woodruff et al., 1980; Belanger et al., 1981; Graham et al.,
1981), it has been customary to add correction factors to the
raw isotopic data to produce a composite record of **equilib-
rium’’ 8'%0 and §"*C values. This procedure was followed by
Shackleton et al. (1984) when they produced the record for
Hole 552A. In particular, the benthic taxa used to produce the
record near the 2.4-Ma event were Globocassidulina subglo-
bosa and Uvigerina peregrina.

This procedure requires the assumption that all benthic
species maintained constant differences in isotopic composi-
tion. Although this is a reasonable assumption, there are
examples when the differences are not constant. For instance,
Keigwin (1986) demonstrated that coexisting G. subglobosa
and Cibicidoides spp. did not produce similar isotopic enrich-
ments at 2.4 Ma at Hole 606. In low sedimentation rate cores,
such differences may be caused by the bioturbation of two
taxa with abundance variations that are periodic and out of
phase (Mix and Fairbanks, 1985); in cores with high sedimen-
tation rates (like Hole 606), this problem is minimized.

Consequently, we believe that the extreme enrichment in
0 at 2.4 Ma in the original Hole 552A isotopic record may

result from inconstant isotopic disequilibrium. Although
regional variations in oceanic temperature structure may
explain the differences between Holes 552A and 665A,
Holes 606 and 552A are close enough (i.e., geographically)
to rule out this hypothesis. Thus, the data for Cibicidoides
spp. suggest that the glacial enrichment was only about
two-thirds of the magnitude of full late Quaternary glacial
enrichments.

The carbon isotopic record for Hole 552A agrees well with
the values presented by Shackleton et al. (1984) for Cibici-
doides spp. (Fig. 6) and for intervals where other species’
isotopic data were corrected to Cibicidoides values. Through-
out the entire record, the 8°C values exceeded 0.2%,,, with
most of the values falling between 0.5%, and 1.3%,. After the
major 8'80 event at 2.4 Ma, the amplitude of 8°C variations
increased to nearly 1.0%,,, mostly due to lower §"*C values
during enriched '#O intervals. Thus, the Pliocene §°C and
880 records exhibited the same negative covariance observed
in the late Quaternary.

The isotopic records for Hole 665A exhibit many similari-
ties to those of Hole 552A, but there are differences that place
important constraints on past ocean chemistry, circulation,
and climatic history. The oxygen isotopic values for Hole
665A were generally lower than those observed at Hole 552A,
and throughout much of the Pliocene they exhibited higher
amplitude variations (Fig. 7). Like the Hole 552A record, the
most enriched 80 values occurred just after the G/M bound-
ary at 2.4 Ma. The most enriched values were about 3.3%,, or
0.3°/,, lower than coeval Cibicidoides spp. values at Holes 606
and 552A.

In late Quaternary sediments near Hole 665A, interglacial
880 values averaged about 2.5%,, and glacial §'®0 values
averaged about 4.1°/, (Curry and Lohmann, 1983), so the
most enriched values at 2.4 Ma were about 50%-60% of full
glacial values. As observed at Hole 606 (Keigwin, 1986),
oxygen isotopic enrichments occurred at Hole 665A before 2.4
Ma.

A well-defined enrichment occurred in Hole 665A at about
2.6 Ma and another less well-defined enrichment occurred at
about 2.5 Ma. Prior to 2.7 Ma, §'80 variations were of a lower
amplitude and 8'®0 values did not exceeding 3.0°,,. Minima in
8'%0 were much lower at Hole 665A than at Hole 552A
throughout the interval from 2.0 to 3.0 Ma. At Hole 552A, the
lowest 80 values always exceeded 2.0°,,, while at Hole
665A minimum values approached 1.5%,,. Consequently, the
amplitude of 8'®0 variation was greater at Hole 665A through-
out most of this interval.

Carbon isotopic compositions of benthic foraminifers at
Hole 665A were also generally lower than at Hole 552A
throughout this 1-m.y. record (Fig. 7), and this observation
is true for glacial and interglacial climatic extremes. During
the late Quaternary, the carbon isotopic composition of
benthic foraminifers in the deep eastern Atlantic equaled the
carbon isotopic composition of northern North Atlantic
benthic foraminifers during interglacial climates because of
the dominance of NADW in this basin (Curry and Lohmann,
1983).

Carbon isotope values were about 1.0%,, lower during late
Quaternary glacial maxima when the influence of northern
component deep water was diminished and the influence of
southern source water prevailed in this basin (Oppo and
Fairbanks, 1987; Curry et al., 1988). In contrast, Pliocene §'*C
values in the deep eastern Atlantic were always lower than
northern North Atlantic 6'3C values. During Pliocene intergla-
ciations, the difference in 6"*C (Hole 665A — Hole 552A) was
about 0.5%,, but during glaciations (like 2.4 Ma) the differ-
ence approached 1.5%,. These larger amplitude changes in
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Figure 7. The oxygen and carbon isotopic records of Hole 665A (line)
and 552A (crosses) plotted on a common time scale. Note that the
8'80 values of Hole 665A are generally lower throughout the entire
Pliocene record, and that the enrichments in 8'8%0 begin before 2.4
Ma. The 5'%0 values at Hole 665A in the eastern Atlantic are generally
lower and more like the values observed in the Pacific Ocean at this
time (average = approximately —0.5%,, corrected to Cibicidoides;
Shackleton and Hall, 1984). The 8'C values at Hole 665A are lower
than those at Hole 552A throughout this interval, Lower 8'°C values
are also present in the Pacific Ocean in the middle Pliocene (Shack-
leton and Hall, 1984; E. Sikes, pers. comm., 1987), and we believe
that the low values in the eastern Atlantic must represent the
penetration of southern-source deep water further north into the
Atlantic Ocean at this time.

8'3C suggest that the deep-water mixture in the deep eastern
Atlantic oscillated between northern and southern compo-
nents, which had a larger difference in 8"°C.

Lower 8"C values during the Pliocene imply that dissolved
oxygen concentrations in the eastern Atlantic were also lower.
The direct conversion of 8"*C variations into O, gradients may
not be reliable because we are not able to constrain the
preformed O, and 8'"*C values for deep-water masses (Mix and
Fairbanks, 1985; Curry and Lohmann, 1985). If we assume
that the northern- and southern-source water masses had
similar preformed values, however, the 8"C differences be-
tween Holes 665A and 552A were equivalent to O, gradients
of about 70 umol/kg during Pliocene interglaciations and more
than 200 wmol/kg during Pliocene glaciations. Today, the
dissolved oxygen concentration in the eastern Atlantic is
220-250 pmol/kg (Bainbridge, 1981). Thus, the gradients in
8C observed during Pliocene glaciations suggest that dis-
solved oxygen concentrations may have been very low in the
deep eastern Atlantic.

Organic Carbon

The concentration of organic carbon in the sediments at
Hole 665A varied from ~0% to >0.8% by weight throughout
the interval from 2.0 to 3.0 Ma (Fig. 8). The amplitude of
organic carbon variations increased significantly after 2.4 Ma
at this location. The highest organic carbon concentrations
occurred during intervals of low 8'°C in the deep eastern
Atlantic (Pliocene glaciations), which suggests that variations
in the dissolved oxygen concentration of the deep water may
have contributed to the preservation of organic carbon in the
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Figure 8. Organic carbon concentration and '*C variations at Hole
665A. Organic carbon concentrations increased after 2.4 Ma, and
maxima correlate with minima in benthic foraminiferal 8'>C and
maxima in benthic foraminiferal 5'%0. These records suggest that low
0, occurred in the equatorial Atlantic during Pliocene glaciations and
contributed to an increased preservation of organic carbon in the
sediments.

sediments. (As yet we have no constraint on the effects of
changes in organic carbon productivity on these sediment
concentrations.)

Overall, Pliocene organic carbon concentrations are lower
than concentrations observed in the late Quaternary, even
though the patterns of alternating dark- and light-colored
sequences appear similar. It is likely that some of the organic
carbon has decayed since burial. In a core near to Hole 665A,
Miiller et al. (1982) observed an exponential decay of organic
carbon with a half-life on the order of 1 m.y. If their observa-
tions are correct, then only about one-fourth of the original
organic carbon concentration remains in the Pliocene sedi-
ments of Hole 665A.

DISCUSSION

Pliocene Deep-Water Circulation

Low benthic foraminiferal 8°C values in the eastern
Atlantic suggest that northern component deep water, with
its characteristic enriched '*C values, had less influence on
the eastern equatorial Atlantic during most of the middle
Pliocene. The &"C value of water in the deep eastern
Atlantic never equaled the northern-component 8"*C value,
as it did during late Quaternary interglacial intervals. The
deep water present in the eastern Atlantic during Pliocene
glacial intervals had isotopic values nearly equal to those
found in the Pacific Ocean at that time (V28-179: Shackleton
and Hall, 1984; Hole 503B: E. Sikes, pers. comm., 1987).
The geometry of deep-water masses in the Pliocene Atlantic
more closely resembled the deep-water geometry of the
glacial intervals of the late Quaternary Atlantic Ocean. A
complete time series of Cibicidoides isotopic values from the
Pliocene Pacific Ocean is needed to confirm this observa-
tion, however.

During the late Quaternary, low 8°C deep water with a
southern origin penetrated into the equatorial region of the
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Atlantic and altered the isotopic composition of the deep
water entering the deep eastern Atlantic through low-latitude
fracture zones. This change in deep-water flow was made
possible because of decreased production of northern-compo-
nent deep water (i.e., NADW), which allowed a greater
northward penetration of this southern water mass. Thus, §3C
values in the eastern Atlantic during late Quaternary glacia-
tions were nearly identical to the values observed throughout
much of the Pacific Ocean (Oppo and Fairbanks, 1987; Curry
et al., 1988). A similar spatial distribution of 8*C occurred
during all glacial and most interglacial intervals throughout the
Pliocene from 3.0 to 2.0 Ma.

The Atlantic-Pacific difference in 8'*C was greater during
the Pliocene than observed today (Shackleton and Hall, 1984),
suggesting that a relatively nutrient-depleted deep-water mass
was present at Hole 552A throughout this entire interval
(Shackleton and Hall, 1984). During late Quaternary glacia-
tions, the difference between the Atlantic and the Pacific was
slightly reduced over its interglacial value of 1.0°,, and was
much less than the nearly 1.5, differences observed during
some Pliocene glacial intervals.

The strong gradient in 8°C between the northern North
Atlantic and the Pacific suggests, therefore, that production of
deep water in the North Atlantic was an active process during
the Pliocene. Its limited southward penetration, however,
suggests that either the production rate of this water mass was
lower than today or the production rate of the southern-source
water mass was much greater.

Pliocene Ocean Chemistry

A larger 8"C difference between the North Atlantic and the
Pacific Ocean (Shackleton and Hall, 1984) implies that there
were large gradients in the distribution of nutrients and O, in
the Pliocene deep ocean. There are at least two possible
reasons for this pattern. First, the increased gradient in 8*C
may have resulted from greater nutrient depletion of the
NADW at its site of formation. Today, NADW is formed with
a preformed nutrient concentration (PO,) of about 1 pmol/kg.
It is a mixture of many components, some very depleted in
nutrients (e.g., North Atlantic surface water) and others less
so (e.g., Mediterranean outflow, Labrador Sea deep water).
By changing the mixing ratio between these components, a
more nutrient-depleted, '*C-enriched deep water could have
been formed in the Pliocene northern North Atlantic. Alter-
natively, this northern-component deep water could have
formed much like today, but in an ocean with a mean nutrient
concentration greater than today’s.

Boyle (1986) has shown that increasing the nutrient con-
centration of the world’s oceans not only increases the sur-
face-water to deep-water 8'*C gradient, as shown by Broecker
(1982), but also steepens the 8§'3C gradient between the Atlan-
tic and Pacific oceans because more nutrients are removed
from the deep-water sources and recycled into the deep
waters of the Pacific. The result is a larger difference in 8°C,
PO,, and O, between the oceans.

Although we have no evidence that increased nutrient
concentration occurred at this time, there are two tests that
could confirm the hypothesis: (1) Cd/Ca measurements on
benthic foraminifers should record elevated levels (Boyle and
Keigwin, 1982), and (2) the surface-water to deep-water §*C
difference should be increased (Broecker, 1982) if the mean
nutrient concentration of the oceans was greater during the
Pliocene.

Pliocene Climate

Our measurements of benthic foraminiferal 580 in the
Pliocene sections of Holes 552A and 665A suggest that the

glacial climate at this time was probably only about one-half to
two-thirds as severe as late Quaternary glaciations. At pres-
ent, we do not understand why the isotopic differences
between G. subglobosa and Cibicidoides spp. appear to have
changed during the Pliocene (Keigwin, 1986). Unfortunately,
the problem of inconstant isotopic disequilibrium cannot be
solved with this type of data; it will require more extensive
studies of the living organisms in the modern ocean (Corliss,
1985).

The isotopic record at Hole 665A suggests that at least two
8'80 enrichments occurred prior to the increase at 2.4 Ma. We
cannot determine if these enrichments occurred because of
deep-water cooling or because of ice-volume increases. Our
observations of early '80 enrichments are very similar to those
of Keigwin (1986), however. We believe that these earlier '#0
enrichments were not observed at Hole 552A because some of
the section was lost during coring. Unfortunately, we cannot
determine precisely how much section was lost at Hole 552A
because offset coring was not performed at this site. On the
basis of the other §'%0 records (Holes 606 and 665A), it seems
likely that Northern Hemisphere glaciations occurred during
the Pliocene prior to 2.4 Ma.

CONCLUSIONS

The isotopic records of Hole 665A provide a record of the
changes in deep-water chemistry and the earth’s climate for
the Pliocene interval from 3.0 to 2.0 Ma. When compared with
the changes in oxygen and carbon isotopic composition of
benthic foraminifers at Hole 552A, the changes at Hole 665A
reflect temporal variations in the extent of deep-water produc-
tion in the North Atlantic and the northward penetration of
deep water from the Southern Ocean. Throughout the entire
1-m.y. record presented here, penetration of northern-source
deep water into the eastern North Atlantic was less than
during late Quaternary glaciations.

The carbon isotopic composition of benthic foraminifers
in the eastern Atlantic was similar to Pacific benthic fora-
minifers during Pliocene glaciations and often fell between
North Atlantic and Pacific values during Pliocene intergla-
ciations. Thus, mixing of deep water in the deep eastern
Atlantic followed the late Quaternary model; that is, during
glaciations a greater proportion of southern-source deep
water entered the eastern basins. The very high amplitude
changes in 8'*C during the Pliocene suggest that the differ-
ence in §C between northern- and southern-source end-
member compositions was greater than observed in the late
Quaternary.

The oxygen isotopic enrichments observed at Hole 665A
and our Cibicidoides spp. data from Hole 552A show that the
increase in 8'%0 at 2.4 Ma was only one-half to two-thirds as
large as observed in late Quaternary glaciations, lower than
originally suggested by Shackleton et al. (1984). As yet, we
have no way to determine which record more accurately
reflects the intensity of glaciation in the Pliocene.

Pliocene 80 enrichments occurred at Hole 665A before
2.4 Ma, at times which apparently correlate with the enrich-
ments observed by Keigwin (1986). On the basis of sedimen-
tation rate arguments, we believe that a coring gap exists in
Hole 552A, caused by incomplete recovery between Cores
81-552A-9H and -10H. Coring gaps of similar thickness can be
observed in Holes 665A and 665B.
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