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Cenozoic Deep-Sea
Temperatures and Global Ice
Volumes from Mg/Ca in Benthic

Foraminiferal Calcite
C. H. Lear,* H. Elderfield, P. A. Wilsont

A deep-sea temperature record for the past 50 million years has been produced
from the magnesium/calcium ratio (Mg/Ca) in benthic foraminiferal calcite. The
record is strikingly similar in form to the corresponding benthic oxygen isotope
(3'®0) record and defines an overall cooling of about 12°C in the deep oceans
with four main cooling periods. Used in conjunction with the benthic 380
record, the magnesium temperature record indicates that the first major ac-
cumulation of Antarctic ice occurred rapidly in the earliest Oligocene (34 million
years ago) and was not accompanied by a decrease in deep-sea temperatures.

Earth’s climate is widely understood to have
undergone dramatic changes over the past 100
million years (My) from the so-called mid-
Cretaceous “greenhouse” to the late Cenozoic
“icehouse” (I, 2). The long-term cooling over
this period is thought to have resulted from a
combination of factors that altered the amount
and distribution of heat over Earth’s surface.
Variations in atmospheric greenhouse gases
(principally CO,), Earth’s albedo, and linked
changes in ocean-atmosphere circulation pat-
terns, which are also influenced by the opening
and closing of ocean gateways, could contribute
to this long-term cooling. Yet, the relative im-
portance of these different processes is uncer-
tain and perhaps will remain so until detailed
and unambiguous records of global temperature
are available.

Many proxy records have been developed
to define the timing and magnitude of global
climate change during the Cenozoic. Argu-
ably, the most established and reliable of
these records is that derived from the oxygen
isotopic composition (3'%0) of benthic fora-
miniferal calcite obtained from deep-sea
cores (I, 2). The power of this particular
record lies in the fact that the deep ocean is
insulated from large seasonal, latitudinal, and
geographical variations in temperature and
salinity and therefore is more representative
of global change than surface ocean or con-
tinental records are. The form of this deep-sea
benthic 8'80 record is particularly well con-
strained for the past 50 My and is composed
of a series of abrupt short-term (~1 My)
“steplike” increases superimposed on a long-

Department of Earth Sciences, University of Cam-
bridge, Downing Street, Cambridge CB2 3EQ, UK.

*To whom correspondence should be addressed. E-
mail: chl26@esc.cam.ac.uk

tPresent address: School of Ocean and Earth Sciences,
Southampton Oceanography Centre, European Way,
Southampton, SO14 3ZH, UK.

www.sciencemag.org

er term increase. However, 3'%0 values of
marine carbonates are controlled by the tem-
peratures and isotopic compositions of the
seawater (8'%0_,) from which they formed.
If an independent record of deep-sea temper-
ature was available, this complexity in the
benthic foraminiferal calcite 8'®0 record
could be an important advantage because
3'80,,, in the deep oceans primarily records
global continental ice volume.

Attempts to extract global ice budgets
from deep-sea 3'80 records by indirect meth-
ods have yielded very different estimates of
the timing of the onset of the accumulation of
continental-scale ice sheets. These range
from the Early Cretaceous [~150 million
years ago (Ma)] (3) to the Middle Miocene
(~15 Ma) (1), but recent improvements in the
stratigraphic resolution of the 3'80 record
have led to suggestions that either the late
Middle Eocene (~43 Ma) or the earliest Oli-
gocene (34 Ma) is a better estimate of the
initiation of major ice sheets within the Ce-
nozoic (4). Supporting evidence for this in-
terpretation comes from oceanic records of
ice-rafted debris, weathered clay mineral
compositions, microfossil assemblages, sea
level changes, and hiatuses (5), but such
records are often incomplete and ambiguous
and do not allow ice volumes to be estimated
or the causes of their expansion and contrac-
tion to be evaluated. Here, we present a low-
resolution deep-sea temperature record for
the past 50 My, using Mg/Ca in benthic

foraminiferal calcite. We use this record to
extract the 3'8O,, component from the
benthic foraminiferal 3'80 record and thus
define global continental ice volume.

Mg/Ca Paleothermometry

The basis for the Mg/Ca paleothermometry
method lies in laboratory experiments that
show that the partition coefficient of Mg?* into
inorganic calcite correlates strongly with tem-
perature (6) and in empirical and culture studies
of temperature-dependent uptake of Mg in ma-
rine biogenic calcites (7, §). Mg/Ca of plank-
tonic foraminiferal calcite has been used to
estimate Quaternary sea surface temperatures
(9). An empirical Mg/Ca—temperature calibra-
tion for a modern species of benthic foraminif-
era, Cibicidoides floridanus, also exists (10)
and has been used to determine Quaternary
deep-sea temperatures (/7).

We measured Mg/Ca in six species of
benthic foraminifera of late Cenozoic age
(~50 to 0.5 Ma) from three deep-sea drilling
sites in the Pacific, Atlantic, and Southern
oceans in order to generate a low-resolution
record (about two samples per 1 My). We
also generated a high-resolution record (~25
samples per 1 My) across the Eocene-Oligo-
cene boundary (Table 1) (12).

In order to generate a temperature record
from the Mg/Ca data, four issues must be
addressed. The first is that of interspecific
differences in Mg/Ca (Fig. 1A). Such differ-
ences are common in 8'%0 records (7), and
our data show that the same is true for Mg/Ca
(Fig. 1A). The reasons for these offsets in
Mg/Ca are unclear. Therefore, we followed
the procedure by which 3'%0 records are
generated and applied a simple species ad-
justment to our Mg/Ca data by normalizing
all species to Oridorsalis umbonatus (13). A
smoothed form of this species-adjusted
record is presented in Fig. 1B.

The second issue is to assess the preser-
vation of primary Mg/Ca values. Benthic fo-
raminifera are generally thought to have
higher preservation potential than planktonic
foraminifera, and three lines of evidence in-
dicate that the trend shown by the Mg/Ca data
represents a primary signal. (i) Depth profiles
of interstitial waters of deep-sea sediments
show trends of increasing Ca and decreasing
Mg with depth, caused by chemical transport
between the ocean and the basalts underlying
the sediment column. Postdepositional re-

Table 1. Locations of deep-sea sites and age ranges of analyzed samples.

. . Water Age of Paleowater
Site Location depth (m) samples (Ma) depth (m)
DSDP 522 26.11°S, 05.13°W 4400 32to 35 3000
DSDP 573 0.50°N, 133.31°W 4300 0to 35 4300 to 3000
ODP 689 64.52°S, 03.10°E 2080 37to 48 1500
ODP 926 03.72°N, 42.91°W 3600 6to 12 3500
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crystallization of calcite as it reequilibrates
with surrounding pore waters: should there-
fore tend to lower the calcite Mg/Ca (14).
This diagenetic process should be more en-
hanced in older samples, yet data show a
trend of increasing Mg/Ca with age (the ef-
fect of burial temperature on Mg of any
recrystallized calcite will be trivial). (ii) Di-
agenesis should cause chemical homogeniza-
tion of all coexisting biogenic calcite, yet
consistent interspecific differences persist
over the whole record (Fig. 1A). (iii) Diagen-
esis should cause homogenization of the
chemical composition of individual forami-
niferal shells. However, electron microprobe
analyses of individual benthic foraminifera
(Nuttallides truempyi) show that concentra-
tions of trace elements vary substantially
within an individual test. This heterogeneity

RESEARCH ARTICLES

is unrelated to test structures and porosity,
and the range in concentration within an in-
dividual test is unrelated to the mean concen-
tration of the test, suggesting that lower con-
centrations are not the result of recrystalliza-
tion. Examination of cleaned shells under a
scanning electron microscope revealed no
secondary calcite, such as coccoliths or cal-
cite rhombs.

The third requirement to determine temper-
atures from Mg/Ca data is to know past seawa-
ter Mg/Ca. No independent proxy record exists
for secular variation in seawater Mg/Ca. How-
ever, the fluxes of Mg?* and Ca" into and out
of the modern oceans are reasonably well con-
strained (/5) and have been used, together with
certain key geological parameters (for example,
records of oceanic crustal cycling and dolomite
abundance), to develop simple geochemical

Mg/Ca (mmol/mol)

models that estimate past seawater Mg/Ca (/6,
17). The resultant temperature record is not
very sensitive to the choice of model, and we
used that of (/6), which includes a comprehen-
sive treatment of dolomite cycling and has the
advantage of predicting realistic deep-sea Pleis-
tocene temperatures from our Mg/Ca data.
Finally, in order to translate Mg/Ca
records into temperatures, a calibration is
required. We used the published (/0) modern
Mg/Ca temperature calibration from C. flori-
danus and applied a species adjustment to our
reference species, O. umbonatus, by chang-
ing the preexponential constant of the Mg
temperature calibration so as to match Mg/Ca
and 3'%0 temperatures in an ice-free world
[3'%0,_, = —1.2 per mil, which we assumed
to be the case between 48 and 49 Ma (18)].
The Mg temperature record constructed on

Mg/Ca (mmol/mol)
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Fig. 1. (A) Composite multispecies benthic foraminiferal Mg/Ca
records from three deep-sea sites: DSDP Site 573, ODP Site 926, and
ODP Site 689. (B) Species-adjusted Mg/Ca data. Error bars represent
standard deviations of the means where more than one species was
present in a sample. The smoothed curve through the data represents
a 15% weighted average. (C) Mg temperature record obtained by
applying a Mg calibration to the record in (B). Broken line indicates
temperatures calculated from the 3'80 record assuming an ice-free
world. Blue areas indicate periods of substantial ice-sheet growth
determined from the 3'0 record in conjunction with the Mg tem-
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perature. (D) Cenozoic composite benthic foraminiferal 3'80 record
based on Atlantic cores and normalized to Cibicidoides spp. from
Miller et al. (2). Vertical dashed line indicates probable existence of
ice sheets as estimated by (2). %o, per mil; 3,, seawater §'80. (E)
Estimated variation in 380 composition of seawater, a measure of
global ice volume, calculated by substituting Mg temperatures and
benthic 380 data into the 380 paleotemperature equation (Eq. 2).
The volume of “full Pleistocene glacial ice volume” is from Dwyer
et al. (7). All records are plotted to the time scale of Berggren et al.
(34).
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this basis (Fig. 1C) shows a consistent long-
term decrease in deep-ocean temperature of
~12°C over the past 50 My. Moreover, the
overall form of this curve is remarkably sim-
ilar to the corresponding composite benthic
8'80 record (Fig. 1D).

Figure 1A shows scatter that interspecific
normalization cannot fully eliminate and that
must be addressed in order to refine the Mg-
based paleotemperature record. One difficul-
ty is that of natural heterogeneity in shell
chemistry, which is exacerbated by the anal-
ysis of small numbers of individuals in a
small size fraction (/9). The application of
Mg/Ca paleothermometry to longer time
scales introduces new problems (for example,
diagenesis and changes in seawater Mg/Ca),
which we have addressed, and uncertainties
that remain in applications within Quaternary
paleoceanography. New Mg/Ca temperature
calibrations for benthic foraminifera are ur-
gently required.
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Cenozoic Cooling

The temperature record shows a general cool-
ing trend for the past 50 My, but its resolution
is too low to define abrupt temperature ex-
tremes. Assuming that the process of deep
water formation at high latitudes prevailed
throughout the past 50 My, these deep-ocean
temperatures can be inferred to represent po-
lar surface temperatures (/). The temperature
trend (Fig. 1C) appears to comprise four main
cooling phases separated by periods of more
stable temperatures. These cooling phases oc-
cur during the early Middle Eocene, the Late
Eocene through Early Oligocene, the late
Middle Miocene, and the Plio-Pleistocene.
Alternative evidence supports the existence
of these principal cooling phases. A sharp cool-
ing in the early Middle Eocene has been in-
voked to explain the abundance of siliceous
sediments of this age (20). The Early Eocene
warm climate is thought to have promoted in-
tense chemical weathering of siliceous rocks at
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Fig. 2. (A) Mg/Ca of three species of benthic foraminifera (not normalized) across the Eocene-
Oligocene boundary (DSDP Site 522). (B) Mg temperatures calculated from Mg/Ca normalized to
O. umbonatus (solid symbols) and 880 of Gyroidinoides spp. (open symbols) from Zachos et al.
(27) through the first major 8'80 excursion of the Cenozoic (Oi-1). Mg temperatures of O.
umbonatus and the 8'80 record represent a three-point moving average of the data.

high latitudes, which resulted in high concen-
trations of dissolved silica in the oceans. The
subsequent cooling stimulated upwelling of nu-
trient-rich water and intense biosilicification.
The cooling over the Late Eocene through Ear-
ly Oligocene is coincident with the transition
from “Paleogene” to “transitional” benthic fo-
raminiferal faunas and high extinction rates in
planktonic and terrestrial faunas. The initiation
of this deep water cooling also coincides with
a reduction in the extent of tropical rainfor-
ests on land (21, 22). The cooling in the late
Middle Miocene is marked by a narrowing of
tropical and warm subtropical biotic provinc-
es in terrestrial and marine environments
(23). Warmwater diatom assemblages were
replaced by cold-water species at this time
(24). The Plio-Pleistocene cooling is not rep-
resented by an extinction phase in benthic
foraminiferal faunas; instead, faunal groups

adapted to the changing bottom water condi-

tions by migration (21).

Global Ice Volumes

Our deep-sea temperature record enables the
3'80,,, component of the benthic §'®0 record
to be calculated (Fig. 1E). This approach has
been successfully applied to ostracode Mg/Ca
records of Late Pliocene and Quaternary age
(7). In principle, therefore, both the timing of
initiation of continental ice accumulation and
its record through the Cenozoic can be deter-
mined. However, extreme values of 3'%0_ will
not be represented because this record was
compiled with smoothed 8'%0 and Mg temper-
ature records. Nevertheless, three main rapid
ice-accumulation events are depicted: (i) the
earliest Oligocene (Oi-1) (25), (ii) the late Early
Miocene, and (iii) the Pliocene through Pleis-
tocene. Each 8'80_, event corresponds to a
rapid excursion (~1 per mil) in the global
benthic 8'%0 records, and all are generally
thought to be associated with a rapid accumu-
lation of continental ice that, in turn, has been
attributed to threshold levels in the climate sys-
tem attained by the application of gradual forc-
ing mechanisms (26, 27).

Perhaps the best known example of such
an event is the positive 3'80 excursion in
earliest Oligocene time (Oi-1) (25, 28). This
excursion was first ascribed to a 5°C temper-
ature drop associated with the onset of ther-
mohaline circulation (26). More recently,
Oi-1 has been associated with the onset of
continental ice accumulation on Antarctica
(27, 28).

Therefore, we generated a high-resolution
Mg/Ca paleotemperature record for this event to
use in conjunction with a benthic 8'0 record
(28) to calculate 8'0_, over this period (Fig. 2).
Our data confirm that most of the benthic 3'%0
signal results from a buildup of continental ice
with little temperature response. This conclusion
is in accord with faunal studies of benthic fora-
minifera, which document gradual, stepped ex-
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tinctions from the Middle Eocene to Late Oli-
gocene, with no clear extinction event corre-
sponding to Oi-1 (29). Further refinement of the
Mg temperature calibration may change the pre-
dicted temperatures somewhat (and hence abso-
lute ice volume) across this event. But, the lack
of a deep-sea temperature decline implies rapid
ice accumulation during Oi-1 without a con-
comitant decrease in polar surface temperatures.
Perhaps, rather than excess warmth, a lack of
moisture available for snow precipitation on
Antarctica prevented ice accumulation immedi-
ately before this time. Elsewhere, it has been
suggested that the new moisture source could
have been provided by the opening of a seaway
between Antarctica and Australia, thereby re-
ducing the aridity of the polar region (30). The
lithostratigraphic results of recent drilling
[Ocean Drilling Program (ODP) Site 1182] in
the Australian-Antarctic seaway has confirmed
a switch from early-rift clastic deposition to
carbonate deposition in the Late Eocene and the
deposition of a 20-m-thick nanofossil chalk bed
in the earliest Oligocene (3/). The age of this
marine deposit lends support to the hypothesis
that opening of the seaway played an integral
part in the initiation of continental-scale ice
sheets, perhaps by making Antarctica a conti-
nent with a less arid maritime climate.

The large accumulation of ice in the late
Middle Miocene (~14 Ma) has been associated
with East Antarctic Ice Sheet growth (32). Our
Mg/Ca data do not cover this event in any detail
but indicate that most (~85%) of the benthic
8'80 increase at this time can be attributed to an
increase in continental ice volume; the rest of
the increase reflects a cooling of bottom waters.
The last of the rapid shifts in the Cenozoic
benthic 3'80 record reflects the Pleistocene
glaciation of the Northern Hemisphere (/, 33).
The Mg temperature record suggests that about
two-thirds of the increase in benthic foraminif-
eral 3'%0 over the past 4 My can be attributed
to the accumulation of continental ice.

The deep-sea temperature record from Mg/
Ca in benthic foraminiferal calcite suggests a
cooling of ~12°C over the past 50 My. Four
phases of cooling support the hypothesis that
many benthic faunal turnovers coincide with
times of temperature decline. Used in conjunc-
tion with a benthic 3'80 record, the Mg tem-
perature record provides estimates of global ice
volume. The findings suggest that the first ma-
jor continental-scale ice accumulation occurred
in the earliest Oligocene. A high-resolution
study shows that this event was not marked by
a decrease in deep-sea temperature. This sug-
gests that a mechanism other than temperature
decline must have promoted the initiation of
Antarctic ice.
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