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ABSTRACT

Multiple species of upper Eocene through Oligocene planktonic and benthic foraminifers from DSDP Site 522 in the
South Atlantic Ocean were analyzed for their oxygen-and carbon-isotope signatures. Comparison of the isotopic values
of individual taxa from single sediment samples shows that many Globigerina spp., Globorotalia opima opima, G.
opima nana, Pseudohastigerina spp., and Chiloguembelina spp. are surface or near-surface dwellers. Catapsydrax spp.
are confirmed as deep-dwelling planktonic foraminifers. Cibicidoides kullenbergi (s.l.), Globocassidulina spp., and
Oridorsalis umbonatus exhibit interspecific isotopic trends that parallel the results of comparisons made on the Quater-
nary representatives of these taxa.

A gradual enrichment of 0.5 %, in the 6'30 record of the benthic but not the planktonic foraminifers occurs during
the late Eocene. This enrichment is believed to reflect changing bottom-water conditions at Site 522. During the earliest
Oligocene a more abrupt enrichment of 0.5 %, in !0 occurs in both the benthic and the planktonic records. This early
Oligocene shift is interpreted as an increase in average global ice volume. High-resolution isotopic analyses of one lower
Oligocene core yield suggestive but inconclusive evidence of the presence of high-frequency fluctuations in the oxygen-
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isotope record.

In conjunction with faunal and floral data, the isotopic data from Site 522 indicate that isotopic temperature scales
must be adjusted to account for global ice volume during the Oligocene.

INTRODUCTION

Stable-isotope analyses of calcareous foraminifers are
widely used in Cenozoic paleoceanographic and paleocli-
matic studies (e.g., Savin et. al., 1981, 1975; Boersma
and Shackleton, 1977; Shackleton and Kennett, 1975).
Recent studies, however, show that the isotopic signa-
ture of foraminifer calcites is a complex signal. Most
modern benthic foraminifers deposit calcite with isotop-
ic ratios that differ significantly both from one another
and also from calculated equilibrium values (Graham et
al., 1981; Woodruff et al., 1980). Planktonic foramin-
ifers appear to deposit calcite that is in equilibrium with
respect to 8180, but different species and species groups
tend to deposit their tests at different levels within the
water column. Moreover, a few planktonic foraminifers
appear to seek a constant-density surface within the wa-
ter column, and calcite secreted by these taxa may re-
flect surface or near surface conditions at one location
but deep conditions at another location (Curry and Mat-
thews, 1981). Thus, determining the isotopic values for
surface waters from planktonic foraminifers is greatly
dependent on choosing the correct foraminifer for analy-
sis. Studies using individual analyses of several species
of Neogene foraminifers are increasing rapidly, but data
on multiple species of Paleogene foraminifers from single
samples are still sparse.

During Deep Sea Drilling Project Leg 73, hydraulic
piston coring operations in the South Atlantic Ocean at
Site 522 (26°06.8'S; 5°07.8’ W; water depth, 4441 m;

1 Hsii, K. J., LaBrecque, J. L., et al., Init. Repts. DSDP, 73: Washington (U.S. Govt.
Printing Office).

Fig. 1) recovered an apparently complete and relatively
undisturbed upper Eocene through Oligocene sequence
that is well controlled by biostratigraphy and magneto-
stratigraphy. In the following sections we present the re-
sults of analyses of a number of species of planktonic
and benthic foraminifers from the upper Eocene and
Oligocene sediments at this site. Qur objective is to eval-
uate the isotopic signatures of these Paleogene foramin-
ifers and to survey some aspects of the isotopic record
of this midlatitude site.
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Figure 1. Location of Site 522 and other sites occupied during Leg 73.
Small numbers identify magnetic anomalies.
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MATERIALS AND METHODS

A number of widely spaced sediment samples were selected from
Cores 15 through 38 of Hole 522 and from Core 31 of Hole 522A to
provide coverage of the late Oligocene through late Eocene. However,
the foraminifer assemblages show increasing dissolution upsection,
and it was difficult to find adequate material for analysis in samples
taken above Core 27. In addition to the widely spaced samples, a high
density series of samples was taken at intervals of 5 to 15 cm from
Core 33 to look for high-frequency fluctuations in the Oligocene
isotopic record.

Sediment samples were disaggregated in tap water at room temper-
ature on an oscillating plate and then wet sieved at 63 um. The coarse
fraction was dried on filter paper in a low-temperature oven. Multiple
cycles of processing were necessary to clean most samples. Tempera-
ture never exceeded 50°C during any stage of sample processing. The
foraminifers selected for isotopic analysis were cleaned ultrasonically
in a dilute Calgon solution to remove adhering fines. The foraminifers
were then roasted in a vacuum at 370°C for 1 hr. and reacted with
polyphosphoric acid at 50°C (Shackleton and Opdyke, 1973). The
CO, and H,O resulting from the reaction were trapped with liquid
nitrogen and then separated by a series of three freezing/transfer
steps, and the CO, was analyzed in an online VG Micromass 602D
mass spectrometer at the Benedum Stable Isotope Laboratory of
Brown University. All isotopic data are referred to the Chicago PDB
reference in standard 6 notation by comparison to aliquots of Bene-
dum Lab standard gases BIG-II and BIG-IV; our lab gases are cal-
ibrated to PDB by multiple routine analyses of intermediate CaCO,
standards provided by other labs. Our values for NBS-20 are 6!30 =
—4.04 £ 0.16 and 6'3C = —1.3 £ 0.05; for BYM, 6'%0 = —6.22 +
0.06 and 8'3C = —2.29 + 0.05. The analytical precision of carbonate
standards run before each batch of samples was +0.09 (1¢) for both
8!80 and 6'3C. The precision of all carbonate standards run during the
course of the project is +0.16 (1) for both 880 and 8'3C. Finally,
precision among 23 pairs of duplicate foraminifer samples is +0.13
(10) for both §'80 and 63C.

Single species or species groups were analyzed separately in this
study. When it was practical, several types of benthic and planktonic
foraminifers were analyzed for each sample. The results of the anal-
yses are listed in Table 1.

ISOTOPIC RESULTS

Comparisons of Taxa

Figure 2 shows that the 6180 values of most plankton-
ic foraminifer taxa cluster within 0.5 %, at the negative
end of the range within each sample. Taxa with low §!80
values are interpreted as surface- and near-surface-
dwelling forms. Replicate analyses of the same taxon in
a single sample exhibit a range of about 0.3 %,. Thus,
the intraspecific isotopic variability of surface and near-
surface dwellers is almost as large as the interspecific
isotopic variability. Site 522 is in a midlatitude location,
and it is probable that surface-water temperatures un-
derwent significant seasonal variation. Thus, some of
the inter- and intraspecific variation of 6130 observed in
the surface- and near-surface-dwelling forms may re-
flect seasonality.

Table 2 and Figure 2 compare the results of all our
analyses of different species and species groups from
single samples. The table and figure show that most of
the planktonic foraminifers analyzed are surface- to
near-surface-dwelling forms. Our most extensive data
set is for Globigerina euapertura, so we compare other
planktonic foraminifers to it. G. galavisi, G. linaperta,
G. angiporoides, G. perus, and Globorotalia opima na-
na yield essentially the same values as Globigerina eu-
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Table 1. Oxygen and carbon stable-isotope data for planktonic and
benthic foraminifers from Holes 522 and 522A.

Core-Section Size fraction 5180 s13c
(interval in cm) Taxon (pm) (%) (%)
Hole 522

17-2, 105-107 cm  Globigerinita glutinata 180-212 +0.78  +0.39

Cibicidoides kullenbergi 212-250 +1.54  +0.53

Oridorsalis umbonatus 212-250 +1.91 -0.18

19-2, 30-32 cm 355+ +0.97 +1.18

Globigerina tripartita {300—355 +1.06 +1.26

Mixed +1.08  +1.54

Globigerina euapertura 355+ +1.18 +1.29

Cibicidoides kullenbergi 212-250 +1.62 +0.52

22-2, 50-51 cm Globigerina tripartita 355+ +142 4138

Cibicidoides kullenbergi Mixed +1.83 +0.46

Oridorsalis umbonatus 300-355 +2.38 -0.07

25-2, 33-35cm Globigerina euapertura 250-355 +1.16 +1.33

Globorotalia opima nana 212-250 +1.25 +1.18

Cibicidoides kullenbergi 212-250 +1.66 +0.32

26-2, 49-51 cm 33 B 7 106-150 +0.99  +1.05

Globigerina angustiumbilicata 150-180 +1.29 1125

Globorotalia opima opima 300-355 +1.25 +1.20

Globigerina sellii 355+ +1.28 +1.35

P g 355+ +1.39 +1.39

Globigerina tripartita {3 554 +150  +1.69

Catapsydrax dissimilis 300-355 +1.70 +1.36

Oridorsalis umbonatus 3554 +2.41  -0.02

27-2, 39-41 cm CI, 425+ +1.09  +1.49

Globigerina euapertura { 355-425 $127  +1.66

Cibicidoides cf. kullenbergi Mixed +2.15 +0.61

Globocassidulina subglobosa Mixed +2.26 +0.46

28-2, 40-42 cm Globigerina euapertura 300-355 +1.19 +1.51

Cibicidoides cf. kullenbergi Mixed +1.76 +0.81

Globocassidulina subglobosa 180-250 +2.08 +0.42

29-2, 56-58 cm P 300-355 +1.26  +1.55

Globigerina euapertura { 300-355 +1.35 1163

Cibicidoides kullenbergi 250-300 +1.81 +0.93

31-2, 25-27 cm o " 300-355 +0.69 +1.33

Globigerina ampliapertura { 250-300 +107  +1.73

sy 1355+ +0.75 +1.24

Globigerina perus 1355+ +105  +1.54

Globigerina angustiumbilicata 106-180 +0.87 +1.11

Globigerina galavisi 300-355 +1.16 +1.49

Chiloguembelina cubensis 63-106 +1.16 +1.41

Globigerina euapertura 300-355 +1.17 +1.73

Globorotalia opima nana 180-212 +1.16 +1.28

Globigerina angiporoides 212-250 +1.20 +1.44

Catapsydrax dissimilis 300-355 +1.72 +1.20

Catapsydrax unicavus 250-300 +1.74 +1.06

Globocassidulina subglobosa 150-300 +2.03 +0.33

33-1, 24-26 cm Oridorsalis umbonatus Mixed +2.20 +0.11

Globocassidulina subglobosa 150-250 +2.45 +0.39

33-1, 34-36 cm Globigerina euapertura 355-425 +1.27 +1.80

Cibicidoides sp. 212-250 +1.78 +1.32

Oridorsalis umbonatus Mixed +2.00 -0.12

Gyroidinoides sp. 212-355 +2.68 +0.73

33-1, 44-46 cm Globigerina euapertura 355-425 +1.13 +1.89

Oridorsalis umbonatus Mixed +2.11 +0.27

Globocassidulina subglobosa 150-250 +1.87 -0.07

33-1, 54-56 cm 250-300 +1.20 +1.56

Globigerina ampliapertura {212—250 +1.22  +1.35

212-250 +146 +1.74

Globigerina euapertura 300-355 +1.26 +1.84

Oridorsalis umbonatus Mixed +2.06 +0.00

33-1, 64-66 cm it 300-355 +1.49  +2.04

Globigerina euapertura 355425 S160  +2.15

Oridorsalis umbonatus 150-300 +1.87  +0.03

Globocassidulina cf. subglob 212-250 +2.52  +049

33-1, 74-76 cm oo 300-355 +1.44  +1.96

Globigerina euapertura 355-425 181 +1.86

Cibicidoides cf. kullenbergi 150-250 +197 +1.15

Oridorsalis umbonatus 150-250 +220 +0.24

33-1, 84-86 cm Globigerina ampliapertura 212-250 +1.43 +1.89

o 300-355 +136 +1.98

Globigerina euapertura 355-425 +137  +2.05

Cibicidoides cf. kullenbergi Mixed +2.05 +1.26

Oridorsalis umbonatus Mixed +2.13  +0.28

Globocassidulina subglobosa Mixed +2.21 +0.54

33-1, 95-97 cm Globigerina ampliapertura 212-250 +1.33 + 1.370
o 355-425 +1.33  +2.

Globigerina euapertura {300_35 " F1A +192

Cibicidoides sp. 300+ +1.95 +1.34

Oridorsalis umbonatus Mixed +2.14  +0.17

Globocassidulina subglobosa Mixed +2.14  +0.95

33-1, 105-107 cm  Globigerina ampliapertura 212-250 +1.25 +1.81

Globigerina euapertura 300-355 +1.27  +1.70

Oridorsalis umbonatus Mixed +1.99 -0.02

Glob iduli bglob Mixed +2.37  +0.92

33-1, 110-112 cm  Globigerina euapertura 300-355 +1.22  +1.75

Oridorsalis umbonatus Mixed +2.23 -0.4

33-1, 115-117 cm  Globigerina ampliapertura 212-250 +1.10 +1.53

Globigerina euapertura 300-355 +1.29 +1.71

Cibicidoides kullenbergi 212-300 +1.75 +0.97

Oridorsalis umbonatus Mixed +2.28 -0.18
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Table 1. (Continued)

Core-Section Size fraction 5180 s13¢ Core-Section Size fraction 5180 613C
(interval in cm) Taxon (um) (%o) (%o) (interval in cm) Taxon (um) (%0) (%o0)
Hole 522 (Cont.) Hole 522 (Cont.)
g = A . 5 33-2, 128-130 cm  Globigerina ampliapertura 212-250 +1.31 +1.84
33-1, 125-127 cm Globigerina ampliapertura ;‘ﬁggg :i;g I}g; Globigerina cf. euapertura 300-355 +1.26  +2.06
300-355 +1.00 +1.75 Oridorsalis umbonatus Mixed +2.30 +0.55
Globigerina euapertura 355-425 +137  +184 Globocassidulina cf. subglob 212250 +1.99  +0.91
Oridorsalis umbonatus Mixed +2.05 +0.17 33-2, 133-135 cm  Globigerina ampliapertura 212-250 +1.32 +1.96
Gyroidinoides soldanii 212-250 +1.97 +0.54 GI'olzigerinfzJ e:{aperrum o 250-300 + 1.4§ +g (5)_1?
33-1, 134-136 cm  Globigerina ampliapertura 180-300 +1.05  +1.50 ocas, cf. Zig-gg +f'sl>o +2-0]
Globigerina euapertura 300-355 +1.10 +1.82 33-2, 137-139 cm  Globigerina ampliapertura 212~ + 1.38 + 1.96
Cibicidoides cf. kullenbergi 180-250 +187  +121 332, 147-149 em o , e 1
Oridorsalis umbonatus Mixed +196  +0.23 Globigerina ampliapertura 212-250 e U
33-1, 145-147 cm  Globigerina ampliapertura 212-250 +L14  +1.72 o & - .
o 300-355 +1.04 +1.78 Globigerina euapertura 300-355 +1.34 +2.03
Globigerina euapertura 355-425 +126 +1.76 Cibicidoides kullenbergi Mixed +§§g + ; (5)§
Cibicidoides kullenbergi Mixed +1.74  +0.89 35-1, 113115 cm  Globigerina amplifz[?ertum 212-250 +0. +2.
33-2,7-9 cm I ’Cf 0" o e~ i 25(:300 +1.08 +1.57 Globigerina galavisi ' 300-355 +0.80 +1.92
Globigerina ampliapertura (212250 +1L18  +1.57 Cibicidoides cf. kullenbergi 355+ +1.48  +1.05
Globigerina euapertura 300-355 +1.42 +1.95 36-2, 97-99 cm GI'opi'ger!'na galavisi ) 300-355 +(1)‘8‘3‘ + } (7)2
Oridorsalis umbonatus Mixed +2.18 -0.02 Clb:cgdox.des kullgn!_)ergx ;(SXS) +3 - :0;6 I 1.66
Gyroidinoides soldanii 212-300 +2.30 +0.59 37-2, 50-52 cm G{o{)zgerfna g;:zhlzlvls;’ ) 180:212 N 1.27 o 1.03
33-2, 14-16 cm Globigerina ampliapertura 180-250 +1.30 +1.69 Clbefdolfias ullenbergi 0.28 2.32
Globigerina euapertura 300-355 +1.32 +2.03 38-2, 32-34 cm Glal;tgennathe;m tropicalis ggg:ggg :0.86 11.59
Oridorsalis umbonatus Mixed +2.44  +0.54 Globigerina galavisi R -
33-2, 20-22 cm Globigerina ampliapertura 180-212 +1.12 +1.67 Cibicidoides kullenbergi 180-300 +1.16  +0.85
Globigerina euapertura 300-355 +1.27 +2.09 e33R,
Cibicidoides cf. kullenbergi 180-250 +1.94  +1.17 Hole 5
Oridorsls umbonalsis Mized +22, 4018 31-1,49-51 cm  Globigerinatheka tropicalis 300-355  +0.52  +2.87
33-2, 27-29 cm Globigerina euapertura 300-355 +1.54 +2.04 Globigerina galavisi 300-355 +0.71 +1.91
Cibicidoides kullenbergi 212-250 +1.92  +1.13 OV ) 355+ 4091 +0091
Gyroidinoides soldanii Mixed +2.33 +0.88 Cibicidoides kullenbergi {250_300 +1.00 +1.16
332, 32-34 cm o 212-250 +1.14  +1.86
SEopepate 250-300 +120  +2.03 Note: Multiple sets of isotope values for a single size fraction represent different samples.
Oridorsalis umbonatus Mixed +224  +0.30 Size fractions appear in order of increasing 5180,
33-2, 38-40 cm Globigerina ampliapertura 212-250 +0.84 +1.80
Chiloguembelina cubensis <g§:i% i?% : {2;
Eaesdoasiigerioa Darbal s e o dohastigerina barbadoensis, Chiloguem-
- 212-250 1106  +1.83 apertura. Pseudohastig ; isis,
gloserne evaperre W35 131 4216 peling cubensis, G. tripartita, G. ampliapertura, and a
Globigerina linaperta {21225 +135 4173 large bullate form that is referred to Catapsydrax f:f.
Globigerina perus o] W 0 unicavus yield values that are slightly more negative
P v g;:ﬁz;;ﬁ:bw Al o B Fhan G. euapertura. The value fpr G. (jngusttumbthc;qta
Oridorsatis GHboRLE (150212 +209  +0.06 in Sample 522-31-2, 25-27 cm is 0.3 %, more negative
e 75 02 than that of G. euapertura. The values for G. angusti-
Gyroidinoides soldanii Mixed +237  +0.92 48 v 0. D .
32,4749 em  Grobigerina euapertura oo e L o umbilicata in Sample 522-26-2, 49-51 cm also suggest
- Lo % % s 54 @
Oridorsalis umbonatus Mixed +244 4012 that G. angustiumbilicata records surface conditions.
332, 5254 €M Glopigerina euapertura et o The values for G. sellii and Globorotalia opima opima
Oridorsalis umbonatus Mixed +1.87  -0.07 in Sample 522-26-2, 49-51 cm indicate that these taxa
B2, 596l em e i 212-250 +0.92  +1.76 Samp 1 bably give slightly more
oAserinG anipiiapercuny {300-355 +118  +2.00 are also surface dwellers and probably give slightly
Globigerina euapertura 300-355 +1.27 +212 3 18, 7 7 : e
s s teos o S5 i3 aie negative 6!30 values than Globigerina euapertura. W
Catapsydrax unicavus e e T conclude from Table 2 and Figure 2 that long-ranging
250-300 £2 +1. - its -
Cibicidoides kullenbergi 212-300 +211 +138 taxa such as G. ampltapertafra, G. galavisi, and (.;..eu
P, e Lol ’e T apertura can be used to monitor near-surface conditions
' E {35425 +130 +198 at Site 522 but that they overestimate surface §!80 val-
) ) i 199 +0.26 .
Crdarah YD onl Mied Y2 lom ues by a few tenths of a per mill. For that reason we sub-
B da e e tract 0.3 %, from the 880 values of these taxa to ap-
332,95-97 M yobivering of. euapertura (21225 +137 42,07 proximate surface values as reflected by such forms as
o - etiape 300-355 +1.45 4218 G fiumbilicat
Oridorsalis umbonatus Mixed +2.17  +0.19 . angustiumoilicala. )
IR, s ) pitir Ml o In contrast to the surface- and near-surface-dwelling
lobigerina ur - . g wiin
Cibicidoides kullenbergi Mixed +2.08  +151 group, Catapsydrax spp. average 0.7 %, more positive
? i i 220 +0.39
B NN ate e 2 1200 than G. euapertura. Catapsydrax spp. are clearly deep-
* Globigerina euapertura ( .
300-335 S dwelling forms.
Catapsydrax cf. unicavus 300-355 +1. +1. . . . e e .
C:,apzdmx u,,,.m'us 300-355 +L72 4151 Among the benthic foraminifers analyzed, Cibicidoi-
212-250 +1.93 4137 : X . . 18 3
Ordorsalis umbonatus Mixed 1229 1036 des kullenbergi (s.l.).y.lelds 3the most negative 6180 val
332, 1416 ¢M  Gy5igerina euapertura e HZ 1 ues and the most positive §!3C values (Table 2). In fact,
Oridorsalis umbonatus {Mixed 4202 +037 the results of our paired benthic analyses are similar to
Mixed +2.31 +0.23 :
332, 118-120 cm  Globigerina euapertura 300-355 +131  +2.13 the res_lﬂ.ts of the study on modern and Ne(’ge_n.e benthic
Oridorsalis ot umbonatis Mixed o o foraminifers by Graham et al. (1981). Specifically, as
33-2, 122-124 cm Globigerina ampliapertura 212-250 +0.91 +1. . % g .
Globigerina euapertura 300-355 +1.24  +2.16 compared with C. kullenbergi (s.l.), Globocassidulina
Gyroidinoides sp. 212-355 +2.14  +0.80

spp. (= G. subglobosa of Graham et al., 1981) give
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Sample
522-33-2, 522-31-2, 522-26-2,
38—-40 cm 25—27 cm 49-51cm
0 I T L Planktonic foraminifers
® Globigerina angustiumbilicata
@ Chiloguembelina cubensis
% Pseudohastigerina barbadoensis
@ Globigerina tripartita
O Globigerina ampliapertura
05 -1 B Globigerina sellii
@ Globorotalia opima opima
+ Globigerina perus
$ A Globigerina euapertura
2 ® @ Globigerina galavisi
Y& Globigerina linaperta
1.0 ® - ® Globorotalia opima nana
. * A 0: © Globigerina angiporoides
5 RAO 7 Catapsydrax dissimilis
° * ’+ e Og W Catapsydrax unicavus
o * A + © Benthic foraminifers
o ® O Cibicidoides kullenbergi
15+ [2:) - A Globocassidulina subglobosa
O Oridorsalis umbonatus
® Gyroidinoides soldanii
Vv v
2.0 A -
- -
v
@ o
25} = -
1 1 1

Figure 2. Oxygen-isotope results from multiple species analyses in three lower Oligocene samples

from Hole 522.

more positive 5180 values, and Oridorsalis umbonatus
(= O. tener of Graham et al., 1981) gives even more
positive §180 values. Similarly, C. kullenbergi (s.l.),
Globocassidulina spp., and O. umbonatus give progres-
sively more negative values of 6!3C. The only significant
difference between our Oligocene data and the Graham
et al. (1981) results is that in our study the average 630
difference between species is about half that observed
between similar taxa by Graham et al. (1981). Differ-
ences in 613C between similar taxa in the two studies are
almost identical. Thus, the microhabitat preference
(Belanger et al., 1981) and/or the vital fractionation of
those taxa have remained similar from the Quaternary
back to the early Oligocene.

For comparisons between modern and paleoceano-
graphic bottom-water conditions, we prefer to rely on
data from C. kullenbergi or C. wuellerstorfi. Graham et
al. (1981) have shown that these taxa exhibit the most
systematic relationship to modern oceanographic condi-
tions. Further, Belanger et al. (1981) offer biological
arguments that support this observation. Nevertheless,
it is common to refer benthic isotopic data to ‘‘equili-
brium”’. Throughout this paper, we take ‘‘equilibrium”’
to mean simply those values yielded by the equations
published by Epstein et al. (1953), O’Neil et al. (1969),
Shackleton (1974), or Woodruff et al. (1980).

There are small differences among these equations,
but there is even larger disagreement between the pub-
lished equations (taken collectively) and the biological
arguments forwarded by Belanger et al. (1981). We there-
fore consider ‘‘equilibrium’’ to be an unsettled issue.
For our calculations we use Epstein et al. (1953).
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Upvigerina spp., considered by many workers to best
approximate equilibrium, are not represented in our
data set. Woodruff et al. (1980) find Uvigerina spp. to
have the heaviest benthic 6180 values and consider these
values equilibrium. Graham et al. (1981) likewise find
Upvigerina spp. to yield the heaviest values in their core-
top data set but indicate that the values are still 0.4 %,
too light to represent equilibrium. To avoid this prob-
lem, we take a conservative approach. Because Gyroidi-
noides averages 0.5%, more positive than Cibicidoides
kullenbergi (s.1.) in our Oligocene comparisons, we add
0.5%, to C. kullenbergi (s.1.) 6!30 values whenever we
wish to approximate late Eocene and Oligocene bottom-
water equilibrium values. We consider the resulting esti-
mates to be quite conservative inasmuch as paired analy-
ses show that Gyroidinoides is about 0.5%, depleted
with respect to Uvigerina (Woodruff et al., 1980; Gra-
ham et al., 1981).

Vertical Oxygen-Isotope Gradients

The multiple species analyses allow the reconstruc-
tion of the vertical oxygen-isotope gradient at Site 522
throughout the Oligocene. These gradients provide in-
formation on the possible structure and mixing rates of
the oceans. The maximum observed surface-to-bottom
gradient during the early Oligocene is about 1.5 %, (see
Fig. 2). Adjusting data from other samples in accor-
dance with the paired analyses shown in Table 2 indi-
cates that about a 1.5 %, gradient was present through
most of the Oligocene. For example, adding 0.5 %, to
Cibicidoides kullenbergi (s.1.) and subtracting 0.3 %,
from the Globigerina euapertura 6'®0 values from Sam-
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Table 2. Comparison of isotope data from paired analyses of foraminifers in samples from Hole 522. Analyses
are from Table 1. Isotope data are %o,.

St:mdm‘da
Core-Section Size fraction Average deviation’
Foraminifers (interval in cm) (um) 5180 ast8o s13c asB3c asl8o astdc asl®o  astic
Planktonic foraminifers
Globigerina angustiumbilicata/ 31-2, 25-27 106-180/300-355  +0.87/+1.17 -0.30 +1.11/+1.73 -0.62 _ = = o
Globigerina euapertura
Globigerina tripartita/ 19-2, 30-32 355+/355+ +097/+1.18 -0.21 +1.18/+1.29 -0.11
Globigerina euapertura 300-355/355+ +1.06/+1.18 -0.12 +1.26/+1.29 - 0.03} -0.14  +0.03 -_ =
Mixed/355 + +1.08/+1.18 —0.10 +1.54/+1.29 +0.25
hastigerina barb 332,38-40  63-106/212-250  +1.06/+1.06 0  +1.36/+1.83 —047) _o1» _ge  _ -
Globigerina euapertura 63-106/300-355 +1.06/+131 -0.25 +1.36/+2.16 -0.80
Chiloguembelina cubensis/ 31-2, 25-27 63-106/212-250  +1.16/+1.17 -0.01 +1.41/+1.73 -0.32
Globigerina euapertura 33-2, 38-40 63-106/212-250  +0.91/+1.06 —0.15 +1.45/+1.83 -0.38
63-106/212-250 +1.20/+1.06 +0.14 +1.62/+1.83 -021¢ -0.10 -043 +020 +0.20
63-106/300-355 +0.91/+1.31 -0.40 +1.45/+2.16 -0.71
63-106/300-355 +1.20/+1.31 -0.11 +1.62/+2.16 -0.54
Catapsydrax cf. unicavus/ 33-2, 59-61 355-425/300-355 +1.26/+1.27 -0.01 +1.88/+2.12 -0.24
Globigerina euapertura 33-2, 108-110  300-355/355-425 +1.08/+1.22 -0.14 +1.51/+2.00 -049% _o10 —0.41 _ —
: 300-355/300-355 +1.08/+1.27 -0.19 +1.51/+2.01 -0.50
Globigerina ampliapermm{’ 31-2, 25-27 300-355/300-355 +0.69/+1.17 —-0.48 +1.33/+1.73 -0.40
Globigerina euapertura 250-300/300-355 +1.07/+1.17 -0.10 +1.73/+1.73 0
33-1, 54-56 250-300/300-355 +1.20/+1.26 -0.06 +1.56/+1.84 -0.28
212-250/300-355 +1.22/+1.26 -0.04 +1.35/+1.84 —0.49
212-250/300-355 +1.46/+1.26 -0.20 +1.74/+1.84 —0.10
33-1, 84-86 212-250/300-355 +1.43/+1.36 +0.07 +1.89/+1.98 —0.09
212-250/355-425 +1.43/+1.37 +0.06 +1.89/+2.05 +0.16
33-1, 95-97 212-250/300-355 +1.33/+1.41 -0.08 +1.97/+1.92 +0.05
212-250/355-425  +1.33/+1.33 0.0 +1.97/+2.00 -0.03
33-1, 105-107  212-250/300-355 +1.25/+1.27 -0.02 +1.81/+1.70 +0.11
33-1, 115-117  212-250/300-355 +1.10/+1.29 -0.19 +1.53/+1.71 -0.81
33-1, 125-127  300-355/300-355 +1.35/+1.00 +0.35 +1.95/+1.75 +0.20
300-355/355-425 +1.35/+1.37 -0.02 +1.95/+1.84 +0.11
250-300/300-355 +1.18/+1.00 +0.18 +1.87/+1.75 +0.12
250-300/355-425 +1.18/+1.37 -0.19 +1.87/+1.84 +0.03
33-1, 134-136  180-300/300-355 +1.05/+1.10 -0.05 +1.50/+1.82 -0.32
33-1, 145-147  212-250/300-355 +1.14/+1.04 +0.10 +1.72/+1.78 , -—0.06) —0.09 -0.16 +0.18 +0.22
212-250/355-425 +1.14/+1.26 -0.12 +1.72/+1.76 -0.04
33-2,7-9 250-300/300-355 +1.08/+1.43 —-0.35 +1.57/+1.95 -0.38
212-250/300-355 +1.18/+1.43 -0.25 +1.57/+1.95 -0.38
33-2, 14-16 180-250/300-355 +1.30/+1.32 -0.02 +1.69/+2.03 -0.34
33-2, 20-22 180-250/300-355  +1.12/+1.27 -0.15 +1.67/+2.09 -042
33-2, 38-40 212-250/212-250 +0.84/+1.06 —0.22 +1.80/+M83 —-0.03
212-250/300-355 +0.84/+1.31 —-0.47 +1.80/+2.16 —0.36
33-2, 59-61 300-355/300-355 +1.18/+1.27 -0.09 +2.00/+2.12 -0.12
212-250/300-355 +0.92/+1.27 -0.35 +1.76/+2.12 -0.36
33-2, 100-102  212-250/300-355  +1.28/1.35 -0.07 +2.01/+2.09 -0.08
33-2, 122-124  212-250/300-355 +0.91/+1.24 -0.33 +1.90/+2.16 —-0.26
33-2, 128-130  212-250/300-355 +1.31/+1.26 —0.05 +1.84/+2.06 -0.22
332, 133-135  212-250/250-300 +1.32/+1.42 -0.10 +1.96/+2.03 -0.07
33-2, 147-149  212-250/300-355 +1.42/+1.34 +0.08 +2.08/+2.03 +0.05
212-250/300-355 . +1.38/+1.34 +0.04 +1.94/+2.03 -0.09
180-212/300-355 +1.38/+1.34 +0.04 +1.96/+2.03 -0.07
Globigerina perus/Globigerina 31-2, 25-27 355+ /300-355 +0.75/+1.17 -0.42 +1.24/+1.73 -0.49
euapertura 355 + /300-355 +1.05/+1.17 -0.12 +1.54/+1.73 -0.19
33-2,38-40  355-425/212-250 +1.23/+1.06 +0.17 +1.74/+183 -0.09 _o00 025 4025 +0.19
355-425/212-250 +1.34/+1.06 +0.28 +1.84/+1.83 -0.01
355-425/300-355 +1.23/+1.31 -0.08 +1.74/+2.16 -0.42
355-425/300-355 +1.34/+1.31 +0.03 +1.84/+2.16 -0.32
Globigerina galavisi/ 312, 25-27 300-355/300-355  +1.16/+1.17 -0.01 +1.49/+1.73 -0.24 _ == = =
Globigerina euapertura
Globigerina angiporoides/ 31-2, 25-27 212-250/300-355 +1.20/+1.17 +0.03 +1.44/+1.73 -0.29 -— — = ==
Globigerina euapertura
Globorotalia opima nana/
Globigerina euapertura 25-2, 33-35 212-250/250-355 +1.25/+1.16 +0.09 +1.18/+1.33 -0.15 4004 —0.30
31-2, 25-27 180-212/300-355 +1.16/+1.17 -0.01 +1.28/+1.73 -0.45 % & - -
Globigerina linaperta/ 33-2, 38-40 212-250/212-250 +1.20/+1.06 +0.14 +1.52/+1.83 -0.31
Globigerina euaperta 212-250/212-250 +1.35/+1.06 +0.29 +1.73/+1.83 -0.10 +0.09 —0.37 - _
212-250/300-355 +1.20/+1.31 -0.11 +1.52/+2.16 —0.64 . .
212-250/300-355 +1.35/+1.31 +0.04 +1.73/+2.16 -0.43
Catapsydrax dissimilis, 31-2, 25-27 300-355/300-355 +1.72/+1.17 +0.55 +1.20/+1.73 -0.53
Catapsydrax unicavus/ 250-300/300-355 +1.74/+1.17 +0.57 +1.06/+1.73 -0.67
Globigerina euapertura 33-2, 38-40 212-250/212-250  +2.23/+1.06 +1.17 +1.43/+1.83 -0.40
212-250/300-355  +2.23/+1.32 +0.91 +1.43/+2.16 -0.73
33-2, 59-61 355-425/300-355 +1.94/+1.27 +0.67 +1.72/+2.12 -0.40
250-300/300-355  +2.13/+4127 +086 +1.66/+2.12 —o4[ *tO70 0S4 +0.22 +0.12
33-2, 108-110  300-355/355-425 +1.72/+1.22 +0.50 +1.51/+2.00 -0.49
300-355/300-355 +1.73/+1.27 +0.45 +1.51/+2.01 -0.50
212-250/355-425 +1.93/+1.22 +0.71 +1.37/+2.00 -0.63
212-250/300-355 +1.93/+1.27 +0.66 +1.37/+2.01 -0.64
Benthic foraminifers
Gyroidinoides spp./Cibicidoi- 33-1, 34-36 212-355/212-250 +2.68/+1.78 +0.90 +0.73/+1.32 -0.59
des kullenbergi (s.1.)° 33-2, 27-29 Mixed/212-250 +2.33/+1.92 +041 +0.88/+1.33 —0.45} +0.52  -0.42 — —
33-2, 38-40 Mixed/150-212 +2.37/+2.11  +0.26 +0.92/+1.15 -0.23
Globocassidulina spp.d/Cibi- 27-2, 39-41 Mixed/mixed +2.26/+2.15 +0.11 +0.46/+0.61 +0.15
cidoides kullenbergi (s.l) 28-2, 40-42 180-250/mixed +2.08/+1.76 +0.32 +0.42/+0.81 -0.39 +0.19 0.4l _ _
33-1, 84-86 Mixed/mixed +2.21/+2.05 +0.16 +0.54/+1.26 -0.72 x i
33-1, 95-97 Mixed/300 + 2.14/+1.95 +0.19 +0.95/+1.3¢ -0.39
Oridorsalis umbonatus/Cibi- 17-2, 105-107  212-250/212-250 +1.91/+1.54 +0.37 -0.18/+0.53 -0.71
cidoides kullenbergi (s.1.) 22-2, 50-51 300-355/mixed +2.38/+1.83 +0.55 -0.07/+0.46 -0.53
33-1, 34-36 Mixed/212-250 +2.00/+1.78 +0.22 -0.12/+132 -1.4
33-1, 74-76 150-250/150-250  +2.20/+1.97 +0.23  +0.24/+1.15 -0.91
33-1, 84-86 Mixed/mixed +2.13/42.05 +0.08 +0.28/+1.26 -0.98
33-1, 95-97 Mixed/300 + +2.14/+1.95 +0.19 +0.17/+1.34 -1.17
33-1, 115-117  Mixed/212-300 +2.28/+1.75 +0.53 -0.18/+0.97 -1.15} +0.24 -1.00 =017 £0.26
33-1, 134-136  Mixed/180-250 +1.96/+1.87 +0.09 +0.23/+1.21 -0.98
33-2, 20-22 Mixed/180-250 +2.23/+1.94 +0.29 +0.18/+1.17 -0.99
33-2, 38-40 150-212/150-212  +2.09/+2.11 -0.02 +0.06/+1.15 —1.09
Mixed/150-212 +2.45/+2.11 +0.34 +048/+1.15 -0.67
33-2, 59-61 180-250/212-300  +2.22/+2.11 +0.11 +0.07/+1.38 —1.31
33-2, 100-102  Mixed/mixed +2.20/+2.08 +0.12 +0.39/+1.51 -1.12
2 Not calculated for fewer than five increments.
Values from Sample 522-33-2, 137-139 cm not included.
¢ Gyroidinoides spp. include G. soldanii and a Gyroidinoides sp. Ci kullenbergi (s.1.) includes C. kullenbergi, C. cf. kullenbergi, and a Cibicic sp.

Globocassidulina spp. include G.

bglobosa and G. cf.
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ple 522-29-2, 56-58 cm results in a vertical gradient of
1.3 %o. Making similar adjustments in Sample 522-19-2,
30-32 cm also indicates a vertical gradient of 1.3%,. The
average of 21 pairs of benthic values to surface plank-
tonic values from Core 33 and above is 1.4 + 0.2 %,.
Thus, we infer that the total ‘‘equilibrium”’ gradient at
Site 522 during the Oligocene was at least 1.4 %,, per-
haps even several tenths greater. A comparable number
for the modern ocean at Site 522 would be 3.5 %o.
Information on the isotopic gradient in the upper few
hundred meters of the water column during the early
Oligocene at Site 522 is provided by analyses of the
deep-dwelling planktonic foraminifers of the genus Cata-
psydrax. In paired analyses with G. euapertura, the 5§80
values for Catapsydrax spp. average 0.7 %, more posi-
tive. After the —0.3 %, correction to G. euapertura,
these data suggest a 1.0 %, isotopic gradient for the up-
per part of the water column. The comparable number
for the modern ocean at Site 522 would be 1.7 %, (see
Tables 3 and 4). Comparisons of modern with Oligo-
cene gradients are discussed in a following section.

Time Series

Figure 3 shows the overall late Eocene-Oligocene
oxygen- and carbon-isotope record derived from Holes

Table 3. Summary of oceanographic data used
to calculate expected values for 6 °O for cal-
cite at Site 522. All data are for the modern

ocean.
Water 26°S, 5°W 33°S, 5°W
depth m) T (°C) S (%) T (°C) S (%)

0 20.63 36.03 18.89  35.52

50 19.35 36.00 17.61 35.49
100 18.00 3585 16.29 3545
200 1475 3539 1436  35.21
400 10.55 34.88 10.60 34.83
3000 2.25  34.88 2.25 34.88
3500 2.00 34.87 2.00 34.87

Note: T = water temperature, S = salinity.

522 and Hole 522A. A gradual enrichment of 0.5 %, in
the benthic 6180 in the late Eocene is followed by a more
sudden enrichment of about 0.5 %, in the Oligocene. All
analyses of Cibicidoides kullenbergi (s.1.) in the lower
part of Core 33-2 exceed +2.00 %, (see Fig. 4). Within
Core 33 there is a trend in C. kullenbergi (s.1.) 6130
toward more negative values upsection. This trend con-
tinues above Core 33 until the late Oligocene values ap-
proach the latest Eocene and earliest Oligocene values.
A brief reversal in this trend occurs in Core 27. Addi-
tional work is necessary to evaluate the significance of
this reversal.

The planktonic 630 record as measured by Globiger-
ina galavisi and G. euapertura does not show an enrich-
ment during the late Eocene, but it does record the early
Oligocene 0.5 %, positive shift apparent in the benthic
data. Although variable, the planktonic 680 values do
not show a clear trend toward more negative values
within Core 33 (see Fig. 4). Above Core 33 there is a
tendency for planktonic 6!80 to become more negative,
but the youngest part of the record is poorly controlled
because increased dissolution has greatly reduced the
planktonic assemblages in both diversity and number.
In fact, planktonic values above Core 26 may be biased
toward dissolution-resistant specimens.

The late Eocene positive shift in benthic 6130 that is
not accompanied by a similar change in planktonic §'80
may represent a temperature effect caused by subsi-
dence. As Site 522 subsided from ridgecrest depths, ben-
thic calcite may have been secreted in progressively
deeper and thus cooler waters. Alternatively, the late
Eocene positive shift may record a temperature change
in the deep waters of this area of the South Atlantic.

The early Oligocene positive shift in §!20 is recorded
by both the benthic and the planktonic foraminifers and
is interpreted as being caused by an increase in global ice
volume. The trend toward more negative benthic 61830
values through the rest of the Oligocene—which is also
seen, although less clearly, in the planktonic §180—sug-
gests to us that the average volume of global ice de-
creased during the Oligocene. The interpretation of the

Table 4. Comparison of measured and theoretical values of 8180 for the lower
Oligocene. Measured values are from Core 33 and are %, PDB. Theoretical
values are %, and calculated as stated below. Temperature and salinity data

are listed in Table 3.

Average
lower

Late
Pleistocene  Oligocene  Oligocene

Oligocene values Modern glacial ice ice-freg
for Core 33 values model® model model
Lightest planktonic foraminifers +1.0! ~0.34 +13 +1.0 -1.3
(surface dwellers)
Heaviest planktonic foraminifers +2.0% +1.44 +1.8 +1.6 +1.4
(deep dwellers)
“Equilibrium”* benthic foraminifers +2.453 +3.7% +5.3 +5.0 +2.7

I The average of 45 Globigerina euapertura values minus 0.3 %, (see text, Fig. 2, and Table 2).
The average of 5 Catapysdrax sp. values and also G. euapertura plus 0.7 %, (see Table 2).

The average of 13 Cibicidoides sp. values plus 0.5 %,.

Calculated from temperature and salinity data in the GFDL data base for 26°S, 5°W (Table 3).
S Calculated from temperature and salinity data that represent the average of GEOSECS data for Sites

103, 104, and 105 for 3000 to 3500 m water depth.

6 Calculated like the modern values but assuming an effect of ice volume on the 5180 of seawater of

+1.6 %o.

7 Calculated from temperature and salinity data in the GFDL data base for 33°S, 5°W (Table 3) and assum-

ingatsl

O of seawater of +1.3 %, relative to modern.

8 Calculzit d from temperature and salinity data in the GFDL data base for 33°S, 5°W (Table 3) and assum-

ingad
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O of seawater of —1.0 %, relative to modern.
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Figure 3. Late Eocene-Oligocene stable-isotope record. Data from Cores 14 to 38 are from Hole 522; data from
Cores 29 to 31 at bottom of section are from Hole 522A. Boxes plotted opposite Core 33 enclose range of values

found in high-resolution study; see Fig. 4.

late Oligocene planktonic record is uncertain, however,
because of the paucity of data and the possibility of sea-
sonality effects.

A striking feature of the Oligocene 6!3C record shown
in Figure 3 is the depletion in benthic §!3C upsection.
Most of the depletion appears to occur between 110 and
100 m sub-bottom and coincides with the general change
to more dissolved planktonic foraminifer assemblages
and decreased carbonate content of sediments above
Core 26. We interpret the benthic §!3C shift in Figure 3
as an indication of the subsidence of the seafloor at Site
522 out of one intermediate water mass into an older
and more corrosive intermediate or bottom water mass.

This interpretation is supported by the sediments recov-
ered in Hole 523, which was drilled fairly close to Site
522 but on basal middle Eocene crust (Fig. 1). In con-
trast to the moderately well preserved upper Eocene to
lower Oligocene sequence of Hole 522, the upper Eo-
cene to lower Oligocene section of Hole 523, which was
deposited at a greater depth, shows marked effects of
dissolution. For example, the upper Eocene planktonic
foraminifer assemblages from Hole 523 often consist
solely of fragments of the robust genus Globigerinath-
kea. Thus, at least two distinct deep-water masses ex-
isted in the vicinity of Site 522 during the late Eocene
and Oligocene.
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Figure 4. High-resolution study of lower Oligocene Core 33 of Hole 522. Vertical scale bar is approximately
100,000 yr. Superscripted 2 represents two analyses with the same values.

The planktonic §!3C record also becomes more nega-
tive upsection, and the change appears to occur in two
successive steps—between Cores 33 and 31 and between
Cores 27 and 25. We attach no particular significance to
this observation at this time.

High-Resolution Time Series

Figures 4 and 5 show the results of a detailed analysis
of Core 33. Sample spacing is on the order of every 5000
to 10,000 yr., and the study was undertaken to look for
high-frequency changes in the isotopic record similar to
those found in Quaternary isotopic records. The plank-
tonic 6!80 record from Section 1 of Core 33 (Globi-
gerina euapertura) shows a fluctuation with an ampli-
tude of 0.5 %, and a wavelength of about 100,000 yr.
(Fig. 4). The G. ampliapertura data are in good agree-
ment with the G. euapertura data (Fig. 5). In addition, a
correlation coefficient of +0.75 (significant at the 95%
confidence level) exists between the 5180 values of the
lightest planktonic foraminifers and Cibicidoides kul-
lenbergi (s.1.) for this section, suggesting a common ori-
gin (such as ice-volume fluctuation) for the planktonic
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and benthic signals. For Section 2 of Core 33, the rela-
tionships are less clearly defined. The 6180 data for G.
euapertura appear to define a fluctuating signal, but the
fluctuation is not confirmed by the G. ampliapertura or
benthic data.

Taken as a whole, we consider the results of the Core
33 high-resolution experiment to be suggestive but in-
conclusive. If a periodicity on the order of 100,000 yr.
or less is present, its amplitude lies close to the precision
of this study. We plan to undertake similar studies else-
where in Hole 522 utilizing more duplicates (larger sedi-
ment samples) and greater analytical precision (more
foraminifers and a longer record).

DISCUSSION

Isotopic Temperature Scale

Oxygen-isotope analyses are often used to estimate
the temperatures of Tertiary oceans. Determining tem-
peratures from measured §!80 involves making a num-
ber of assumptions, because the isotope ratio of marine
biogenic calcite is a function of several factors, in-
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Figure 5. Comparison of 8'80 of Globigerina euapertura and G. am-
pliapertura in lower Oligocene Core 33 of Hole 522. Superscripted
2 represents two analyses with same values.

cluding water temperature, the isotopic composition of
seawater, and biologic effects. The 5180 of seawater is,
in turn, influenced by the volume of global ice and local
salinity. Most investigations of deep sea sediments as-
sume that normal open ocean salinities existed back
through the Tertiary unless there is strong lithologic or
paleontologic evidence for abnormal conditions. The re-
sults of multiple species studies done on Quaternary and
older samples are usually relied upon to mitigate the
problems associated with biologic effects. There is dis-
agreement, however, over the best way to deal with the
fluctuations in the isotopic composition of seawater that
are associated with changes in global ice volume.

The isotope temperature scales most commonly used
for the Tertiary (Shackleton and Kennett, 1975; Savin et
al., 1975) are constructed by assuming that the world
was not glaciated before the middle Miocene. Thus,
they incorporate an ice-free 680, yater term to calculate
paleotemperatures. However, we contend that much iso-
topic evidence and other data suggest the world has been
glaciated during most of Tertiary and perhaps during
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the late Mesozoic as well (Matthews and Poore, 1980).
Isotopic and paleontological data from Hole 522 pro-
vide several lines of evidence that support the presence
of a significant volume of global ice during the Oligo-
cene. The following discussion concerns the early Oligo-
cene because that is the interval for which we have the
most data.

In Hole 522, the most negative early Oligocene 680
values for planktonic foraminifers are between + 0.7 %o
and + 1.0 %,. We have analyzed a large number of taxa
from this interval and believe that these values are repre-
sentative of sea-surface conditions. According to the
isotope temperature scale of Shackleton and Kennett
(1975), the maximum temperature of the sea surface
during the early Oligocene at Site 522 was 8 to 9°C.

The lower Oligocene foraminifer assemblages from
Hole 522 are diverse; most assemblages contain 20 or
more taxa (Poore, this vol.). The lower Oligocene nan-
nofossil assemblages are also diverse, and the warm-wa-
ter genera Discoaster and Sphenolithus are common to
abundant in most samples (Percival, this vol.). The low-
er Oligocene planktonic microfossil assemblages of Site
522 are inconsistent with such low sea-surface tempera-
tures. We conclude that the water must have been warm-
er than 8 to 9°C and that the isotopic temperature scale
requires revision to take into account the effects of glo-
bal ice volume.

We reach a similar conclusion from an evaluation of
the benthic data. The observed values of 5'%0 for ben-
thic calcite during the early Oligocene of Hole 522 are
generally more than +2.0 %o, and values around +2.5
9%, are common. We established in an earlier section that
the maximum observed benthic 6!80 probably underes-
timates isotopic equilibrium by at least 0.5 %,. Thus,
“‘equilibrium’’ benthic calcite would be about +2.5 %,
to + 3.0 %,. According to the isotope temperature scale
of Shackleton and Kennett (1975), the temperature of
the early Oligocene bottom waters at Site 522 (early Oli-
gocene depth = 3000-3500 m) were about 0°C (+3.0
%o) to 2°C (+2.5 %o). This interpretation suggests that
waters at a depth of 3000 to 3500 m in the western South
Atlantic during the early Oligocene were up to 2°C cold-
er than they are today (see Table 3). A more reasonable
interpretation of these isotope data, in our view, is to in-
fer that the water temperature was higher (closer to its
temperature today) and that the temperature scale must
be recalculated to take into account the effects on the
5180 of seawater caused by the presence of ice sheets.

Comparison of 6180 Values to Models

In order to compare our Oligocene data to the mod-
ern and hypothetical oceans, we calculated the §'30 val-
ues expected on the basis of modern oceanographic data
and explicit assumptions. The temperature (T) and sa-
linity (S) data in Table 3 for water depths of 400 m and
less are annual averages taken from the Geophysical
Fluid Dynamics Laboratory (GFDL) data base (Levitus
and Oort, 1977). The T and S data for water depths of
3000 and 3500 m are the average of Geochemical Ocean
Sections Study (GEOSECS) data for Sites 103, 104, and
105.
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The data from Craig and Gordon (1965) for 14°S to
24°S in the Atlantic were used to estimate the §!80 of
seawater as follows:

Seawater 680 = 0.55(Salinity, %o) —19.278 (1)

We can then use T from Table 3 and the 620 of sea-
water from Equation (1) to solve the equation of Ep-
stein et al. (1953) for the §!80 value of calcite.

The most enriched 680 value in planktonic foramini-
fers is assumed to be the 6180 calcite value at the 26.8 o
surface (Curry and Matthews, 1981). The expected 5130
calcite value for the 26.8 oy surface is estimated by lin-
ear interpolation between the bracketing calculated val-
ues. For the calculation of density profiles in models,
the relationship of salinity to ice volume is expressed by
assuming that a 1 %, change in salinity is equal to a
1 %o change in the 6130 of seawater.

Table 4 compares some of our Site 522 30 data with
simple models. Consider first the isotopic gradient be-
tween the lightest and heaviest planktonic foraminifers.
The observed average early Oligocene gradient is 1.0 %,
considerably less than the modern gradient of 1.7 %..
Curry and Matthews (1981) propose that deep-dwelling
planktonic foraminifers occupy the 26.8 o surface and
therefore move upward during glacial periods in re-
sponse to the increased salinity caused by the removal of
water from the world’s oceans. This effect reduces the
6180 gradient between the shallow and deep dwellers. As
indicated in Table 4, late Pleistocene glaciation would
reduce this gradient to 0.5 %,. Thus, an ‘‘ice volume ef-
fect”” changes the surface-to-deep-dweller 680 gra-
dient in the proper direction to explain our Site 522 early
Oligocene data.

Consider next the early Oligocene Site 522 §'80 gra-
dient of 1.45 %, between the planktonic and benthic
foraminifers. The modern gradient is 4.0 %,, as it is in
simple ‘‘ice volume effect’’ models. The possibility that
the gradient has been reduced by diagenesis (Baker et
al., 1982, for example) is worthy of consideration, but
we do not have the data to address that question here.

There may also be paleoceanographic explanations
for the smaller Oligocene gradient, such as changing
patterns of temperature and/or oceanic salinity. If the
small planktonic-to-benthic 680 gradient were to be ex-
plained solely as a temperature effect (i.e., reduced
range of T between surface and bottom waters), the ear-
ly Oligocene ot gradient would be a mere 0.9, compared
with the modern gradient of 2.3. Such an ocean would
have a greatly reduced rate of deep circulation as com-
pared with the modern ocean. This would be contrary to
our observation of relatively positive benthic §!3C val-
ues and to our observation of dissolution effects asso-
ciated with an upper Eocene-lower Oligocene middepth
water mass boundary. We therefore reject a simple tem-
perature explanation for the small planktonic-to-ben-
thic 6180 gradient.

The midlatitude production of warm saline bottom
water (WSBW) (Peterson et al., 1981, for example) is
attractive for our purposes because such production
would decrease the §'80 gradients at low-latitude sites
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yet permit a reasonable o gradient. However, the con-
servation of water requires that the continuous produc-
tion of WSBW be offset by the production of large vol-
umes of reduced salinity water elsewhere in the world
ocean. The existence of low salinity (and therefore,
more negative §!80) polar oceans is an attractive con-
cept, but evaluating the matter requires quantitative
modeling beyond the scope of this paper.

There remains the matter of estimating the effect of
ice volume on the 880 of seawater during the Oligo-
cene. In Table 4, the Oligocene ice model sets the §'80
of water at + 1.3 %, with respect to modern seawater so
that modern sea-surface temperatures are compatible
with the lightest planktonic §!80 values observed during
the early Oligocene. Since Site 522 was about 7° farther
south in the early Oligocene (Barron et al., 1981), mod-
ern oceanographic conditions at 33°S, 5°W were used
to calculate the Oligocene values shown in Table 4. The
resulting estimate of benthic 680 is +2.55 %, heavier
than the observed data. On the other hand, the Oligo-
cene ice-free model sets the 6180 of seawater at — 1.0 %o
with respect to modern seawater and thereby derives sur-
face 6180 values values 2.3 %, lighter than the observed
data. Thus, it is clear that the Oligocene ocean was quite
different from either the modern or the late Pleistocene
glacial ocean. Surface water was cooler and/or bottom
water was warmer. In a previous section we noted that
the faunal and floral data from Hole 522 argue against
very cool sea-surface temperatures. Thus, we reject the
hypothesis of significantly cooler sea-surface tempera-
tures to explain our early Oligocene isotopic data.

If the early Oligocene sea-surface temperature at Site
522 is assumed to be equivalent to modern, a §!80 of
seawater ice-volume effect of +1.3 %, relative to mod-
ern is indicated. This would require a bottom-water tem-
perature of 12°C to satisfy observed benthic foramin-
ifer 8180 values. This is consistent with the Matthews
and Poore (1980) estimate of Oligocene bottom-water
temperature based on a similar analysis of isotopic data
from tropical sites and favors the WSBW model of Pe-
terson et al. (1981).
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