
 
 

Geological Society of America 
3300 Penrose Place 

P.O. Box 9140 
Boulder, CO 80301 

(303) 447-2020 • fax 303-357-1073 
www.geosociety.org

 
 
Chapter 11: “Climate threshold at the Eocene-Oligocene transition: Antarctic ice sheet 
influence on ocean circulation” (K. Miller, J.D. Wright, M.E. Katz, B.S. Wade, J.V. Browning, 
B.S. Cramer, and Y. Rosenthal) in SPE452: The Late Eocene Earth—Hothouse, Icehouse, and 
Impacts (C. Koeberl and A. Montanari)  
 
 
This PDF file is subject to the following conditions and restrictions: 
 
Copyright © 2009, The Geological Society of America, Inc. (GSA). All rights reserved. 
Copyright not claimed on content prepared wholly by U.S. government employees within scope 
of their employment. Individual scientists are hereby granted permission, without fees or further 
requests to GSA, to use a single figure, a single table, and/or a brief paragraph of text in other 
subsequent works and to make unlimited copies for noncommercial use in classrooms to further 
education and science. For any other use, contact Copyright Permissions, GSA, P.O. Box 9140, 
Boulder, CO 80301-9140, USA, fax 303-357-1073, editing@geosociety.org. GSA provides this 
and other forums for the presentation of diverse opinions and positions by scientists worldwide, 
regardless of their race, citizenship, gender, religion, or political viewpoint. Opinions presented 
in this publication do not reflect official positions of the Society.  
 
This PDF file may not be posted on the Internet. 



169

Miller, K.G., Wright, J.D., Katz, M.E., Wade, B.S., Browning, J.V., Cramer, B.S., and Rosenthal, Y., 2009, Climate threshold at the Eocene-Oligocene transition: 
Antarctic ice sheet infl uence on ocean circulation, in Koeberl, C., and Montanari, A., eds., The Late Eocene Earth—Hothouse, Icehouse, and Impacts: Geologi-
cal Society of America Special Paper 452, p. 169–178, doi: 10.1130/2009.2452(11). For permission to copy, contact editing@geosociety.org. ©2009 The Geological 
Society of America. All rights reserved.

The Geological Society of America
Special Paper 452

2009

Climate threshold at the Eocene-Oligocene transition: 
Antarctic ice sheet infl uence on ocean circulation

Kenneth G. Miller
James D. Wright

Department of Earth and Planetary Sciences, Rutgers University, Piscataway, New Jersey 08854, USA

Miriam E. Katz
Department of Earth and Environmental Sciences, Rensselaer Polytechnic Institute, Troy, New York 12180, USA

Bridget S. Wade
Department of Geology & Geophysics, Texas A&M University, College Station, Texas 77840, USA

James V. Browning
Benjamin S. Cramer

Department of Earth and Planetary Sciences, Rutgers University, Piscataway, New Jersey 08854, USA

Yair Rosenthal
Institute of Marine & Coastal Sciences and Department of Earth and Planetary Sciences, 

Rutgers University, New Brunswick, New Jersey 08901, USA

ABSTRACT

We present an overview of the Eocene-Oligocene transition from a marine per-
spective and posit that growth of a continent-scale Antarctic ice sheet (25 × 106 km3) 
was a primary cause of a dramatic reorganization of ocean circulation and chemis-
try. The Eocene-Oligocene transition (EOT) was the culmination of long-term (107 yr 
scale) CO2 drawdown and related cooling that triggered a 0.5‰–0.9‰ transient pre-
cursor benthic foraminiferal δ18O increase at 33.80 Ma (EOT-1), a 0.8‰ δ18O increase 
at 33.63 Ma (EOT-2), and a 1.0‰ δ18O increase at 33.55 Ma (oxygen isotope event 
Oi-1). We show that a small (~25 m) sea-level lowering was associated with the pre-
cursor EOT-1 increase, suggesting that the δ18O increase primarily refl ected 1–2 °C 
of cooling. Global sea level dropped by 80 ± 25 m at Oi-1 time, implying that the 
deep-sea foraminiferal δ18O increase was due to the growth of a continent-sized Ant-
arctic ice sheet and 1–4 °C of cooling. The Antarctic ice sheet reached the coastline 
for the fi rst time at ca. 33.6 Ma and became a driver of Antarctic circulation, which 
in turn affected global climate, causing increased latitudinal thermal gradients and a 
“spinning up” of the oceans that resulted in: (1) increased thermohaline circulation 
and erosional pulses of Northern Component Water and Antarctic Bottom Water; 
(2) increased deep-basin ventilation, which caused a decrease in oceanic residence 
time, a decrease in deep-ocean acidity, and a deepening of the calcite compensation 
depth (CCD); and (3) increased diatom diversity due to intensifi ed upwelling.

Keywords: Antarctica, sea level, oxygen isotopes, Oligocene, Eocene.



INTRODUCTION: THE BIG CHILL

The Eocene-Oligocene transition is the most profound ocean-
ographic and climatic change of the past 50 m.y. Cooling began 
in the middle Eocene and culminated in the major earliest Oli-
gocene δ18O increase (oxygen isotope event Oi-1, ca. 33.55 Ma). 
The Eocene-Oligocene transition is the largest of three Cenozoic 
deep-sea benthic foraminiferal δ18O increases (Fig. 1), which 
also include the middle Miocene (ca. 14.8 Ma), when a perma-
nent (i.e., dry-based) Antarctic ice sheet developed (Shackle-
ton and Kennett, 1975), and the late Pliocene (ca. 2.6 Ma), 
when Northern Hemisphere ice volume increased (Shackleton 
et al., 1984) (“the Ice Ages”). Most studies agree that the earliest 
Oligocene δ18O increase (Oi-1; 33.55 Ma) signaled the beginning 
of the icehouse Earth, with large ice sheets on Antarctica (Miller 
et al., 1991, 2005a, 2005b; Zachos et al., 1996). The 33.55 Ma 
event is marked by a 1.0‰ increase in deep-sea benthic forami-
niferal δ18O throughout the Atlantic, Pacifi c, Indian, and South-
ern Oceans (Corliss et al., 1984; Coxall et al., 2005; Keigwin, 
1980; Kennett and Shackleton, 1976; Miller et al., 1987; Savin 

et al., 1975; Shackleton and Kennett, 1975; Zachos et al., 2001) 
(Fig. 1). A latest Eocene precursor 0.5‰ δ18O increase has been 
documented in the deep Pacifi c (Coxall et al., 2005) and Gulf 
Coast paleoshelf (Miller et al., 2008a; Katz et al., 2008), yield-
ing an overall increase of ~1.5 ‰ across the Eocene-Oligocene 
transition (Fig. 2).

Deep-sea benthic foraminiferal δ18O records refl ect changes in 
both temperature and δ18Oseawater due to ice-volume changes, 
complicating interpretations of the Eocene-Oligocene transi-
tion.1 Over the past 50 m.y., long-term (107 yr) deep-sea ben-
thic forami niferal δ18O values have increased by ~5‰ (Miller 
et al., 1987, 2005a) (Fig. 1). Assuming that ice-volume changes 
can only explain ~2.0‰ of the total increase (assuming 0.11‰ 
per 10 m sea-level change; Fairbanks and Matthews, 1978; see 
following for discussion of this calibration), more than half of 
the long-term increase must be attributed to an ~12 °C cooling. 
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Figure 1. Comparison of the global 
sea level (blue indicates intervals con-
strained by data; black indicates esti-
mated lowstands; Kominz et al., 2008), 
benthic foraminiferal δ18O values (re-
ported to Cibicidoides and smoothed 
to remove periods shorter than 1 m.y.), 
diatom  diversity curve (Katz et al., 
2005), and atmospheric CO2 estimates 
derived from alkenones (Pagani et al., 
1999, 2005; stippled pattern—error) and 
boron isotopes (Pearson and Palmer, 
2000; stippled pattern—error). NHIS—
Northern Hemisphere ice sheets. The 
benthic foraminiferal curve is the At-
lantic synthesis of Miller et al. (2005a; 
http://geology.rutgers.edu/miller.shtml), 
which is smoothed to remove periods 
shorter than 1 m.y.

1Though local fractionation resulting from evaporation/precipitation changes 
affects the surface ocean, it has a minimal effect on deep-sea δ18O records, 
which refl ect ice volume and deep-sea temperature (which in turn refl ect high-
latitude surface temperature).
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Benthic  foraminiferal  Mg/Ca data show 12 °C of cooling over the 
last 50 m.y. (Lear et al., 2000), supporting this interpretation. On 
shorter time scales (105–106 yr), distinguishing the relative con-
tributions of ice versus temperature on δ18O records is diffi cult. 
As a result, considerable controversy has surrounded hypotheses 
about the cause(s) of the latest Eocene through earliest Oligocene 
δ18O increases, ranging from early studies that attributed them 
entirely to deep-water cooling (and hence, high-latitude surface-
water cooling; Shackleton and Kennett, 1975), to recent studies 
that ascribe the increase largely to ice-sheet expansion (Tripati 
et al., 2005). This latter interpretation requires continental ice 
storage  that is ~1.5 times larger than modern ice sheets in Ant-
arctica and the Northern Hemisphere, and it predicts a 150 m 
global sea-level (eustatic) fall. The extent of bipolar glaciation 
has been disputed (Edgar et al., 2007; Katz et al., 2008; Miller 
et al., 2008a) and is discussed in detail later.

The Eocene-Oligocene transition was associated with a 
dramatic  oceanographic reorganization and the largest climatic 
cooling of the Cenozoic. There was a major increase in ocean pro-
ductivity (see summary in Berger, 2007), a very large drop in the 
calcite  compensation depth (CCD) (Van Andel, 1975; Coxall et al., 
2005; Rea and Lyle, 2005), and pulses of strongly eroding Antarc-
tic bottom water (see summaries in Kennett [1977] and Wright and 
Miller [1996]) and Northern Component Water (see summaries in 
Tucholke and Mountain, 1979; Miller and Tucholke, 1983; and 
Miller, 1992). Paleontological evidence for cooling includes the 
development of psychrospheric (“cold-loving”) ostracods (Benson , 
1975), deep-sea and shelf benthic foraminiferal extinctions and ap-
pearances (e.g., Miller et al., 1992; Thomas, 1992), extinctions in 
tropical planktonic and larger foraminifera (Adams et al., 1986; 
Keller et al., 1992; Pearson et al., 2008; Wade and Pearson, 2008), 
and the decline of thermophilic calcareous nannoplankton (Aubry, 
1992; Dunkley Jones et al., 2008). Terrestrial cooling is indicated 
by pollen changes (e.g., New Jersey; Owens et al., 1988) and a 
mammalian turnover (e.g., England; Hooker et al., 2004). Regional 
aridifi cation was associated with terrestrial cooling (e.g., the Hima-
layas; Dupont-Nivet et al., 2007; Zanazzi et al., 2007).

Various hypotheses linking these Eocene-Oligocene changes 
have been postulated. Until recently, the predominant hypothesis 
has been that the undocking of Australia from Antarctica and the 
opening of the Drake Passage led to development of the Antarctic 
Circumpolar Current. This thermally isolated Antarctica from the 
relatively warm water coming from the Subtropical Gyre, thereby 
cooling the continent (Kennett, 1977). The role of the Antarctic 
Circumpolar Current and thermal isolation has recently been both 
affi rmed (Exon et al., 2004) and challenged (Huber et al., 2004), 
leaving the role of the gateway uncertain. Alternatively, a coupled 
global climate-ocean-ice model of the Eocene-Oligocene transi-
tion (DeConto and Pollard, 2003) has suggested that pervasive 
glaciation of Antarctica was triggered by a drop of atmospheric 
CO

2
 below a critical threshold of 2.8 times pre-anthropogenic  

levels . The DeConto and Pollard (2003) model also suggested 
that opening of the Drake Passage could only have had a role 
in triggering the glaciation in the context of atmospheric CO

2
 

already  near the critical threshold, although the increase in bio-
logical productivity, stimulated by the initiation/increase of the 
Antarctic Circumpolar Current, might have indirectly contrib-
uted to lowering atmospheric pCO

2
 (Scher and Martin, 2006). 

Though the role of gateways versus CO
2
 remains unresolved, it 

is clear that cooling in Antarctica resulted in the development 
of a large ice sheet across the Eocene-Oligocene transition. We 
hypothesize here that when the Antarctic ice sheet grew above 
a critical threshold, extending beyond the coastline for the fi rst 
time, it began to infl uence ocean and climate changes.

Here, we synthesize published δ18O records spanning the 
Eocene-Oligocene transition (Fig. 1) and compare them with 
records  of sea level (Miller et al., 2005a; Kominz et al., 2008), 
passive margin sequences (Miller et al., 2005a, 2008a), CO

2
 

(Pagani  et al., 1999, 2005; Pearson and Palmer, 2000), diatom di-
versity (Katz et al., 2005), and deep-sea carbonate accumulation 
(Coxall  et al., 2005). We distinguish temperature from ice-volume  
effects  by comparing δ18O records (Figs. 1 and 2) with: (1) a global 
sea-level estimate that was derived from backstripping2 New 
Jersey coastal plain core holes (Miller et al., 2005a; Kominz et al., 
2008) and from evaluation of sequence stratigraphic records 
from St. Stephens Quarry (SSQ), Alabama (Miller et al., 2008a); 
and (2) by comparison with published Mg/Ca records from Deep 
Sea Drilling Project (DSDP) Site 522 (Lear et al., 2000), Ocean 
Drilling Program (ODP) Site 1218 (Lear et al., 2004), and SSQ 
(Katz et al., 2008).

ICE VOLUME VERSUS TEMPERATURE CHANGES 
AND THE EOCENE-OLIGOCENE TRANSITION

The Precursor (EOT1 and EOT2) Increases

Katz et al. (2008) named the transient precursor δ18O in-
crease (33.8 Ma) at Sites 1218 (Coxall et al., 2005), 522 (Zachos 
et al., 1996), and SSQ (Miller et al., 2008a; Katz et al., 2008) 
“EOT-1” for “Eocene-Oligocene transition event 1.” EOT-1 is 
assoc iated with an extinction in planktonic foraminifera (the Tur-
borotalia cerroazulensis lineage) (Miller et al., 2008a; Pearson 
et al., 2008) that has been dated at 33.80 Ma (Berggren et al., 
1995). At SSQ, EOT-1 is manifested as a 0.9‰ δ18O increase 
in neritic (~75 m paleodepth) benthic foraminifera and 2.5 °C 
cooling as determined by Mg/Ca paleothermometry (Katz et al., 
2008). A similar cooling (2.0 °C) at deep-sea Sites 522 and 1218 
determined by Mg/Ca is associated with benthic foraminiferal 
δ18O increases of ~0.5‰. This suggests that a δ18Oseawater increase 
of ~0.4‰ (SSQ) to 0.1‰ (522 and 1218) was associated with 
EOT-1 (Katz et al., 2008). A δ18Oseawater change of 0.1‰–0.4‰ 
would have resulted from an ~10–35 m sea-level fall using cali-
brations discussed herein later.

2This is a method that progressively removes the effects of compaction, load-
ing (either Airy or two-dimensional fl exural loading), and thermal subsidence 
from margin records. The residual is the result of eustatic and nonthermal tec-
tonic changes. In the absence of nonthermal tectonism, it provides a eustatic 
estimate.
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Sea-level records across EOT-1 are not clear, in part because 
the published sea-level estimates (Miller et al., 2005a; Kominz 
et al., 2008) are not sensitive to small changes on short time 
scales (<1 m.y.). EOT-1 falls near a long hiatus in New Jersey, 
and, given the temporal resolution, it is likely that this hiatus is a 
concatenation of EOT-1 and Oi-1. Thus, the sea-level estimates 
based on New Jersey sequences (Miller et al., 2005a; Kominz 
et al., 2008) do not refl ect this drop. Published sequence strati-
graphic analyses at SSQ did not reveal a sea-level fall associated 
with the EOT-1 increase measured directly on the core (Miller 
et al., 2008a); however, a glauconite bed occurs at the same level 
as the EOT-1 increase at SSQ. This glauconite bed may represent 
a previously undetected unconformity and associated hiatus (i.e., 
glauconite sands often overlie sequence boundaries in the coastal 
plain because lowstand deposits are largely missing; Miller et al., 
2005a). The SSQ sections are not sensitive to sea-level variations 
that are less than ~25 m because they were deposited in rela-
tively deep shelf waters (~75 m; Miller et al., 2008a). As noted by 
Katz et al. (2008), a global sea-level fall at this time is supported 
by a correlative erosional event in the Priabonian type section 
(Brinkhuis and Visscher, 1995) in inner neritic carbonate facies 
most sensitive to small sea-level changes. We follow Katz et al. 
(2008) in interpreting EOT-1 as primarily a global cooling event 
of 2 °C and minor sea-level fall (~25 m).

Katz et al. (2008) noted a second earliest Oligocene 
(ca. 33.63 Ma) ~0.8‰ δ18O increase, termed EOT-2, at SSQ (with 
no detectible hiatus), Site 522, and Site 1218. Mg/Ca data are 
lacking for this event, and its signifi cance in terms of tempera-
ture versus ice volume remains unclear. The EOT-2 δ18O increase 
occurs within a sequence at SSQ (within the Shubuta Marl) in 
a section with no marked lithologic or sequence stratigraphic 
changes and no evidence of an unconformity as expected from a 
sea-level fall (Miller et al., 2008a). However, EOT-2 occurs in the 
upper part of the sequence associated with a shallowing-upward 
section, and estimates from Sites 1218 and 522 indicate a minor 
change in the δ18Oseawater with EOT-2 (Katz et al., 2008). Thus, 
though we interpret EOT-2 as primarily a temperature drop, a 
sea-level component cannot be precluded.

The Oi-1 Increase

The greenhouse-to-icehouse transition culminated in the ear-
liest Oligocene Oi-1 event (33.55 Ma), which is associated with 
an ~1‰ δ18O increase in benthic foraminifera at SSQ and DSDP 
Site 522 and ODP Sites 744 and 1218. Global sea-level estimates 
derived from New Jersey backstripping (Figs. 1 and 2) show 
that a eustatic fall of 55 m occurred at ca. 33.5 Ma (Kominz and 
Pekar, 2001; Miller et al., 2005a; Kominz et al., 2008), correlated 
with the earliest Oligocene Oi-1 δ18O increase. This decrease is 
equivalent to the growth of an Antarctic ice sheet of 25 × 106 km3, 
similar to the amount stored in East Antarctica today. The 55 m 
fall explains 0.55‰–0.66‰ of a global change in seawater δ18O 
using the sea-level calibration of 0.10‰/10 m derived for the 
Oligocene (Pekar et al., 2002), the calibration of 0.11‰/10 m de-

rived for the Pleistocene (Fairbanks and Matthews, 1978), or the 
calibration of 0.12‰/10 m of Katz et al. (2008) for the Eocene-
Oligocene. This indicates that the remaining ~0.34‰–0.45‰ of 
the increase at 33.55 Ma was due cooling of ~1.5–2 °C.

Uncertainties in the sea-level and/or δ18O calibration poten-
tially range from ~0.055‰ to 0.12‰/10 m (Miller et al., 1987; 
Pekar et al., 2002; Katz et al., 2008). The outside limits for any 
sea-level or δ18O calibration are provided by the upper limit for 
freezing of ice sheets (~–17‰) and the lower limit of the mod-
ern Antarctic ice sheet (~–40‰), yielding a minimum calibra-
tion of 0.055‰/10 m (Miller et al., 1987) and a maximum of 
0.12‰/10 m (Katz et al., 2008). The Pleistocene calibration is 
0.11‰/10 m (Fairbanks and Matthews, 1978). Pekar et al. (2002) 
estimated an Oligocene calibration of 0.10 ± 0.02‰/10 m, simi-
lar to the value of 0.1‰/10 m obtained from climate models 
(DeConto and Pollard (2003). Katz et al. (2008) determined a 
calibration of 0.12‰/10 m for the Eocene-Oligocene transition. 
Thus, empirical calibration suggests that the average sea-level 
δ18O calibration for the Cenozoic is 0.11 ± 0.1‰ (Fairbanks and 
Matthews, 1978; Pekar et al., 2002; Katz et al., 2008).

There are signifi cant uncertainties in the sea-level estimate. 
Lowstand deposits are generally not represented in the coastal 
plain records used to construct the eustatic estimate (Miller et al., 
2005a; Kominz et al., 2008). By conducting two-dimensional 
backstripping, Kominz and Pekar (2001) were able to estimate 
decreases during lowstand and thus reconstruct a nearly com-
plete sea-level cycle for the earliest Oligocene sea-level lowering 
that correlates with Oi-1. Still, the upper limit of the eustatic fall 
could have been as high as 70 m. These estimates of a 55–70 m 
eustatic  change do not take into account the isostatic response 
of the oceanic  lithosphere to the change in weight of the over-
lying water  (hydroisostasy). The actual water-volume change 
from transferring ocean water to glacial ice is ~33% higher than 
the eustatic change, assuming full isostatic compensation is at-
tained. Hence, the 55–70 m eustatic change corresponds to a 
volume-equivalent change in the depth/thickness of ocean water 
of ~82–105 m (correcting for isostatic loading and assuming full 
compensation). Thus, the sea-level record only places moderate 
constraints on the ice-volume component of the δ18O increase: 
anywhere from 55% to 100% of the 1.0‰ increase can be ex-
plained by a sea-level fall of 55–105 m.

Mg/Ca records place additional constraints on the δ18Oseawater 
changes associated with the Oi-1 increase, though deep-sea 
Mg/Ca records may be overprinted by other effects (Lear et al., 
2004; Katz et al., 2008). Both deep Atlantic DSDP Site 522 and 
deep Pacifi c ODP Site 1218 show no cooling or slight warming 
at Oi-1 time according to Mg/Ca paleothermometry (Lear et al., 
2000, 2004). This observation led Tripati et al. (2005) to attribute 
the bulk of the 1.5‰ δ18O increase associated with the Eocene-
Oligocene transition (i.e., both the EOT-1 and Oi-1 increase) to 
growth of ice sheets. However, the ~1.2 km drop in the CCD that 
occurred at the Eocene-Oligocene transition (van Andel, 1975; 
Coxall et al., 2005; Rea and Lyle, 2005) may have caused changes 
in carbonate ion activity that masked an estimated 2 °C cooling in 
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deep-sea Mg/Ca records (Lear et al., 2004). At SSQ, the Mg/Ca 
record supports 2 °C of cooling associated with the ~1.0‰ Oi-1 
δ18O increase, suggesting a 0.55‰ δ18Oseawater change.

Thus, we conclude that the Eocene-Oligocene transition oc-
curred in three major steps: (1) a precursor EOT-1 δ18O increase 
at 33.80 Ma that was caused by a 2 °C deep-water cooling and a 
minor sea-level fall (~25 m) followed by a partial return to pre-
event values; (2) a deep-water cooling and minor sea-level fall 
associated with the EOT-2 increase at 33.63 Ma; and (3) a deep-
water cooling of 2 °C and a major sea-level fall of 80 ± 25 m at 
Oi-1 time (33.45 Ma).3 This implies the development of an Ant-
arctic ice sheet that was as large or larger than that of present day. 
It does not require large Northern Hemisphere ice sheets. Edgar 
et al. (2007) similarly concluded that large Antarctic ice sheets 
predated large Northern Hemisphere ice sheets. However, it is 
likely given evidence from Arctic drilling (St. John, 2008) that at 
least Greenland-sized ice sheets existed during the Eocene and 
during times of peak glaciation such as Oi-1 (see following).

IMPLICATIONS OF A LARGE ANTARCTIC 
ICE SHEET

The cause of the earliest Oligocene oxygen isotope increase 
and the role of CO

2
 (e.g., Pagani et al., 2005) versus changing 

ocean gateways (Kennett, 1977) have been hotly contested. 
The long-term δ18O trend parallels atmospheric CO

2
 esti mates 

(Pagani  et al., 1999, 2005), linking long-term (107 yr) global 
cooling to lower CO

2
 (Fig. 1). Published modeling results 

(DeConto  and Pollard, 2003) emphasized the importance of CO
2
 

on cryospheric development, where gateways played a role only 
in adjusting the critical pCO

2
 threshold for Antarctic glaciation. 

These modeling studies suggest that a decrease in atmospheric 
CO

2
 below a critical threshold (2.4–2.8 times pre-anthropogenic  

levels [280 ppm] for models with open and closed Drake Pas-
sage) in the earliest Oligocene could have triggered the growth 
of a large Antarctic ice sheet (Fig. 1), and sea-level estimates 
(Miller et al., 2005a; Kominz et al., 2008) that require a near 
modern-sized Antarctic ice sheet developed at ca. 33.55 Ma. 
DeConto  et al. (2007) linked the growth of the Antarctic ice 
sheet to a CO

2
 fall below this threshold, which is roughly con-

sistent with the observed CO
2
 estimates (Fig. 1). Though it is 

likely that there were small (5–15 × 106 km3), ephemeral ice 
sheets during the greenhouse world of the Late Cretaceous to 
Eocene (Miller et al., 2005b), the earliest Oligocene saw the fi rst 
continent-sized ice sheet since the Permian (ca. 280 Ma). Recent 
studies point toward much older Northern Hemisphere glacia-
tion than was previously thought (e.g., middle Eocene; Moran 
et al., 2006; Eldrett et al., 2007), but the restriction of physi-
cal evidence for Northern Hemisphere glaciation (see summary 
in Wright and Miller, 1996) necessarily relegates it to a rela-

tively small role (e.g., similar to the modern-day 5–7 m sea-level 
equivalent stored in Greenland) until the last 2.6 m.y.

We suggest that the Antarctic ice sheet became a driver of, 
not just a response to, climate change beginning in the earliest 
Oligocene, causing increased meridional thermal gradients and 
a “spinning up” of the oceans (greater thermohaline and wind-
driven circulation). Enhanced wind circulation due to katabatic 
winds resulted in increased wind shear/curl and hence increased 
circum-Antarctic upwelling. In addition, increased salt rejec-
tion due to ice-shelf and sea-ice freezing led to enhanced for-
mation of Antarctic Bottom Water (AABW). Combined, these 
factors led to increased ventilation of the deep ocean, a decrease 
in residence time, and increased Southern Ocean productivity 
as discussed by Berger (2007). During the Eocene-Oligocene 
transition, the Antarctic ice sheet reached suffi cient propor-
tions to infl uence the ocean adjacent to the continent, resulting 
in increased sea ice and deep-water production. As fi rst noted 
by Kennett and Shackleton (1976) and recently emphasized by 
models (DeConto et al., 2007), the formation of extensive sea ice 
likely played a role in changing deep-water circulation. There is 
considerable evidence that the Eocene-Oligocene transition was 
associated with the greatest change in deep-ocean circulation of 
the past 50 m.y. (Fig. 3). Thermohaline circulation dramatically 
increased in the early Oligocene (Fig. 3) with pulses of Southern 
Component Water (SCW; analogous to modern AABW; Kennett, 
1977; Wright and Miller, 1996) and Northern Component Water 
(NCW; analogous to modern North Atlantic Deep Water) (Miller 
and Tucholke, 1983; Miller, 1992; Davies et al., 2001). An ero-
sional event in the southern oceans caused hiatuses in numerous 
early Oligocene southern ocean cores and has been attributed to 
an increase in SCW (Kennett, 1977; Wright and Miller, 1996). 
The high supply of SCW is also indicated by the very high δ18O 
values measured at high southern latitudes (Kennett and Stott, 
1990), indicative of a “cold spigot” (Miller, 1992; Miller et al., 
2008b). Seismic profi les and hiatus distributions document a 
coeval early Oligocene pulse of widespread erosion that cut un-
conformities associated with Horizon Au (Fig. 3; Mountain and 
Miller, 1992; Tucholke and Vogt, 1979) and refl ector R4 (Miller 
and Tucholke, 1983) in the North Atlantic. This erosion corre-
lates with high δ13C values in the North Atlantic following the 
33.55 Ma Oi-1 event (Fig. 3; Miller, 1992), supporting seismic 
and hiatus evidence that indicates a NCW source in the earliest 
Oligocene. Northern Hemisphere high latitudes cooled concomi-
tantly with polar cooling in the Southern Hemisphere, making 
the North Atlantic a viable source region for deep water (albeit 
briefl y) in the earliest Oligocene (see also Via and Thomas, 2006; 
Davies et al., 2001; Abelson et al., 2007).

A dramatic deepening of the CCD occurred across the 
 Eocene-Oligocene transition (van Andel, 1975; Coxall et al., 
2005; Rea and Lyle, 2005). Both the 33.80 (EOT-1) and 
33.55 Ma (Oi1) δ18O increases were associated with increases 
in car bonate content and mass accumulation rates in the deep 
Pacifi c (Coxall et al., 2005), and there appears to be a third, 
smaller increase associated with EOT-2 (Fig. 2). This indicates 

3These estimates include errors in the eustatic estimate plus those due to water 
loading; e.g., the eustatic estimate for Oi-1 is 55–70 m, with water thickness 
increase of 55 m (i.e., no loading) to 105 m (i.e., full compensation).
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that the CCD deepening occurred in two to three steps tightly 
coupled to the oxygen isotopic increases. We also note that al-
though the drop in %CaCO

3
 at EOT-1 was as large as or larger 

than at Oi-1 time (Fig. 2), the carbonate accumulation rate data 
indicate that it was the latter event that was more signifi cant. 
The deepening of the CCD can be attributed to one of the fol-
lowing: (1) an increase in deep-basin carbonate deposition at 
the expense of shallow carbonates, likely caused by sea-level 
fall (shelf-basin fractionation); (2) increased weathering of sili-
cate rocks; (3) a global intensifi cation of carbonate export to 
the deep sea, possibly caused by increased continental input 
to the oceans, or (4) a decrease of deep-ocean residence time.

Previous studies have attributed the CCD drop to a glacio-
eustatic fall and a shift in shelf-basin fractionation (Coxall et al., 
2005; Merico et al., 2008). We argue that shelf-basin fraction-
ation cannot be invoked to explain the CCD drop because: (1) the 
sea-level fall associated with Oi-1 (33.55 Ma) was too small 
(80 ± 25 m) to account for the large deepening of the CCD (i.e., 
numerous Cenozoic sea-level events of this magnitude [Miller 
et al., 2005a] had little effect on the CCD); and (2) there was a 
CCD drop associated with EOT-1 despite that fact that there was 
only a small (~25 m) sea-level fall at that time. Though weather-
ing may have increased in the earliest Oligo cene (Robert and 
Kennett, 1997) and contributed to a global increase in carbon-
ate production, global Oligocene sedimentation rates were low, 
and it is doubtful that input changes can explain the CCD drop. 
Rea and Lyle (2005) similarly argued convincingly that the CCD 
drop could not be entirely due to shelf-basin shift and suggested 
that a sudden increase in weathering and erosion rates would be 
unlikely to account for the change, thus implicating variations 
in deep-sea preservation. We argue that the links among deep-
sea temperature, an increase in thermohaline circulation, and the 

drop in the CCD are manifest as to its cause: increased thermo-
haline circulation and deep-basin ventilation caused a decrease 
in oceanic residence time and a decrease in deep-ocean acidity, 
allowing carbonate to be preserved at greater depth and produce 
a deeper CCD.

One reason that modeling studies (Merico et al., 2008) 
have favored shelf-basin fractionation for the CCD drop and 
ignored the importance of deep-sea ventilation is because they 
attempted to explain not only the CCD drop but also high 
global δ13C values (e.g., Zachos et al., 1996). Carbon isotopic 
values began to increase at Oi-1 time, and high values lasted 
for ~1 m.y. (Zachos  et al., 1996). Models showed that the CCD 
drop could be explained by an increase in organic carbon burial, 
an increase in silica over calcareous plankton deposition, or a 
shelf-basin fractionation, but only a transient event such as sea-
level change could explain the transitory δ13C peak (Merico 
et al., 2008). We note that the high δ13C values must refl ect a 
change in the input or burial of organic carbon relative to car-
bonate carbon and that such million-year-scale δ13C cycles of 
~1‰ typify the Oligocene to Miocene (Miller and Fairbanks, 
1985). We argue that the high carbon isotopic values were not 
coupled directly to the CCD drop, and the δ13C increase was 
due to a million-year-scale increase in organic carbon export 
relative to carbonate (as fi rst noted by Zachos et al., 1996), and 
the CCD drop was due to increased deep-sea residence time.

Antarctic cooling coupled with tropical temperature stabil-
ity (Pearson et al., 2007) implies a sharp increase in latitudinal 
thermal gradients (Shackleton and Kennett, 1975) that caused 
increased atmospheric circulation (Dupont-Nivet et al., 2007) 
and ocean upwelling (Berger, 2007). EOT-2 (33.63 Ma) cor-
responds to a major drop in nannofossil diversity in Tanzanian 
cores (Dunkley Jones et al., 2008), which is interpreted as a 
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response  to surface-water eutrophication. The increased latitudi-
nal and vertical thermal gradients caused a “spinning up” of the 
oceans and increased wind-driven upwelling and mesoscale eddy 
turbulence that contributed to greater nutrient recycling, which 
in turn stimulated a rapid diversifi cation of diatoms (Falkowski 
et al., 2004a, 2004b; Katz et al. 2004; Finkel et al., 2005, 2007). 
As summarized by Katz et al. (2005), marine diatoms are favored 
over other eukaryotic phytoplankton by conditions with high 
turbulent mixing and thus are related to increased water-column 
stratifi cation and latitudinal thermal gradients. Diatom species 
diversity remarkably mirrors the deep-sea δ18O record across 
the Eocene-Oligocene transition (Fig. 1), as expected if deep-sea 
temperatures were also related to latitudinal thermal gradients 
and water-column stratifi cation.

We note that diatom diversity increased not only at the 
 Eocene-Oligocene transition but also in the middle Miocene 
and late Miocene–Pliocene (Fig. 1), when diversifi cation in-
cluded more bloom-forming diatoms (requiring high nutrient 
levels); these were also intervals of increased latitudinal thermal 
gradients and enhanced global circulation (Wright and Miller, 
1996). Our comparisons (Fig. 1) indirectly link silica productiv-
ity to these intervals of global cooling and increased latitudinal 
thermal gradients.

As hypothesized by DeConto and Pollard (2003), atmo-
spheric CO

2
, which declined below a critical threshold in the 

earliest Oligocene, may have propelled the climate system into 
a new state, one with a large Antarctic ice sheet. We suggest the 
continent-sized ice sheet provided positive feedback that was felt 
throughout the climate system, probably through the profound ef-
fects of sea ice on ocean circulation and chemistry. Though there 
are large uncertainties in atmospheric CO

2
 estimates (Fig. 1), 

it appears that the broad-scale trends in Cenozoic CO
2
 and the 

long-term (107 yr scale) sea-level record (Fig. 1) track each other. 
The fi rst-order trends of decreasing atmospheric CO

2
 and fall-

ing sea level appear to have been coupled since 50 Ma, strongly 
implying a link through changes in ocean crust production rates 
(Larson , 1991; Miller et al., 2005a). The global long-term cooling 
of ~12 °C associated with the lowering of CO

2
 can only explain 

12 m of steric sea-level fall, and therefore the bulk of the long-
term fall of ~100 m (Kominz et al., 2008) must have been due 
to: (1) long-term ice growth and isostatic compensation (~50 m); 
and (2) lower ocean crust production rates (~40 m). Higher esti-
mates of long-term fall (e.g., Müller et al., 2008) would require 
greater reduction in ocean crust production rates. The cause of 
the drop in CO

2
 is less clear, and it may be attributed to lower de-

gassing due to lower ocean crust production rates and/or possibly 
to higher continental weathering rates. The correlation between 
long-term CO

2
 and long-term sea level (Fig. 1) suggests that they 

are linked through ocean crust production rates.
This evaluation of the Eocene-Oligocene transition provides 

perspective on the evolution of Cenozoic climate. Oxygen iso-
tope shifts that occur through the Eocene-Oligocene transition 
(Fig. 1), in the middle Miocene (Fig. 1), and in the mid-Pliocene 
overshoot estimates of CO

2
 and sea-level change, suggesting am-

plifi cation within the climate system. This implies that CO
2
 was 

not the only driver of Cenozoic climate change, and it leaves open 
the possibility that CO

2
 changes were augmented by a positive 

feedback mechanism for climate change (e.g., large Antarctic ice 
sheets, increasing latitudinal thermal gradients, and ocean circula-
tion, resulting in additional CO

2
 drawdown and cooling). These 

events mark major changes in the climate state that were ampli-
fi ed by processes other than changes in CO

2
, as fi rst suggested 

in a prescient  paper by Berger (1982). In the case of these three 
events, it appears that the development of continental-scale ice 
sheets was an important factor in the amplifi cation of the climate 
system: (1) in the Eocene-Oligocene transition, the development 
of a continental-scale ice sheet on Antarctica resulted in major 
feedbacks through thermohaline circulation and ocean upwelling; 
(2) in the middle Miocene, the development of a permanent (i.e., 
dry-based) ice sheet in Antarctica further increased latitudinal 
thermal gradients (Wright and Miller, 1996); and (3) in the Plio-
cene, the growth of large Northern Hemisphere ice sheets exerted 
another amplifi cation, perhaps through a reduction in NCW.
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