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ABSTRACT

Oxygen and carbon isotopic data from mixed species of the benthic foraminifer Cibicidoides at Site 574 in the equa-
torial Pacific are compared with benthic foraminiferal isotopic data from equatorial Pacific Site 77 (Keigwin and Keller,
1984) and western North Atlantic Site 563 (Miller and Fairbanks, 1983, in press). Cibicidoides within the age range of
~ 33 to 35 Ma (within the early Oligocene) at the Pacific sites were lower in δ 1 3C than those of the same age from the
North Atlantic site. For those from ~26 to 33 Ma (late early to late Oligocene), the equatorial Pacific and western
North Atlantic δ 1 3C values were similar, whereas for those from ~26 to 12 Ma (latest Oligocene to Miocene) (see Miller
and Fairbanks, 1983), Pacific values were lower. We suggest that this reflects bottom-water production analogous to
modern North Atlantic Deep Water (NADW) in the early Oligocene and latest Oligocene to Miocene and reduced pro-
duction of "NADW" in the late early to late Oligocene. High δ 1 8 θ values (approximately 2.0‰) were recorded at Site
574 for Cibicidoides at 36 Ma (earliest Oligocene); high, oscillating δ 1 8 θ values occurred from 30 to 29 Ma (near the
early/late Oligocene boundary). These intervals of high δ 1 8 θ values apparently represent either bottom waters colder
than at present or the presence of significant continental ice sheets. We suggest that major periods of continental glacia-
tion occurred at approximately 36 and from 29 to 30 Ma.

INTRODUCTION

Isotopic studies of Tertiary benthic foraminifers have
emphasized δ 1 8 θ history and have used these records as
indicators of past ice volume (hence sea level) and bot-
tom-water temperatures (Shackleton and Kennett, 1975;
Savin et al., 1975, 1981; Savin, 1977; Woodruff et al.,
1981). Although carbon isotopic records have been used
successfully in stratigraphy (e.g., Keigwin, 1979; Vin-
cent et al., 1980; Haq et al., 1980; Savin et al., 1981),
their utility as paleoenvironmental indicators has been
hindered by the numerous possible interpretations of the
relatively small variations in the δ1 3C records of deep
and bottom waters (Berger et al., 1981). Deep-water ben-
thic foraminiferal δ1 3C variations may be due to either
global changes in the 1 3C budget (Shackleton, 1977;
Broecker, 1982) or changes in abyssal circulation. (Kroop-
nick et al., 1972; Kroopnick, 1974, 1980; Bender and
Keigwin, 1979; Belanger et al., 1981; Curry and Loh-
mann, 1982, 1983). Most studies of North Atlantic Ter-
tiary δ1 3C records have been restricted to bathyal loca-
tions, and therefore may only represent changes in inter-
mediate water (Blanc et al., 1980; Blanc and Duplessy,
1982). Tertiary carbon isotopic comparisons also have
been hampered by most data being based on analyses of
benthic assemblages or taxa (such as Oridorsalis spp.)
that do not accurately record modern deep-sea δ1 3C dis-
tributions (Belanger et al., 1981).

Curry and Lohmann (1982, 1983) isolated abyssal cir-
culation changes from global δ1 3C changes for the late
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Quaternary by examining synoptic benthic foraminiferal
δ1 3C records over a wide bathymetric range from a small
geographic region. Such core coverage is lacking in the
Tertiary, but it is possible to make comparisons of δ1 3C
from different ocean basins to isolate global changes from
abyssal circulation changes. This method assumes that
the records compared are representative of bottom-wa-
ter δ1 3C conditions for the basins examined.

Miller and Fairbanks (1983) noted three cycles in the
Oligocene to middle Miocene benthic foraminiferal δ1 3C
record. These cycles were observed in benthic foramini-
fers from the North Atlantic (Miller and Curry, 1982;
Miller and Fairbanks, 1983, in press), the South Atlan-
tic (Poore and Matthews, 1984; Shackleton et al., 1984),
and the Pacific (Savin et al., 1981; Keigwin and Keller,
1984). They were also observed in planktonic foramini-
fers (Shackleton et al., in press; Miller and Fairbanks, in
press), suggesting that these δ1 3C cycles resulted from
global changes in the 1 3C budget (Miller and Fairbanks,
1983, in press).

Synoptic offsets in δ1 3C between basins can be used
to infer abyssal circulation. The interpretations of such
interbasinal comparisons are based on analogy with the
modern ocean. Today, basin-basin fractionation (Ber-
ger, 1970) results in Pacific bottom water having δ1 3C
values lower by approximately l.O‰ than Atlantic bot-
tom water, which is influenced by production of young,
13C-enriched North Atlantic Deep Water (NADW)
(Kroopnick et al., 1972; Kroopnick, 1974, 1980). Miller
and Fairbanks (1983) measured an offset between At-
lantic and Pacific benthic foraminiferal δ13C records from
the latest Oligocene (-26 Ma) to middle Miocene ( - 1 2
Ma) that was similar to the modern offset. They con-
cluded that the production of bottom water analogous
to modern NADW began prior to the latest Oligocene.
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They could not extend their comparison further back in
time because of a lack of suitable data from the Oligo-
cene of the Pacific.

We attempt to isolate the Oligocene global δ1 3C sig-
nal from abyssal circulation δ1 3C changes by making in-
terbasinal (North Atlantic versus Pacific) comparisons
of δ1 3C records. Oligocene oxygen and carbon isotopic
data from Site 574 in the equatorial Pacific (03°59.24'N,
114°8.53'W; 4561 m present water depth; this study)
are compared with records from Site 77 in the equatorial
Pacific (00°28.90'N, 133°13.7O'W; 4291 m present wa-
ter depth; Keigwin and Keller, 1984) and Site 563 in the
western North Atlantic (33°38.53 'N, 43°46.04'W; 3496 m
present water depth; Miller and Fairbanks, 1983). These
comparisons demonstrate that higher δ13C values occurred
at the Atlantic site from 33 to 35 Ma (within the early
Oligocene) and from 26 to 12 Ma (latest Oligocene to
Miocene) (Miller and Fairbanks, 1983). However, δ1 3C
values were similar (with variations being <O.3%o) at all
three locations between about 26 and 33 Ma (late early
to late Oligocene).

METHODS

Isotopic analyses were performed on mixed species of
the benthic foraminiferal taxon Cibicidoides. This taxon
secretes calcite tests that have a constant offset from
δ 1 8 θ equilibrium equal to O.65%o (Shackleton and Op-
dyke, 1973; Duplessy et al., 1980; Woodruff et al., 1980;
Belanger et al., 1981; Graham et al., 1981). Studies of
Holocene core tops demonstrated that Cibicidoides ac-
curately reflects the distribution of δ1 3C of Σ C O 2 in the
modern ocean (Belanger et al., 1981; Graham et al.,
1981).

Samples were washed with sodium hexametaphosphate
and/or hydrogen peroxide in tap water through a 63 µm
sieve and air dried. Specimens for isotopic analyses were
ultrasonically cleaned in distilled water for 10 to 20 s,
crushed, and roasted at 370°C in a vacuum to remove
organic matter. The CaCO3 was reacted with H 3 PO 4 at
50° C, and the gas was analyzed on a VG Micromass
903E mass spectrometer at Lamont-Doherty Geological
Observatory (see Table 1; Fig. 1). Ages are reported us-
ing the Berggren et al. (in press) time scale by interpola-
tion between datum levels (see Figs. 2 and 3).

Sites 574, 77, and 563 were located at abyssal depths
(greater than 2000 m) during the Oligocene. Site 563 can
be "backtracked" (Sclater et al., 1971; Berger and Win-
terer, 1974; Sclater et al., 1977; Parsons and Sclater,
1977) using the empirical western North Atlantic age ver-
sus subsidence curve (Tucholke and Vogt, 1979) to about
2200 m during the earliest Oligocene (36 Ma) and 3100 m
during the latest Oligocene (24 Ma). Backtrack estimates
are 3200 and 2700 m during the earliest Oligocene (36 Ma)
and 3900 and 3600 m during the latest Oligocene (24 Ma)
for Sites 574 and 77, respectively (using the empirical
Pacific age-subsidence curve of Sclater et al., 1977).

RESULTS AND DISCUSSION

We sampled approximately one sample per core (29
samples); thus, for the 14 m.y. interval studied, our av-

erage sampling interval is approximately 0.5 m.y. If high-
frequency changes similar to those of the Quaternary
are present (on the order of 104 to 105 yr.), our sampling
would introduce aliasing. However, the oxygen and car-
bon isotopic records from Site 574 (Fig. 1) show pat-
terns and magnitudes that are remarkably similar to rec-
ords from Site 77 (Fig. 2) (Keigwin and Keller, 1984).
This consistency exists between sites with different sam-
pling intervals (Fig. 2). Thus, we believe that our sam-
pling interval is sufficient to resolve isotopic changes on
the order of 106 to 107 yr.
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Figure 1. Oxygen and carbon isotopic values for the benthic forami-
niferal taxon Cibicidoides at Site 574. Vertical line on left indicates
the mean of 1 3 C values at 0.6‰ (see Table 1); depleted intervals are
indicated with stipples. The Eocene/Oligocene boundary is drawn
at the last occurrence of Nuttallides truempyi, although nannofos-
sils suggest that it may be above this by ~ 2 m; the lower/middle
Oligocene boundary is drawn on the basis of estimates from inter-
polation of sedimentation rates.
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Figure 2. Age comparison of the records of Site 574 (dots) and Site 77
(squares). Site 77 data: Oligocene, after Keigwin and Keller (1984);
Miocene, after Savin et al. (1981). Age assignments for Site 77 ob-
tained by interpolating between the following datum levels: first
occurrence (FO), Prαeorbulinα, 241 m sub-bottom, 16.6 Ma; FO,
G. kugleri, 317 m, 23.6 Ma; last occurrence (LO), Chiloguembeli-
nα, 375 m, 30.0 Ma; LO, Pseudohαstigβrinα, 413.5 m, 34.0 Ma;
oxygen isotopic enrichment, 470 m, 36.4 Ma. Biostratigraphic da-
tum levels after Keller (1981) and Hays et al. (1972). Age assign-
ments for Site 574 after Site 574 chapter, this volume.

It is possible for diagenesis to alter the original iso-
topic record in such cases as this (e.g., Arthur et al.,
1979; Miller and Curry, 1982; Killingley, 1983). How-
ever, this appears not to have occurred here. The close
agreement between the δ 1 8 θ records at Site 574 and 77
(Fig. 2) occurs at sites with different burial depths (cor-
responding sections at Site 574 are approximately 50 m
deeper). In addition, the oxygen values noted at these
sites are similar to Oligocene values reported elsewhere
(Keigwin, 1980; Miller and Curry, 1982; Poore and Mat-
thews, 1984; Belanger and Matthews, in press; Shack-
leton et al., 1984). The correspondence of δ 1 8 θ values
among sites with a wide range of burial depths and pres-
ervational states suggests that the records have not been
altered significantly by diagenesis.

Oxygen Isotopes

The δ 1 8 θ record at Site 574 shows a major increase
(~0.9‰ between 503 and 500 m sub-bottom depth) just
above the Eocene/Oligocene boundary (-504-506 m)
(Fig. 1). Keigwin (1980), Snyder et al. (1984), and Miller,
Curry, et al. (in press) demonstrated that a similar in-
crease at Sites 277 (Southern Ocean), 289 (Pacific), and
549 (northeastern North Atlantic) occurred immediately
following the extinction of planktonic foraminifers used

to recognize the Eocene/Oligocene boundary (i.e., Hαnt-
keninα spp. and Globorotαliα cerroαzulensis cerroαzu-
lensis) and also occurred within Zone NP21. Thus, if
the extinctions were synchronous, then the previously
reported enrichments should correlate in time (Miller,
Curry, et al., in press). The best estimate for the timing
of this enrichment is in the middle of Zone NP21 at ap-
proximately 36 ± 0.5 Ma (time scale of Berggren et al.,
in press); this is in good agreement with the estimate ob-
tained at Site 574 (36.4 Ma) by interpolation of sedi-
mentation rates. Such interpolations suggest that the ox-
ygen isotopic enrichment between 500 and 503 m sub-bot-
tom at Site 574 occurred in less than a 0.2-m.y interval.

At Site 574, the δ 1 8 θ increase occurred immediately
after the last occurrence (LO) of Nuttαllides truempyi
(LO, Sample 33-5, 141-143 cm; 506 m sub-bottom (Thom-
as, this volume). The δ 1 8 θ increase also postdated the
LO of Discoαster sαipαnensis (namely, within Zone NP21;
LO, between Sample 33-5, 5-7 cm, 504.14 m sub-bot-
tom and Sample 33-4, 114-116 cm, 504.55 m sub-bot-
tom). D. bαrbαdiensis has its LO between 574C-34-2,
93 cm and 574C-34-2, 60 cm (Barron et al., this vol-
ume). N. truempyi apparently became extinct at the end
of the Eocene (Tjalsma and Lohmann, 1983; Wood et
al., in press), suggesting that the increase occurred in
the earliest Oligocene. This is consistent with the assign-
ment of the increase to Zone NP21 because this zone
straddles the Eocene/Oligocene boundary (Snyder et al.,
1984; Miller, Curry, et al., in press).

At Site 77, a similar δ 1 8 θ increase was noted (Keigwin
and Keller, 1984); this enrichment also occurred just fol-
lowing the extinction of D. sαipαnensis and D. bαrbαdi-
ensis, namely, within Zone NP21 (Hays et al., 1972). Un-
fortunately, diagnostic planktonic foraminifers are miss-
ing from the uppermost Eocene to lowermost Oligocene
sections at Site 77 due to dissolution, and precise bio-
stratigraphic correlation (with resolution better than 1
m.y.) is therefore lacking. Because of this, we con-
strained our age model for Site 77 to the interval from
34 to 36 Ma (Fig. 2) using the earliest Oligocene oxygen
isotopic enrichment as an interpolation point.

Magnetostratigraphic data are needed to establish first-
order magnetostratigraphic, biostratigraphic, and isotop-
ic correlations and the isochrony of the earliest Oligo-
cene δ 1 8 θ increase. Our biostratigraphic and isotopic cor-
relations suggest that the increase should correlate with
the reversed interval of Chron C13 (i.e., between Anom-
alies 13 and 15) (chron terminology of LaBrecque et al.,
1983; see also Barron et al., this volume). The only pri-
mary correlation has been made at Site 522 (Poore and
Matthews, 1984; Oberhànsli et al., 1984), and is limited
by sample resolution. At Site 522, the enrichment could
have occurred either in the normal interval of Chron
C13 (i.e., 35.3 to 35.9 Ma) or immediately before it.

Oxygen isotopic values at Site 574 are relatively con-
stant between 424 and 465 m sub-bottom (lower Oligo-
cene) (Fig. 1; Table 1). A δ 1 8 θ increase and associated
series of oscillations occurs between 419 and 389 m near
the lower/middle Oligocene boundary in the upper part
of Zone NP23 to Zone NP24 and in Zone P21 to lower
Zone P22 (Site 574 chapter, this volume). This increase
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biostratigraphically correlates with a similar δ 1 8 θ change
noted at Site 77 in Zone P21 (Fig. 2) (Keigwin and Kel-
ler, 1984). Values in the interval from - 3 0 to 29 Ma
("middle" Oligocene) at Sites 574 and 77 are higher than
those noted in the lower Oligocene section; some values
exceed 2.O%o (Table 1). Oxygen isotopic values subse-
quently decrease in the uppermost Oligocene section. Res-
olution in the uppermost Oligocene at both sites is lim-
ited at present.

A comparison (Fig. 3) of the isotopic records at west-
ern North Atlantic Site 563 (Miller and Fairbanks, 1983)
with Sites 574 and 77 shows that the "middle" Oligo-
cene δ 1 8 θ increase is absent at Site 563. However, mag-
netobiostratigraphic comparisons (Miller, Aubry, et al.,
in press) show that the "middle" Oligocene at Site 563
is condensed or missing, specifically Chron C8R and
perhaps portions of Chrons CIO and C l l are missing
(chron terms of Berggren et al., in press).

Carbon Isotopes

The carbon isotopic record at Site 574 shows an en-
richment in the lowermost Oligocene at the same level as
the 1 8O enrichment; a similar enrichment was noted at
Site 77 (Fig. 2) (Keller and Keigwin, 1984). Between 461
and 499 m sub-bottom (lower lower Oligocene), δ1 3C
values are high (>O.6%o) compared with values between
451 and 341 m sub-bottom (upper lower and upper Oli-
gocene), which are less than O.7%o (Fig. 1). This pattern
of decreasing δ1 3C in benthic foraminifers from early to
late Oligocene was noted at Site 77 (Keigwin and Keller,
1984), Site 563 (Miller and Fairbanks, 1983), South At-

Table 1. Oxygen and carbon isotopic values for
mixed species of Cibicidoides, Site 574 (report-
ed to PDB standard).

δ1 8O(°/oo)
3.0 2.0 . 1.0

δ 1 3 C (°/
2.0 1.0

Sample
(interval in cm)

16,CC
17,CC
18,CC
19.CC
20.CC
21-1, 79-81
21-4, 88-93
22-2, 47-53
22-3, 125-130
22.CC
23-2, 96-101
23-5, 87-92
23.CC
24.CC
25,CC
26.CC
27,CC
28.CC
29-1, 80-83
29.CC
30,CC
31,CC
32.CC
33-1, 113-115
33-3, 113-115
34-1, 71-73
34-2, 25-27
35-1, 97-98
35-2, 99-100

Sub-bottom
depth

(m)

341.88m
353.97
358.48
368.17
384.25
385.29
389.88
395.97
398.20
398.87
405.96
410.37
412.47
419.47
424.51
435.90
446.86
451.57
461.32
465.27
474.85
483.15
493.19
499.64
502.64
508.72
509.76
518.48
520.00

Age

(Ma)

23.0
24.7
25.3
26.7
28.0
28.1
28.5
29.0
29.1
29.2
29.8
30.1
30.3
30.9
31.3
32.2
33.1
33.5
34.5
34.8
35.2
35.6
36.0
36.3
36.5
36.7
36.8
37.2
37.3

δ 1 8 θ
(‰)

1.15
1.46
1.54
1.71
1.61
1.67
1.75
2.01
1.73
2.27
1.65
2.23
1.87
1.43
1.61
1.61
1.51
1.55
1.53
1.05
1.19
1.51
1.86
1.84
0.99
0.83
0.96
1.05
1.41

δ 1 3 C
(‰)

0.49
0.40
0.28
0.55
0.62
0.43
0.35
0.24
0.17
0.60
0.38
0.18
0.31
0.21
0.56
0.34
0.40
0.56
0.94
0.71
0.72
0.90
1.40
1.48
0.89
0.57
0.58
0.83
1.06
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Figure 3. Comparison of δ 1 8 θ and δ 1 3C values for Cibicidoides at
western North Atlantic Site 563 (triangles), Pacific Site 574 (dots),
and Pacific Site 77 (squares). Age assignments for Site 563 based
on interpolation and extrapolation of sedimentation rates between
the following datum levels: top of Chron C5DN, 260.0 m sub-bot-
tom, 17.57 Ma; base of Chron C5DN, 267.0 m, 18.14 Ma; uncon-
formity 270.5 m at 18.42-19,41 Ma; base of Chron C6N, 277.5 m,
20.45 Ma; top of Chron C6CN, 296.5 m, 23.27 Ma; LO, Chilo-
guembelinα, 326.0 m, 30.0 Ma; base of Chron C12N, 339.0 m,
32.9 Ma; LO, Pseudohαsügerinα, 353.5 m, 34.0 Ma.

laπtic Site 522 (Poore and Matthews, 1984), Leg 74 (South
Atlantic) sites (Shackleton et al., 1984), Gulf of Mexico
Site 540 (Belanger and Matthews, in press), and Sites
119 and 400 in the Bay of Biscay (Miller and Curry,
1982). In addition, this δ1 3C change has been noted in
planktonic foraminifers (Shackleton et al., 1984; Miller
and Fairbanks, in press), implying that the decrease re-
sulted from a change in the global 1 3C budget.

Comparison of western North Atlantic (Site 563) and
Pacific (Sites 574 and 77) δ13C records shows that the Pa-
cific sites were depleted in 1 3C from about 33 to 35 Ma
(early Oligocene) and from 18 to 26 Ma (latest Oligo-
cene to Miocene). However, there appears to have been
little difference between the Atlantic and the Pacific sites
from about 26 to 33 Ma (late early to late Oligocene).
Our interpretation of the carbon isotopic record is that
in the early Oligocene and latest Oligocene to Miocene,
nutrient-depleted, 13C-enriched bottom waters formed
in the North Atlantic and/or its marginal seas. This cir-
culation pattern resulted in 13C-enriched bottom waters
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in the western North Atlantic relative to the Pacific, which
is a situation analogous to modern conditions. Similar-
ly, the apparent lack of δ13C difference between the equa-
torial Pacific and western North Atlantic sites from 26
to 33 Ma in the Oligocene indicates reduced bottom-wa-
ter formation analogous to NADW.

Glacio-Eustacy and the δ 1 8θ Record

What caused the major δ 1 8 θ increases that occurred
at about 36 Ma (earliest Oligocene) and 29-30 Ma (near
the early/middle Oligocene boundary)? Most isotopic
studies have assumed that no significant continental ice
existed prior to a δ 1 8 θ increase of the middle Miocene
(Shackleton and Kennett, 1975; Savin et al., 1975, 1981;
Woodruff et al., 1981). However, Matthews and Poore
(1980) suggested that significant ice volume may have
existed prior to the middle Miocene. Miller and Fair-
banks (1983) and Keigwin and Keller (1984) supported
this by noting that bottom waters must have been as
cold or colder than today if little or no ice was present in
the Oligocene. High δ 1 8 θ values (> 1.9‰) at about 36
and from 29 to 30 Ma at Site 574 supply further evi-
dence for ice volume at these times. Modern values for
Cibicidoides at Site 574 would be 1.6%o, assuming an
ice-free world (Graham et al., 1981; Shackleton and Ken-
nett, 1975). Therefore, if the Oligocene were ice free,
then bottom waters at Site 574 would have been 1-2°C
colder than today during the earliest Oligocene and near
the early/late Oligocene boundary. We believe that such
cold bottom-water temperatures (and the inferred cold
source region) are incompatible with an ice-free world
and suggest that the δ 1 8 θ increases resulted from a com-
bination of ice-volume increases and bottom-water tem-
perature drops.

Significant ice-volume increases would have resulted
in a glacio-eustatic lowering of sea level. The covariance
of planktonic and benthic foraminiferal δ 1 8 θ is used in
the Quaternary as an indicator of ice-volume changes
(e.g., Shackleton and Opdyke, 1973). Keigwin (1980)
and Keigwin and Keller (1984) noted approximately 0.3
and O.4%o covariance in planktonic and benthic fora-
miniferal δ 1 8 θ increases for the earliest Oligocene and
"middle" Oligocene, respectively. If it is assumed that
0.3 to O.4%o of the increases are attributable to ice-vol-
ume changes, sea level would have changed by 30 to 40 m
(according to the Quaternary ice volume-δ1 8θ calibra-
tion of Fairbanks and Matthews, 1978) in both the earli-
est and "middle" Oligocene.

Vail et al. (1977) and Vail and Mitchum (1980) noted
that a major coastal offlap occurred in the "middle"
Oligocene; they suggested that this was related to a ma-
jor low stand of eustatic sea level. We estimate that the
δ 1 8 θ increase that occurred near the early/late Oligo-
cene boundary at Sites 574 and 77 represents approxi-
mately 30 to 40 m of glacio-eustatic sea-level lowering.
The maximum δ 1 8 θ values at these sites (inferred mini-
mum glacio-eustatic sea level) occurred in the upper part
of undifferentiated Zone P21. The offlap event of Vail
et al. (1977) and Vail and Mitchum (1980) occurred in
Zone P21a at approximately 31 Ma (time scale of Berg-
gren et al., in press). Therefore, it apparently pre-dated
the inferred age of the minimum glacio-eustatic sea level

(= maximum δ 1 8 θ values) which is estimated as 29 to
30 Ma. This offset of 1 to 2 m.y. is difficult to evaluate
at present due to uncertainties in Oligocene biostratig-
raphy. If this difference is real, however, it may be re-
solved by noting that the inferred glacio-eustatic lower-
ing may have begun prior to 30 Ma (Fig. 2). Thus, the
continental margin may not be responding directly to
eustatic sea level, but rather to the rate of change of eu-
static sea level (Pitman, 1978; Pitman and Golovchenko,
1983; Thome and Watts, in press; Miller et al., 1985).

CONCLUSIONS

Two increases in benthic foraminiferal δ 1 8 θ occurred
in the Oligocene at Pacific Site 574: one at about 36 Ma
(earliest Oligocene) and the other at 29 to 30 Ma (near
the early/late Oligocene boundary). These increases are
interpreted as having resulted from a combination of ice-
volume increases and bottom-water temperature drops.

The δ1 3C record at Site 574 provides evidence for two
important conclusions. First, high δ1 3C values occurred
in the early Oligocene, then decreased later in the Oli-
gocene (after about 33 Ma). This pattern in benthic for-
aminifers has been noted in other Pacific, North Atlan-
tic, and South Atlantic locations. The presence of a
similar pattern in planktonic foraminifers (Shackleton
et al., 1984; Miller and Fairbanks, in press) suggest that
it resulted from global changes in the 1 3C budget. Sec-
ond, the Pacific was depleted in 1 3C relative to the west-
ern North Atlantic from about 33 to 35 Ma (within the
early Oligocene) and from 26 to 18 Ma (latest Oligocene
to Miocene). Miller and Fairbanks (1983) noted a simi-
lar offset between 26 Ma and 12 Ma (latest Oligocene to
Miocene). There was little δ1 3C difference between the
Atlantic and Pacific from about 26 to 32 Ma (late early
to late Oligocene). This pattern suggests production of
bottom water in the North Atlantic and/or its marginal
seas (analogous to present-day NADW) during part of
the early Oligocene (33 to 35 Ma) and latest Oligocene
to Miocene (26 to 12 Ma) and reduction of production
from 32 to 26 Ma.

Our δ1 3C comparisons involve only one Atlantic rec-
ord and therefore must be considered tentative. In addi-
tion, coverage of the latest Oligocene at Sites 574 and 77
is limited at present. Further comparisons of Atlantic
and Pacific abyssal benthic foraminiferal δ1 3C records
are needed to demonstrate that the δ1 3C differences ob-
served here reflect abyssal circulation changes.
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