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Abstract

Ice-volume estimates for the early Miocene (23–16 Ma ATS) were determined by applying d18O to sea-level calibrations to

high-resolution d18O records from ODP Sites 1090 and 1218. These calibrated records indicate that ice-volume ranged between

50% and 125% of the present day East Antarctic Ice Sheet (EAIS) during most of the early Miocene (23–17 Ma). Maximum ice-

volume occurred at each of the early Miocene isotopic events (i.e., Mi-events) concomitant with bottom water temperatures

generally between ~1 and 2 8C. Rapid (bb1 myr) and high amplitude ice-volume changes also occurred intermittently during this

period, with some fluctuations ranging from a fully glaciated East Antarctic continent to a partial collapse of the ice sheet

(equivalent to a 50–70% reduction in the EAIS). These large-scale ice-volume changes often occurred at b100 kyr time scales

suggesting an orbitally driven dynamic EAIS existed during the early Miocene. In contrast, the calibrated d18O record from Site

1090 indicates significantly less ice-volume (25–70% of the present-day EAIS) was present between 17 and 16 Ma. These results

are supported by numerical climate–ice sheet modeling studies that show increased orbitally driven ice-volume variability with

elevated levels of atmospheric CO2.

The distribution of bottom water masses during the Miocene was likely significantly different from today, owing to variability

in the production of deep-water near the Antarctic continent (i.e., proto-Antarctic Bottom Water, proto-AABW). Weakening of

proto-AABW is suggested to have occurred during the early Miocene especially during glacial minima, resulting in it becoming

more spatially restricted to the Southern Ocean and becoming entrained into a warmer deep-water mass. Increased production of a

warmer bottom water mass is also considered to have been important in the lighter isotopic values observed in the Atlantic and

Indian Oceans. These changes are supported by evidence of a large dynamic EAIS based on strata cored on the Antarctic margin,

and require a reevaluation of the view that Antarctic ice-volume was significantly reduced for most of the early Miocene. Previous

estimates have been constrained by the lack of deep-water isotopic records proximal to Antarctica, and unduly influenced by the

expansion of warmer deep-water into most of the ocean basins at this time.
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1. Introduction

Deep-sea records show a significant decrease in deep-

sea d18O values in most of the world’s ocean basins

during the late Oligocene and the early Miocene (e.g.,

Miller et al., 1987; Wright and Miller, 1993; Zachos et

al., 2001). These low isotopic values have been attribut-

ed to deep-sea warming, along with a substantial de-

crease to a near complete collapse of the Antarctic ice

sheet (e.g., Zachos et al., 2001). The only exceptions

were indicated by positive d18O increases interpreted to

represent transient ice-volume expansion in Antarctica

(i.e., Mi-events, Miller et al., 1991). This warming in

Antarctica was supported by isotopic evidence from

most ocean basins indicating that the source of bottom

water emanated mainly from a Southern Ocean source

(i.e., Southern Component Water, SCW), presumably

originating from coastal waters around the Antarctic

margin (e.g., Wright and Miller, 1993). This suggested

that bottom waters, including those from lower latitude

sites, can serve as a proxy for paleoenvironmental con-

ditions on the Antarctic continent.

In contrast, results from recent drilling on the

Victoria Land margin of the Ross Sea, Antarctica

(e.g., CIROS, Cape Roberts Project) indicate a cool

climate in the Ross Sea through the Oligocene (Raine

and Askin, 2001; Thorn, 2001; Prebble et al., this

volume), with cold tundra-like conditions becoming

established by the early Miocene (Raine and Askin,

2001). Furthermore, glacigenic sediments recovered in

latest Oligocene and early Miocene strata from the

Ross Sea indicate that some regions (if not all) of

East Antarctica were sufficiently cold for ice sheets to

reach sea-level during glacial maxima (Barrett et al.,

1987; Naish et al., 2001) and relatively cold climates

during glacial minima, similar to the high altitude of

Patagonia today (Hill, 1989). Furthermore, ice ground-

ing lines appear to have reached near the shelf edge as

the early Miocene in the Ross Sea as early and in

Prydz Bay by the early Oligocene (Cooper et al.,

1991; Bartek et al., 1997), supporting the notion of

large continental ice sheets on East and possibly West

Antarctica at this time.

Higher d18O values from a recently developed record

at early Miocene Site 1090 have been used to suggest

that more ice may have existed than previously thought

during this time (Billups et al., 2002). These higher

values are, in part, attributable to Site 1090’s location.

Site 1090 is the deepest early Miocene site in high

southern latitudes with an isotopic record. Therefore,

this location has the best chance of being bathed by

cold dense Antarctic water (e.g., proto-Antarctic Bottom
Water, proto-AABW) (Billups et al., 2002). Unfortunate-

ly, isotopic records proximal to Antarctica or from other

deep-water sites in the Southern Ocean that could be

used to evaluate proto-AABW characteristics are lack-

ing. This is due, in part, to the occurrence of hiatuses at

many Southern Ocean sites (e.g., Sites 689 and 690)

during the late Oligocene and early Miocene (Wright

and Miller, 1993; Zachos et al., 2001).

While recently published studies have made use of

Mg/Ca ratios combined with d18O data to estimate ice-

volume during the early Miocene, a number of uncer-

tainties in temperature estimates from Mg/Ca ratios

have been noted. These include possible pH-related

changes in Mg partitioning into calcite associated

with changes in the calcium compensation depth

(CCD), possible oceanic Mg/Ca ratio changes through

time, isotopic species offset, and diagenesis (e.g., Bill-

ups and Schrag, 2003; Lear et al., 2004). Therefore,

constraints on the relative contribution of temperature

and ice-volume in isotopic values remain uncertain,

further clouding our understanding of early Neogene

cryospheric evolution.

This paper provides constraints on ice-volume

changes in Antarctica and global sea-level changes in

the early Miocene by applying d18O to sea-level cali-

brations to d18O records from Sites 1090 and 1218.

Here, we argue that ice-volume was greater in Antarc-

tica (from 50% up to 125% of the present-day EAIS)

during the early Miocene (23–17 Ma) than previously

believed.

2. Methods, definitions, data, and sites used

In this study, calibrated d18O records from ODP Sites

1090 and 1218 were used to estimate changes in Ant-

arctic ice-volume and global sea-level changes (Fig. 1)

(Billups et al., 2002; Lear et al., 2004). The age models

for Sites 1090 and 1218 are based on an astronomically

tuned age model (from Billups et al., 2004; Lear et al.,

2004) and the astronomical time scale of Shackleton et

al. (1999). The new time scale shifts the Miocene/Oli-

gocene boundary to 23.0 Ma from the long recognized

age of 23.8 Ma of the Berggren et al. (1995) time scale.

Ages for isotopic events of Miller et al. (1991) were

converted to the new time scale using the revised ages

for the early Miocene and late Oligocene polarity chron

boundaries from Billups et al. (2004).

Here, we use the term apparent sea-level (ASL) to

define eustasy plus water loading effects on the crust

(Pekar et al., 2002). As sea-level either rises or falls, and

flooded portions of the crust experience water loading or

unloading, observed fluctuations in water depth relative



Fig. 1. Plate reconstructions circa 21 Ma showing paleo locations of ODP Sites 1090 and 1218.
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to the ocean floor exceed the eustatic changes by a factor

of ~1.48 (Kominz and Pekar, 2001). Changes in ASL are

solely of eustatic origin, but they differ in amplitude

because their reference frame is different. In the case of

eustasy, the reference point is the center of the Earth,

while for ASL, it is a point in the crust after flexural

subsidence from sediment loading, crustal cooling and

compaction have been taken into account.

Deep-sea isotopic measurements are typically

obtained using single species, such as Cibicidoides

spp. However,Cibicidoides spp., like most other benthic

foraminifers, precipitate their tests out of equilibrium

with calcite (d18O values in the tests of Cibicidoides

spp. are offset with respect to calcite by +0.64x). Ox-

ygen isotope records from both sites have been adjusted

to represent the isotopic value of calcite.

The d18O record from ODP Site 1218 was calibrated

to sea-level by comparing benthic foraminiferal d18O

amplitudes for d18O events (i.e., Oi- and Mi-events;

Miller et al., 1991; Pekar and Miller, 1996) from this

site to ASL amplitudes using detrended ASL estimates

from Pekar et al. (2002). The detrended ASL estimates

were derived by integrating two-dimensional flexural

backstripping (Kominz and Pekar, 2001) with two-di-

mensional paleoslope modeling of foraminiferal biofa-

cies and lithofacies (Pekar and Kominz, 2001). This

provided a calibration of 0.16x/10 m ASL (r2=0.67).

Previously reported calibrations for other DSDP and

ODP Sites were good to excellent, with the correlation

coefficient (r2) of the regressions ranging from 0.73 to

0.99 (Pekar et al., 2002, this volume). These correlations

suggest that although benthic foraminiferal records are

assumed to contain a significant bottom-water tempera-

ture signal, decreasing temperature produces a nearly

linear increase in ice-volume estimates. The calibration

for Site 1090 uses a single d18O event (Mi1, 23.0 Ma).

The ASL estimate of 56F25 m from Pekar et al. (2002)
results in a calibration ranging from 0.19x to 0.48x
(0.34F0.14x mean calibration) per 10 m ASL. There-

fore, all ASL estimates from Site 1090 include an un-

certainty of F0.14 x per 10 m of ASL change.

Although previous calibrations indicate that temper-

ature scales linearly with respect to ice volume, uncer-

tainties may exist due to temperature variability. For

example, bottom water temperature changes could

occur outside the variability suggested by the calibra-

tions for a given site as a result of long or short-term

changes in deep-sea circulation patterns. Additionally,

ASL estimates from high d18O values (z3x) are con-

sidered more robust and are consistent with a fully

glaciated East Antarctic continent and cold bottom

water temperatures, since lower d18O values could

have a wider range of possible ice-volume and bottom

water temperatures. For example, the highest values at

Site 1090 are consistent with an ice sheet up to ~25%

larger than the present-day EAIS and bottom water

temperatures slightly colder than waters currently bath-

ing Site 1090 (Billups et al., 2002). Invoking smaller ice

volume with these values would require the unlikely

situation of substantially colder bottom waters during

the early Miocene than today, the former being a time of

warmer climate and polythermal ice sheets over Antarc-

tica in contrast to the present cold polar conditions.

We suggest early Miocene d18O values of 3x or

greater in deep-sea records are consistent with an EAIS

of modern proportions and cold bottom water tempera-

tures (V2.0 8C). The average modern Cibicidoides spp.

value in ~2.0 8C waters is 2.7x (Shackleton and Ken-

nett, 1975) or 3.34x adjusted for equilibrium with

calcite. Of that value, the contributions from the pres-

ent-day ice sheets are estimated to range from ~0.9x to

1.2x (Miller et al., 1991; Zachos et al., 2001). In this

study, the isotopic contribution of the present-day ice

sheets is estimated to be ~1.0x, based on modern ice-
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volume estimates of both grounded ice and ice below

sea-level (Williams and Ferrigno, 1999). Of that 1.0x
value, 0.13x is attributed to ice from Greenland and

West Antarctica (Pekar et al., this volume). During the

early Miocene, Greenland and West Antarctica may not

have been glaciated, reducing this average deep-sea

d18O value by 0.13x. Furthermore, ice in the poly-

thermal EAIS of the early Miocene most likely had

significantly higher d18O values in the ice sheet (e.g.,

~�35x) than values today (i.e., �45x to �55x).

Higher than modern isotopic values in early Miocene

polar precipitation and glacial ice is supported by floral

evidence showing that the Ross Sea region was signif-

icantly (N9 8C) warmer during the late Oligocene and

early Miocene than it is today (Prebble et al., this

volume). This would have further reduced the isotopic

value contribution of ice to the mean isotopic value of

the oceans by 0.25x during the Miocene (Pekar et al.,

this volume). This results in an isotopic value of ~3x
being consistent with calcite forming in 2 8C waters

during the early Miocene, concomitant with a fully

glaciated East Antarctic continent.

Uncertainties in this value could include the poten-

tial effects of salinity. The range in salinity between

water masses in the deep sea today (e.g., North Atlantic

Deep water [34.95x] and Antarctic Bottom Water

[34.65x]) is about 0.3x, which would result in an

isotopic uncertainty of F0.1x. A warmer deep-water

mass with a higher salinity would have a higher d18O

value on this account, resulting in an overestimate in ice

volume. In contrast, colder deep-waters with lower

salinity, such as proto-AABW, would have a lower

d18O, resulting in an underestimate of the ice volume.

Also, the isotopic value of the ice should vary between

glacial maxima and minima, which could result in an

additional uncertainty that would be equivalent to per-

haps 5 to 10 m of sea-level change.

Recent studies have suggested that West Antarctica

and perhaps even northern hemisphere continents may

have been glaciated during the Miocene (e.g., Coxall et

al., 2005). However, if a West Antarctic Ice Sheet

(WAIS) existed during the Miocene, its isotopic con-

tribution would be minor (0.06x). Furthermore, the

presence of northern hemisphere ice-volume during the

Paleogene and early Miocene is controversial with

little evidence from the northern hemisphere fauna,

flora, or lithological studies to support it (e.g., Wolfe,

1978; Axelrod and Raven, 1985; Tiffney, 1985). How-

ever, if a fully developed Greenland ice sheet did form

during the early Miocene, it would increase the isoto-

pic value of the global oceans by 0.07x and if com-

bined with the WAIS could be invoked to explain a
small fraction of the larger ice-volume estimates re-

cently proposed for the Oligocene and early Miocene

(equivalent to 80 m ASL, Kominz and Pekar, 2001; 90

m ASL Lear et al., 2004; 100 to 160 m ASL, Coxall et

al., 2005).

In calibrating d18O records to ASL, Mi-events pro-

vide a means for estimating temperature gradients be-

tween the two sites. Site 1090 typically contains higher

d18O values than Site 1218 during Mi-events, therefore

the calibrated record from Site 1218 was adjusted to

account for the isotopic offset with the highest value

observed at each event. For example, at Mi1, values at

Site 1218 are ~0.4x lighter than Site 1090, which is

assumed to be due to warmer bottom waters bathing

Site 1218. Bottom water temperature changes are con-

strained by subtracting the ice-volume contribution (es-

timated to be 0.091x/10 m ASL; DeConto and Pollard,

2003) from the d18O to sea-level calibration. As noted

above, this is based on the assumption that early Mio-

cene Antarctic temperatures were warmer than today,

resulting in an average isotopic composition of the ice

sheet of �35x. The average calibration for Site 1090

of 0.34x per 10 m ASL suggests that approximately

75% of the isotopic change during the Miocene is due

to temperature. In contrast, the lower calibration for Site

1218 (0.16x/10 m ASL) suggests that the temperature

signal was smaller (~45%) than at Site 1090.

3. Early Miocene ice-volume changes

Applying these calibrations to d18O records from

Sites 1090 and 1218 indicate ice volume ranged from

a fully glaciated East Antarctic continent to major

reductions of the ice sheet in the early Miocene. The

record from Site 1090 is characterized by values often

near or above 2.9x, which are consistent with a heavily

glaciated East Antarctica (Fig. 2). The isotopic values

z3.3x occurring at 23.0, 21.2, 21.1, 20.4 Ma correlate

well with Mi-events of Miller et al. (1991): Mi1 (23.0

Ma); Mi1a (21.1 Ma); and Mi1aa (20.2 Ma, ATS,

Shackleton et al., 1999). Using the calibrated records,

these values are consistent with an ice sheet up to 25%

larger than the present-day EAIS and bottom water

temperatures ranging from ~2 8C to as low as 0.7 8C.
Two additional isotopic increases culminating with

values of 2.9x in the latter portion of the early Mio-

cene at 18.4 and 17.8 Ma correlate with the Mi1ab and

Mi1b events, respectively. These large ice-volume esti-

mates are partly supported by glacial grounding lines

that extend out to the outer shelf of Antarctica by the

earliest Oligocene in Prydz Bay and early Miocene in

the Ross Sea (Cooper et al., 1991; Bartek et al., 1997).



Fig. 2. Oxygen isotope records from Sites 1090 (in blue) and 1218 (in red). Oxygen isotope events (i.e., Mi-events) are shown (from Miller et al.,

1991 and calibrated to the ATS of Shackleton et al., 1999). Apparent sea-level estimates from Site 1090 for the early Miocene are from d18O to

apparent sea-level calibration of 0.34x per 10 m ASL, shown in a thick dark blue line. The range in sea-level estimates is also shown in shaded

areas. In red are ice-volume estimates using the calibrated records from Site 1218. Ages are based on astronomical time scales from Shackleton et al.

(1999) and Billups et al. (2004).
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These ice-volume estimates are somewhat greater than

recent GCM-ice sheet simulations of the Oi1 event

(DeConto and Pollard, 2003), which ignored significant

ice on West Antarctica or the seaward expansion of

grounding lines beyond the model shorelines, and are

closer to simulations of maximum Antarctic ice-volume

during Quaternary glacial periods (Ritz et al., 2001),

when the total area of grounded ice on East and West

Antarctica was 15–25% greater than today (e.g., Den-

ton and Hughes, 2002; Huybrechts, 2002).
Early Miocene d18O values varied in some cases up

to 2x suggesting large fluctuations in both ice-volume

and bottom water temperatures. Furthermore, low iso-

topic values ranging from 1.7x to as low as 0.9x at

21.8, ~20.8, 20.4, 18.4, 18.2 Ma at Site 1090 are

consistent with a significant reduction of the east Ant-

arctic ice sheet (z50% of the present day EAIS) and

bottom water temperatures of ~5 to 8 8C. These large

isotopic shifts are unprecedented for Paleogene isotope

records (with the exception of the Oi1 event at the base
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of the Oligocene) or afterward (until the Pleistocene)

and suggest considerable variability in ice volume as

well as bottom water temperature. These collapses oc-

curred in some cases within 100 kyr of the ice-volume

maximum. These large, high-frequency ice-volume

amplitudes suggest a more dynamic cryosphere existed

in the early Miocene than had been estimated for the

Oligocene from the deep-sea isotopic record, in which

high-frequency ice-volume changes (i.e., V100 kyr)

rarely exceeded 25–30% of the present-day ice sheet

(Pekar et al., this volume).

Ice-volume lower than the estimates presented here

are possible if the isotopic composition of the early

Miocene ice sheet was lower than the values used

here (�50x present-day values versus �35x esti-

mated for the early Miocene). A further overestima-

tion of the ice sheet could occur if lower bottom water

temperatures were present. However, using the cali-

brated records presented here, water temperature esti-

mates are already low (0.7 8C), and in fact are lower

than water temperatures currently bathing Site 1090

(~1.2 8C, Billups et al., 2002). Bottom water tempera-

tures during times of a polythermal ice sheet being

colder than during today’s extreme polar conditions

are unlikely, and support the idea that ice-volume

during the early Miocene were as large as the esti-

mates presented here.

4. Implications for deep-sea water mass changes

High d18O values at Sites 1090 and 1218 suggest

that a cold water mass (e.g., proto-AABW) existed in

the far southern Atlantic and abyssal Pacific basins.

These waters appear to have spread and then mixed
Fig. 3. Time slice for 21.2–20.8 Ma (circa d18O event Mi1a) showing an iso

ODP sites used here are labeled in the upper portion. Paleodepths for each si

Woodruff and Savin (1989). Maximum d18O values within the 400-kyr tim

744) proximal to Antarctica contain significant hiatuses for large portions

northern Atlantic, northern Pacific and Indian Oceans suggest warmer deep
with other water masses during much of the early

Miocene (Fig. 3) (Billups et al., 2002; Lear et al.,

2004). In contrast, significantly lower d18O values at

other deep-sea sites indicate that a warmer deep-water

mass bathed most of the Atlantic and Indian Ocean

basins (Fig. 3). This warmer deep-water mass has

been previously recognized by others (e.g., Woodruff

and Savin, 1989; Wright et al., 1992; Wright and

Miller, 1993; Billups et al., 2002) and has been sug-

gested to have a Tethyan or northern Atlantic origin as

it appears that the warmest waters occurred at deep and

intermediate water depths in the Atlantic Ocean (Fig. 3)

(e.g., Woodruff and Savin, 1989; Wright et al., 1992;

Wright and Miller, 1993). Differences in d18O values

between proto-AABW (at Sites 1090 and 1218) and

deep-waters from other ocean basins suggest a temper-

ature gradient of up to 6 8C during glacial periods (Fig.

3), which is larger than observed today (~3–4 8C)
(Wright and Colling, 1995). It should also be noted

that values from Site 1218 are lighter than Weddell Sea

Site 690 during the late Oligocene. This suggests that

values from both sites 1090 and 1218 may not be

representative of the highest isotopic values, especially

during glacial minima (Pekar et al., this volume) and

may indicate that even higher bottom water gradients

could have existed during the early Miocene. This large

gradient can be reconciled by proto-AABW being re-

stricted during the early Miocene, becoming entrained

with a warmer deep-water mass originating from the

Atlantic and Indian Oceans.

The large fluctuations in d18O values, especially at

Site 1090, suggest significant variability in the pro-

duction of proto-AABW. During glacial maxima (i.e.,

Mi-events), the close proximity of the ice sheet to the
topic transect for the Atlantic, Indian, and Pacific Oceans. DSDP and

te are indicated by a circle and are from Wright and Miller (1993) and

e slice are shown next to circles. Deep-sea sites (e.g., Sites 689, 690,

of the early Miocene (Wright and Miller, 1993). Lower values in the

-waters may have been forming in these basins.
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coastline could have enhanced production of proto-

AABW from cooling of surface water as well as

formation of sea ice, both of which play an important

role today in the creation of Antarctic Bottom Water

(Wright and Colling, 1995). In contrast, during gla-

cial minima, retreat of an ice sheet into the continen-

tal interior would result in warmer surface water

temperatures and a reduction in sea ice forming

along the coast, which would most likely affect

proto-AABW production. Furthermore, additional

runoff from a retreating ice sheet during interglacials

would result in a freshening of the coastal waters

around Antarctica, possibly further weakening proto-

AABW production.

During glacial periods, proto-AABW extended out-

wards, reaching Sites 1090 and 1218 and then mixing

with a warmer bottom water mass. In contrast, during

glacial minima, proto-AABW production weakened,

resulting in cold deep-waters that became more spatially

restricted, with warmer deep-waters expanding over

abyssal and high southern latitude areas, such as at

Sites 1090 and 1218. Increased production of proto-

AABW during glacial maxima is supported by deep-

sea hiatuses in the Southern Ocean during each early

MioceneMi-event, which has been ascribed to enhanced

bottom water formation (Carter et al., 2004). Evidence

for expansion and strengthening of warmer deep waters

originating from the northern Atlantic Ocean is sug-

gested by isotopic evidence that indicates a bturning
onQ of a deep-water mass originating from the North

Atlantic during the early Miocene (Wright et al., 1992;

Wright and Miller, 1993, 1996). These paleoceano-

graphic changes are supported by numerical modeling

studies designed to test the effects of the opening and

deepening of the Drake Passage (Mikolajewicz et al.,

1993; Toggweiler and Samuels, 1995; Nong et al., 2000;

Toggweiler and Bjornsson, 2000; Huber et al., 2004; Sijp

and England, 2004). The Southern Ocean gateways were

likely the final barrier to circum-Antarctic circulation

(Lawver and Gahagan, 1998; Livermore et al., 2004).

While the precise timing of tectonic events in the Scotia

Sea remains controversial, a deep-water passage likely

became established no later than the earliest Miocene

(Barker and Burrell, 1977; Livermore et al., 2004). These

studies indicate that with an open and deep Drake Pas-

sage, Southern Ocean deep-water formation (proto-

AABW) would be reduced, northern Atlantic deep-

water formation would increase, in conjunction with

cooling of high southern latitudes (e.g., Sijp and Eng-

land, 2004).

The full spatial extent and strength of the proto-

AABW during the early Miocene is uncertain as most
southern deep-sea sites (e.g., Sites 689 and 690) with

isotopic records contain significant hiatuses during this

time (e.g., Wright and Miller, 1993). Coring the stratal

record from the Ross Sea margin of Antarctica is

planned for providing new data to address these issues

(http://andrill/org/).

5. Conclusions

Ice-volume for much of the early Miocene (23–17

Ma) has been estimated to be equivalent to between

50% and 125% of the present-day EAIS, based on

application of d18O to sea-level calibrations for high-

resolution records from ODP Sites 1090 and 1218. In

contrast, significant reductions in ice volume (N50% of

the present-day EAIS) coeval with a bottom water

temperature increase of at least 4 8C, based on low

d18O values (b1.7x), occurred episodically between

22 and 18 Ma and more generally between 16.7 and

16.0 Ma. In some cases, these large fluctuations oc-

curred in b100 kyr supporting the view that a dynamic

ice sheet existed during the early Miocene.

Cold deep-water originating from near Antarctica

varied in intensity between glacial maxima and minima.

This colder water was entrained and mixed with a

strengthening and expansion of a warmer deep-sea

water mass during the early Miocene. Weakened

proto-AABW and expanded warmer deep-water, along

with stratigraphic evidence of a fully developed EAIS,

are consistent with recent ocean and climate numerical

model simulations, which suggest that with a fully

deepened Drake Passage there would be reduced pro-

duction of high latitude Southern Ocean deep water and

increased warmer more saline deep water originating

from the north Atlantic Ocean. This well supported

scenario requires a reevaluation of the view that Ant-

arctic ice volume was significantly reduced for most of

the early Miocene. Previous estimates have been con-

strained by the lack of deep water isotopic records

proximal to Antarctica, and unduly influenced by the

expansion of warmer deep water into most of the ocean

basins at this time.

Acknowledgements

This research was partially supported by National

Science Foundation grants (OCE 99-11121 to N. Chris-

tie-Blick and S.F. Pekar). We thank P. Barrett, T. Naish,

A. Viladrich and two anonymous reviewers for provid-

ing comments on an earlier version of this manuscript.

We thank C. Lear and K. Billups for sharing their

isotopic data.

http://andrill/org/


S.F. Pekar, R.M. DeConto / Palaeogeography, Palaeoclimatology, Palaeoecology 231 (2006) 101–109108
References

Axelrod, D.I., Raven, P.H., 1985. Origins of the Cordilleran flora.

Journal of Biogeography 12, 21–47.

Barker, P.F., Burrell, J., 1977. The opening of Drake Passage. Marine

Geology 25, 15–34.

Barrett, P.J., Elston, D.P., Harwood, D.M., McKeley, B.C., Webb,

P.N., 1987. Mid-Cenozoic record of glaciation and sea level

change on the margin of the Victoria Land Basin, Antarctica.

Geology 15, 634–637.

Bartek, L.R., Andersen, J.L.R., Oneacre, T.A., 1997. Substrate control

on distribution of subglacial and glaciomarine seismic facies

based on stochastic models of glacial seismic facies deposition

on the Ross Sea continental margin, Antarctica. Marine Geology

143, 223–262.

Berggren, W.A., Kent, D.V., Swisher III, C.C., Aubry, M.-P., 1995. A

revised Cenozoic geochronology and chronostratigraphy. In:

Berggren, W.A., Kent, D.V., Swisher, C.C., Aubry, M., Hard-

enbol, J. (Eds.), Geochronology, Time Scales and Global Strati-

graphic Correlation, SEPM (Society for Sedimentary Geology)

Special Publication, vol. 54, pp. 129–212.

Billups, K., Schrag, D.P., 2003. Paleotemperatures and ice volume of

the past 27 Myr revisited with paired Mg/Ca and 18O/16O mea-

surements on benthic foraminifera. Paleoceanography 17.

doi:10.1029/2000PA000567.

Billups, K., Channell, J.E.T., Zachos, J., 2002. Late Oligocene to

early Miocene geochronology and paleoceanography from the

subantarctic South Atlantic. Paleoceanography 17. doi:10.1029/

2000PA000568.

Billups, K., Palike, H., Channell, J.E.T., Zachos, J.C., Shackleton,

N.J., 2004. Earth and Planetary Science Letters 224, 33–44.

Carter, L., Carter, R.M., McCave, I.N., 2004. Evolution of the sedi-

mentary system beneath the deep Pacific inflow off eastern New

Zealand. Marine Geology 205, 9–27.

Cooper, A.K., Barrett, P.J., Hinz, K., Traube, V., Leitchenkov, G.,

Stagg, H.M.J., 1991. Cenozoic prograding sequences of the Ant-

arctic continental margin: a record of glacio-eustatic and tectonic

events. Marine Geology 102, 175–213.

Coxall, H.K., Wilson, P.A., Palike, H., Lear, C.H., Backman, J., 2005.

Rapid stepwise onset of Antarctic glaciation and deeper calcite

compensation in the Pacific Ocean. Nature 433, 53–57.

DeConto, R.M., Pollard, D., 2003. Rapid Cenozoic glaciation of

Antarctica induced by declining atmospheric CO2. Nature 421,

245–249.

Denton, G.H., Hughes, T.J., 2002. Reconstructing the Antarctic ice

sheet at the Last Glacial Maximum. Quaternary Science Reviews

21, 193–202.

Hill, R.S., 1989. Fossil leaf, Antarctic Cenozoic history from the

CIROS-1 Drillhole, McMurdo Sound. New Zealand Department

of Scientific and Industrial Research Bulletin 245, 143–144.

Huber, M., Brinkhuis, H., Stickley, C.E., Doos, K., Sluijs, A., War-

naar, J., Schellenberg, S.A., Williams, G.L., 2004. Eocene circu-

lation of the Southern Ocean: was Antarctica kept warm by

subtropical waters? Paleoceanography 19, PA4026. doi:10.1029/

2004PA001014.

Huybrechts, P., 2002. Sea-level changes at the LGM from ice-dynam-

ic reconstructions of the Greenland and Antarctic ice sheets during

the glacial cycles. Quaternary Science Reviews 21, 203–231.

Kominz, M.A., Pekar, S.F., 2001. Oligocene eustasy from two-di-

mensional sequence stratigraphic backstripping. Geological Soci-

ety of America Bulletin 113, 291–304.
Lawver, L.A., Gahagan, L.M., 1998. Opening of Drake Passage and

its impact on Cenozoic ocean circulation. In: Crowley, T.J., Burke,

K.C. (Eds.), Tectonic Boundary Conditions for Climate Recon-

structions. Oxford University Press, New York, pp. 212–223.

Lear, C.H., Rosenthal, Y., Coxall, H.K., Wilson, P.A., 2004.

Late Eocene to early Miocene ice sheet dynamics and the global

carbon cycle. Paleoceanography 19, PA4015. doi:10.1029/

2004PA001039.

Livermore, R., Eagles, G., Morris, P., Maldonado, A., 2004. Shack-

leton Fracture Zone: no barrier to early circumpolar ocean circu-

lation. Geology 32, 797–800.

Miller, K.G., Fairbanks, R.G., Mountain, G.S., 1987. Tertiary oxygen

isotope synthesis, sea-level history, and continental margin ero-

sion. Paleoceanography 2, 1–19.

Miller, K.G., Wright, J.D., Fairbanks, R.G., 1991. Unlocking the ice

house: Oligocene–Miocene oxygen isotopes, eustasy, and margin

erosion. Journal of Geophysical Research 96, 6,829–6,848.

Mikolajewicz, U., Maier-Reimer, E., Crowley, T.J., Kim, K.-Y., 1993.

Effect of Drake and Panamanian gateways on the circulation of an

ocean model. Paleoceanography 8 (4), 409–426.

Naish, T.R., Woolfe, K.J., Barrett, P.J., Wilson, G.S., Cliff, A.,

Bohaty, S.M., Bucker, C.J., claps, M., Davey, F.J., Dunbar,

G.B., Dunn, A.G., Fielding, C.R., Florindo, F., Hannah, M.J.,

Harwood, D.M., Henrys, S.A., Krissek, L.A., Lavelle, M., van

der Meer, J., Mcintosh, W.C., Niessen, F., Passchier, S., Powell,

R.D., Roberts, A.P., Sagnotti, L., Scherer, R.P., Strong, P.C.,

Talarico, F., Verosub, K.L., Villa, G., Watkins, D.K., Webb, P.-

N., Wonik, T., 2001. Orbitally induced oscillations in the East

Antarctic ice sheet at the Oligocene/Miocene boundary. Nature

413, 719–723.

Nong, G.T., Najjar, R.G., Seidov, D., Peterson, W., 2000. Simulation

of ocean temperature change due to the opening of Drake Passage.

Geophysical Research Letters 27, 2689–2692.

Pekar, S.F., Kominz, M.A., 2001. Two-dimensional paleoslope mod-

eling: a new method for estimating water depths for benthic

foraminiferal biofacies and paleo shelf margins. Journal of Sedi-

mentary Research 71, 608–620.

Pekar, S.F., Miller, K.G., 1996. New Jersey Oligocene bIcehouseQ
sequences (ODP Leg 150X) correlated with global d18O and

Exxon eustatic records. Geology 24, 567–570.

Pekar, S.F., Christie-Blick, N., Kominz, M.A., Miller, K.G., 2002.

Calibrating eustasy to oxygen isotopes for the early icehouse

world of the Oligocene. Geology 30, 903–906.

Pekar, S.F., DeConto, R., Harwood, D., this volume. Resolving a late

Oligocene conundrum: deep-sea warming versus Antarctic glaci-

ation. Palaeogeography, Palaeoclimatology, Palaeoecology.

Prebble, J.G., Raine, J.I., Barrett, P.J., Hannah, M.J., this volume.

Vegetation and climate from two Oligocene glacioeustatic sedi-

mentary cycles (31 and 24 Ma) cored by the Cape Roberts Project,

Victoria Land Basin, Antarctica. Palaeogeography, Palaeoclima-

tology, Palaeoecology.

Raine, J.I., Askin, R.A., 2001. Oligocene and Early Miocene terres-

trial palynology of the Cape Roberts Drillhole CRP-2/2A, Victoria

Land Basin, Antarctica. Terra Antarctica 7, 389–400.

Ritz, C.V., Rommelaere, V., Dumas, C., 2001. Modeling the evolution

of Antarctic ice sheet over the last 420,000 years: implications for

altitude changes in the Vostok region. Journal of Geophysical

Research 106 (D23), 31,943–31,964.

Shackleton, N.J., Kennett, J.P., 1975. Paleotemperature history of the

Cenozoic and initiation of Antarctic glaciation: oxygen and car-

bon isotopic analyses in DSDP Sites 277, 279, and 281. Initial

Report Deep Sea Drilling Project, vol. 29, pp. 743–755.

http://dx.doi.org/doi:10.1029/2000PA000567
http://dx.doi.org/doi:10.1029/2000PA000568
http://dx.doi.org/doi:10.1029/2004PA001039
http://dx.doi.org/doi:10.1029/2004PA001014


S.F. Pekar, R.M. DeConto / Palaeogeography, Palaeoclimatology, Palaeoecology 231 (2006) 101–109 109
Shackleton, N.J., Crowhurst, S.J., Weedon, G.P., Laskar, J., 1999.

Astronomical calibration of Oligocene–Miocene time. Philos.

Trans. R. Soc. Lond., A 357, 1907–1929.

Sijp, W.P., England, M.H., 2004. Effect of the Drake Passage through

flow on global climate. Journal of Physical Oceanography 34,

1254–1266.

Thorn, V.C., 2001. Oligocene and early Miocene phytoliths from

CRP-2/2A and CRP-3, Victoria Land Basin, Antarctica. Terra

Antarctica 8, 407–422.

Tiffney, B.H., 1985. The Eocene North Atlantic land bridge: its

importance in Tertiary and modern phytogeography of the north-

ern hemisphere. Journal of the Arnold Arboretum 66, 243–273.

Toggweiler, J.R., Bjornsson, H., 2000. Drake Passage and paleocli-

mate. Journal of Quaternary Science 15, 319–328.

Toggweiler, J.R., Samuels, B., 1995. Effect of Drake Passage on the

global thermohaline circulation. Deep-Sea Research 42, 477–500.

Williams, R.S., Ferrigno, J.G., 1999. Satellite image atlas of glaciers

of the world, chapter a: introduction. U.S. Geological Survey

Professional Paper 1386-A.
Wolfe, J.A., 1978. A paleobotanical interpretation of Tertiary climates

in the northern hemisphere. American Scientist 66, 694–704.

Woodruff, F., Savin, S.M., 1989. Miocene deep water oceanography.

Paleoceanography 4, 87–140.

Wright, J., Colling, A., 1995. Seawater: its composition, properties,

and behaviour. Open University Press and Elsevier Science Ltd.,

Oxford, p. 168.

Wright, J.D., Miller, K.G., 1993. Southern ocean influences on late

Eocene to Miocene deepwater circulation. Antarctic Research

Series 60, 1–25.

Wright, J.D., Miller, K.G., 1996. Control of North Atlantic deep water

circulation by the Greenland–Scotland Ridge. Paleoceanography

11, 157–170.

Wright, J.D., Miller, K.G., Fairbanks, R.G., 1992. Early and middle

Miocene stable isotopes: implications for deepwater circulation,

climate and tectonics. Paleoceanography 7, 357–389.

Zachos, J.C., Pagani, M., Sloan, L., Thomas, E., Billups, K., 2001.

Trends, rhythms and aberrations in global climate 65 Ma to

present. Science 292, 686–693.


	High-resolution ice-volume estimates for the early Miocene: Evidence for a dynamic ice sheet in Antarctica
	Introduction
	Methods, definitions, data, and sites used
	Early Miocene ice-volume changes
	Implications for deep-sea water mass changes
	Conclusions
	Acknowledgements
	References


