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[1] The Middle Eocene Climatic Optimum (MECO) is an enigmatic warming event that represents an abrupt
reversal in long-term cooling through the Eocene. In order to further assess the timing and nature of this event,
we have assembled stable isotope and calcium carbonate concentration records from multiple Deep Sea Drilling
Project and Ocean Drilling Program sites for the time interval between �43 and 38 Ma. Revised stratigraphy at
several sites and compilation of d18O records place peak warming during the MECO event at 40.0 Ma (Chron
C18n.2n). The identification of the d18O excursion at sites in different geographic regions indicates that the
climatic effects of this event were globally extensive. The total duration of the MECO event is estimated at
�500 ka, with peak warming lasting <100 ka. Assuming minimal glaciation in the late middle Eocene, �4�–
6�C total warming of both surface and deep waters is estimated during the MECO at the study sites. The interval
of peak warming at �40.0 Ma also coincided with a worldwide decline in carbonate accumulation at sites below
3000 m depth, reflecting a temporary shoaling of the calcite compensation depth. The synchroneity of deep-
water acidification and globally extensive warming makes a persuasive argument that the MECO event was
linked to a transient increase in atmospheric pCO2. The results of this study confirm previous reports of
significant climatic instability during the middle Eocene. Furthermore, the direct link between warming and
changes in the carbonate chemistry of the deep ocean provides strong evidence that changes in greenhouse gas
concentrations exerted a primary control on short-term climate variability during this critical period of Eocene
climate evolution.
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1. Introduction

[2] The warmest marine temperatures of the entire Ceno-
zoic are recorded in the latest Paleocene to early Eocene
time interval (�58 to 49 Ma) during an extended interval of
‘‘greenhouse’’ climates [Zachos et al., 2001, 2008]. Fol-
lowing this interval, warming came to a gradual end during
a period of long-term cooling through the middle and late
Eocene (�49 to 34 Ma), eventually resulting in the develop-
ment of ‘‘icehouse’’ climates with significant polar glaciation
by the early Oligocene [Miller et al., 1987; Zachos et al.,
1996]. Superimposed on these broad climatic trends, several
short-lived extreme warming events (‘‘hyperthermals’’) have
been documented in the late Paleocene to early Eocene
interval [Kennett and Stott, 1991; Lourens et al., 2005;
Zachos et al., 2008]. Additionally, it has recently become
clear from work in the high southern latitudes that long-term
cooling through the middle Eocene interval was also inter-
rupted by at least one major transient warming event

[Barrera and Huber, 1993; Bohaty and Zachos, 2003; Ivany
et al., 2008], although this younger warming event is most
likely much different in nature than the late Paleocene–
early Eocene hyperthermal events [Bohaty and Zachos,
2003].
[3] At Southern Ocean sites, a late middle Eocene tran-

sient warming episode, involving both surface and deep
waters, has been designated the Middle Eocene Climatic
Optimum (MECO) event [Bohaty and Zachos, 2003]. At
deep-sea drill sites outside of the Southern Ocean, several
short-lived warming and cooling phases in the middle
Eocene have also been identified [Lyle et al., 2002; Wade
and Kroon, 2002; Sexton et al., 2006a; Edgar et al., 2007],
but the timing of these events relative to the MECO event
has not been established. Of particular importance are proxy
records developed from drill sites in the paleoequatorial
Pacific, which are interpreted to represent an interval of
bipolar glaciation within the middle Eocene [Tripati et al.,
2005; Dawber and Tripati, 2007; Tripati et al., 2007].
Using previously available age models, this proposed gla-
cial interval appears to have been approximately synchro-
nous with Southern Ocean warming during the MECO
event. Therefore, further development of high-resolution
paleoceanographic records is required to determine both
the temporal relationships and the significance of these
short-lived warming and cooling events within the context
of long-term cooling through the middle Eocene.
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[4] An anomalous warming event was also recently
identified in upper middle Eocene land-based marine sec-
tions in central Italy. Environmental magnetic and magneto-
stratigraphic records developed from these sections indicate
a regional warming phase in the midlatitude Atlantic Ocean
that is time correlative with the MECO in Southern Ocean
cores [Jovane et al., 2007]. If the MECO event was truly
global, what caused this sudden reversal in middle Eocene
cooling? Changes in continental elevation and/or geography
and associated modification of ocean gateways and circu-
lation would have caused stepwise changes in climate on
longer timescales and, thus, do not adequately explain the
relatively short duration and transient character of the event.
A brief increase in pCO2 is a more likely candidate, but
there is currently no direct proxy evidence to support such a
connection. Currently, paleo-pCO2 records for the middle
Eocene interval are relatively low resolution and are char-
acterized by large uncertainties, placing concentrations
between �500 and 2500 ppmv [Pearson and Palmer,
2000; Pagani et al., 2005]. Since a rapid increase in
pCO2 should be associated with a number of attendant
effects in the carbon cycle, other geological clues may
provide indirect evidence to support a postulated increase
in pCO2. For example, if transient warming during the
MECO was globally synchronous and driven by a short-
term increase in pCO2, an abrupt rise in pCO2 levels should
correspond with a prominent change in ocean chemistry.
Specifically, a relatively rapid (<500 ka) and large increase
in pCO2 should have promoted increased carbonate disso-
lution on the seafloor [Berger, 1977], as has been docu-
mented during the transient warming event at the
Paleocene-Eocene boundary [Zachos et al., 2005]. Acute
changes in carbonate content during the middle Eocene
have been recognized at several pelagic sites [Peterson and
Backman, 1990; Lyle et al., 2005], but it has not been
determined how these changes relate to the MECO event.
[5] Clearly, the Eocene greenhouse-to-icehouse transition

was much more dynamic than previously recognized. In

order to address a number of unresolved questions regarding
the timing and nature of paleoceanographic events during
this intriguing time interval, additional high-resolution pale-
oceanographic records are greatly needed. To this end, we
have compiled existing data and generated new stable
isotope and carbonate concentration data at multiple sites
for a time slice within the late middle Eocene, spanning the
interval between �43 and 38 Ma. In addition to improving
the temporal and spatial resolution of records spanning this
interval and assessing the scope of the MECO warming
event, specific goals of this study include (1) resolution of
the apparent discrepancy in climatic signals between the
tropical Pacific and Southern Ocean sites, (2) determination
of the relationship between short-term changes in marine
temperatures and changes in the calcite compensation depth
in different ocean basins, and (3) an overall assessment of
the plausibility of the significant transient changes in pCO2

during the late middle Eocene.

2. Materials and Methods

2.1. Site Locations and Paleodepth Estimates

[6] The drill site locations chosen for this study span a
wide geographic range (Figure 1 and Table S1).1 Middle
Eocene sediments at most of these sites are typical deep-sea
pelagic carbonates that are unlithified and predominantly
composed of foraminiferal nannofossil oozes and biosili-
ceous nannofossil oozes. Burial depths are relatively shal-
low for most of the middle Eocene sections (<200 m below
seafloor (mbsf)). The only exception is Site 709, where the
upper middle Eocene was recovered at significantly greater
depths (290 to 300 mbsf). The middle Eocene drill cores
recovered at Sites 738 and 748 in the Southern Ocean
(Indian Ocean sector, southern Kerguelen Plateau) are the
most stratigraphically complete sections and thus were

Figure 1. DSDP and ODP site locations of middle Eocene sections included in this study. Approximate
positions at 40 Ma are plotted on a paleogeographic reconstruction from the Ocean Drilling Stratigraphic
Network (GEOMAR, Kiel, Germany). Sites at <3000 m paleodepth during the late middle Eocene are
labeled with open circles with a cross, and sites at >3000 m paleodepth are labeled with solid circles.

1Auxiliary materials are available in the HTML. doi:10.1029/
2008PA001676.
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subject to the most intense sampling and detailed stable
isotope work.
[7] Paleodepth calculations for the study sites were de-

rived with a standard subsidence model (see additional
notes in the supporting auxiliary material section). An
overview of paleodepth estimates for the middle Eocene–
early Oligocene interval (50–30 Ma) is shown in Figure S1,
and paleodepth estimates for each site within the MECO
interval are given in Table S1. The study sites encompass a
wide range of paleodepths within the middle Eocene inter-
val. Of particular importance to the carbonate accumulation
history compiled in this study are the deeper sites positioned
below 3000 m water depth during the middle Eocene (Sites
523, 711, 1218, and 1219) (Figure 1).

2.2. Sample Materials and Preparation

[8] New carbonate concentration and fine-fraction/bulk
stable isotope data were collected from the middle Eocene
sections of Deep Sea Drilling Project (DSDP) Hole 523 and
Ocean Drilling Program (ODP) Holes 689B, 702B, 738B,
748B, 1051A, 1263A, and 1263B. Selected middle Eocene
intervals of each drillcore were sampled at a stratigraphic
spacing of 2 to 30 cm. Higher-resolution sampling was
generally carried out within critical intervals of the MECO
warming event. Sample volumes requested for this study
were either small ‘‘toothpick’’ samples used to generate
bulk stable isotope records, or large 10–15 cc samples used
for stable isotope analysis of foraminifera and fine-fraction
carbonate.
[9] For bulk stable isotope analysis, the toothpick samples

from Holes 523, 702B, 1051A, 1263A, and 1263B were
freeze-dried and ground with an agate mortar and pestle in
order to fully homogenize the sediment. Fine-fraction sep-
arates were prepared from Holes 689B, 738B, and 748B by
wet sieving a small subsample (�0.5 g) through 10-mm
nylon fabric. Several samples of the fine-fraction material
Holes 738B and 748B were examined in smear slide
preparations under the light microscope. The sieved samples
were predominantly composed of calcareous nannofossils
<12 mm diameter, and most samples only contained a minor
fraction (<5%) of nonnannofossil carbonate.
[10] New stable isotope data for Sites 738 and 748

supplements previously published records in the middle
Eocene interval at these sites [Bohaty and Zachos, 2003;
Villa et al., 2008]. New analyses for this study included (1)
additional benthic foraminiferal samples from Hole 748B,
(2) additional fine-fraction samples from Hole 738B, and
(3) the generation of a new high-resolution benthic forami-
niferal record for Hole 738B. Preparation of samples for
foraminiferal stable isotope analysis followed standard
procedures. Approximately 10 g of freeze-dried sample
was thoroughly disaggregated in deionized water on a table
shaker and wet sieved through a 63-mm stainless steel sieve.
The samples were then air-dried for several days, dry sieved
into two fractions (63–150 mm and >150 mm), and stored in
vials.
[11] Benthic foraminifera of the genus Cibicidoides were

used to generate stable isotope records from Holes 738B
and 748B. Five to ten Cibicidoides specimens were picked
from the 250–355 mm size fraction (depending on avail-

ability) from each sample and combined for isotopic anal-
ysis. A high diversity of Cibicidoides taxa, with a high
degree of taxonomic variability, was observed in the middle
Eocene samples from both Holes 738B and 748B. Conse-
quently, species identification was difficult, but the species
used represent a narrow range of morphotypes. The pre-
ferred species was C. praemundulus, but a degree of
variability outside the strict definition of the species was
allowed. Other Cibicidoides taxa that are less common in
Site 738 and 748 sediments, such as C. bradyi, C. eocaenus,
C. laurisae, C. micrus, and C. subspiratus [see Mackensen
and Berggren, 1992], were avoided and not used for stable
isotope analysis in this study. Identification of these taxa
was aided by the descriptions and illustrations given by van
Morkhoven et al. [1986].

2.3. Analytical Methods

[12] Stable isotope analysis of the bulk sediment, fine-
fraction, and foraminiferal samples was performed using
VG Prism and Optima dual-inlet isotope ratio mass spec-
trometers at the University of California, Santa Cruz. Both
of these instruments are fitted with an automated carbonate
preparation system in which samples are reacted in a
common acid bath (maintained at 90�C) using a carousel
device. NBS-19, Atlantis II, and an in-house Carrara marble
standard were included in all sample runs. All values are
reported in standard delta notation (d) in parts per mil (%)
relative to Vienna Pee Dee Belemnite (VPDB), and analyt-
ical precision is estimated at 0.04% (1s) for d13C and
0.06% (1s) for d18O. The Atlantis II standard (d18O ffi
3.41%) was used to ensure accuracy across the entire range
of observed d18O values (see Ostermann and Curry [2000]
for further discussion). Approximately 15% of all samples
were replicated on separate sample runs. Numerous com-
parisons of the stable isotope values for individual samples
were also made between the two instruments.
[13] The majority of bulk-sediment stable isotope data for

Holes 523, 1263A, and 1263B were generated using the VG
Optima mass spectrometer. For these analyses, weight
percent carbonate data were also collected in the course of
the automated sample preparation, using the manifold
pressure transducer reading. Relatively low sample weights
and an extended reaction time (750 s) were used in order to
ensure complete reaction of carbonate-rich samples. Prior to
each sample run, 150 to 300 mg of bulk sediment were
weighed directly into stainless steel sample boats. A cali-
bration curve for each run was constructed from a powdered
Carrara marble standard using sample weights in the range
of 100 to 700 mg. A separate consistency standard was also
included in each run, and the average carbonate concentra-
tion of the consistency standard was 71.8% (n = 58), with
an external precision of ± 2.1% (1s).
[14] Additional notes and details concerning foraminiferal

preservation, foraminiferal isotope ecology, and carbonate
mass accumulation rate calculations are given in the sup-
porting auxiliary material section.

3. Biomagnetostratigraphy and Age Models

[15] In order to compare the fine details of the isotopic
and carbonate concentration records between sites, it was
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necessary to construct new age models for the middle
Eocene intervals of all drill cores included in this study.
We primarily focused on interval between 38.0 to 43.0 Ma,
and all available magnetostratigraphic data were compiled
for cores within this time interval. Inclination data from
Holes 702B [Ciesielski et al., 1988; Clement and Hailwood,
1991] and 1051A [Ogg and Bardot, 2001] provide the most
reliable magnetostratigraphic records for the sections in-
cluded in this study, whereas the polarity interpretations
from Holes 523 [Tauxe et al., 1984], 738B [Barron et al.,
1989], and 689B [Spiess, 1990; Florindo and Roberts,
2005] are comparatively more equivocal. When considered
together, though, consistent polarity patterns through the
late middle Eocene interval can be identified, and correla-
tion of these records to the geomagnetic polarity timescale
(GPTS) is unambiguous. The overall agreement between
these paleomagnetic records is extremely valuable and
provides a solid foundation on which to base the age
models. The sources of all paleomagnetic data and the
methods used for each of the published studies are described
in detail in the supporting auxiliary material section. Plots of
each individual section showing depth/core information,
magnetostratigraphy, and biostratigraphic datums are also
given in Figures S2–S12.
[16] Correlation of magnetostratigraphic records to the

GPTS [Cande and Kent, 1992, 1995; Berggren et al., 1995]
was aided by calcareous nannofossil and foraminiferal
biostratigraphy. In the low and midlatitudes, the datums
and zonal schemes for both nannofossils and foraminifera
are sufficiently well calibrated to the GPTS [Berggren et
al., 1995; Berggren and Pearson, 2005] and provide
reliable age constraints in the middle Eocene interval. The
compiled stratigraphic data in this study suggest, however,
that there is diachroneity of biostratigraphic events between
the high and low latitudes in the middle Eocene (see
the auxiliary material section for additional stratigraphic
information and references). For example, the nannofossil
Cribrocentrum reticulatum first occurs slightly earlier in the
low latitudes than the high latitudes, and Chiasmolithus
solitus disappears earlier in the low latitudes than in high
latitudes. Reticulofenestra umbilica also exhibits significant
diachroneity between sites, but this may be in part due to
different taxonomic concepts applied in separate studies.
[17] Previous miscalibration of the age of the MECO

event, which was originally assigned an age of 41.5 Ma
by Bohaty and Zachos [2003], resulted from the application
of nannofossil datums that were not well calibrated in the
Southern Ocean region. These stratigraphic problems have
been further propagated in recent revisions of age models
for several Southern Ocean cores [e.g., Falkowski et al.,
2005], and some uncertainty still exists for the ages of the
primary middle Eocene biostratigraphic datums. Therefore,
with the benefit of additional records and age constraints,
care was taken in interpreting the magnetostratigraphic
records at Southern Ocean sites. Published age calibrations
for nannofossil and foraminiferal datums were not consid-
ered as rigid constraints for dating these cores, although the
ages of the late middle Eocene nannofossil bioevents in the
Southern Ocean have recently been revised on the basis of
updated age models [Villa et al., 2008].

[18] For several of the middle Eocene sections included in
this study magnetostratigraphic data are either unavailable
or unreliable (Holes 709C, 711, 748B, 1209, 1263A, and
1263B). For these sections, we used biostratigraphic datums
and isotopic correlations between sites to derive the age
models. The patterns observed in stable isotope records
through the MECO warming event are distinctive, particu-
larly with respect to the gradual decrease in d18O values at
the beginning of the event. Recognition of this distinctive
isotopic pattern allows this event to be confidently identi-
fied and correlated between most sites. Additionally, the
MECO event is directly associated with two nannofossil
biostratigraphic events. At low-latitude and midlatitude
sites, the First Appearance Datum (FAD) of Dictyococcites
scrippsae approximately marks the beginning of the MECO
event, and, at southern high-latitude sites, the FAD of
Cribrocentrum reticulatum occurs in the initial stages of
the MECO event. These biostratigraphic data lend a great
deal of confidence to the magnetostratigraphic interpreta-
tions and isotopic correlations. Additional refinement of the
age models at the Southern Ocean sites (Sites 689, 702, 738,
and 748) was possible using detailed features of the bulk,
fine-fraction, and foraminiferal d13C and d18O records.
[19] For the age models compiled and constructed in this

study, the calibrations for the reversal boundaries of Chrons
C17 through C19 are derived from orbitally tuned records at
Sites 1218 and 1219 [Pälike et al., 2006]. These revised
ages are only slightly adjusted (�100 ka) from previous
calibrations [Berggren et al., 1995; Cande and Kent, 1995].
Although orbital tuning has not been performed at any of
the other sites included here, the use of the revised orbital
ages in all of the age models allows direct correlation to
Sites 1218 and 1219. For Chrons C20 and C21, we use the
age calibrations from the 1995 revision of the GPTS
[Berggren et al., 1995; Cande and Kent, 1995]. Constant
sedimentation rates were inferred between the available age
control points for each section. The primary magnetostrati-
graphic, biostratigraphic, and isotopic tie points and assigned
ages used in this study are given in Table S2.

4. Results

4.1. Southern Ocean Stable Isotope Records

[20] The stable isotope records derived from Southern
Ocean Sites 738 and 748 display extremely coherent values
and trends within the interval between 38.5 and 42.5 Ma
(Figure 2), despite the fact that the cores from these sites are
derived from different regions of the Kerguelen Plateau and
were deposited at different water depths. The two sites are
separated by �520 km, and the sediments at Site 738 were
originally deposited at a �1000 m deeper water depth than
Site 748. The general agreement of benthic foraminiferal
(Cibicidoides) and fine-fraction records from these two sites
further suggests that either the stable isotope signals are not
significantly altered by diagenesis, or, alternatively, that the
signals were altered in a similar manner. The foraminifera
analyzed from both of these sections are characterized by a
‘‘frosty’’ preservation state [Sexton et al., 2006b], which is
caused by micron-scale diagenesis [Pearson et al., 2001].
However, the coherence of the two records suggests that
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severe diagenesis differentially affecting selected horizons
of either section is not likely, although the primary stable
isotope values may have been subtly altered because of
diagenetic effects.
[21] In addition to the overall reproducibility of the stable

isotope records at Sites 738 and 748, the benthic forami-
niferal and fine-fraction records display coherent trends in
both d18O and d13C throughout the study interval (Figure 2).
Following an interval of relatively steady d18O values of
�1.0% between 42.5 and 41.7 Ma (Chron C19r), benthic
foraminiferal d18O values increase by 0.5% between 41.7
and 41.5 Ma (top of Chron C19r). These elevated values
continue until �40.6 Ma (mid–Chron C18r), at which point
a gradual decrease begins. Benthic d18O values progres-
sively decrease by �0.8% for a period of �500 ka until
40.1 Ma (top of Chron C18r). An additional brief �0.4%
decrease in benthic d18O values occurs between �40.1 and
40.0 Ma (base of Chron C18n.2n), representing peak
excursion values of the MECO event. This brief minimum
is characterized by benthic d18O values of �0.1–0.3%, but

only persists for a period of �50 ka. A rapid increase in
d18O values is then observed at 39.95 Ma, and this upward
trend continues in a series of oscillations to 38.5 Ma (top of
Chron C18n.1n) (Figure 2). The fine-fraction d18O records
parallel the benthic d18O records, except that they are
consistently �0.5 to 1.0% lower through most of the study
interval. One difference between the two data sets is the total
magnitude of d18O change between �40.6 and 40.0 Ma.
Through this time interval, benthic d18O decreases by
�1.3% whereas fine-fraction d18O decreases by only
�0.9%. At the culmination of this decline, there are also
differences between the fine-fraction and benthic foraminif-
eral records in the relative duration of the interval of
minimum values. The interval of lowest fine-fraction d18O
values begins earlier and persists for �100 ka, whereas
the benthic d18O excursion is much shorter in duration
(Figure 2).
[22] Fine-fraction and benthic foraminiferal d13C records

at Sites 738 and 748 are also highly coherent throughout
the study interval and display several prominent changes

Figure 2. Late middle Eocene stable isotope records for Southern Ocean ODP Sites 738 (dark blue
lines) and 748 (red lines) plotted using revised age models. (top) Oxygen and (bottom) carbon isotope
data are presented for the benthic foraminiferal genus Cibicidoides and fine-fraction (<10 mm) sediment
separates. An equilibrium offset adjustment of +0.64% is applied to all Cibicidoides d18O values.
Previously published fine-fraction and benthic foraminiferal data from Holes 738B and 748B [Bohaty
and Zachos, 2003; Villa et al., 2008] are combined here with a new high-resolution benthic record and a
refined fine-fraction record for Hole 738B. Additional benthic data have also been added to the
previously published record for Hole 748B [Bohaty and Zachos, 2003]. The records from both sites are
scaled to revised age models. An age scale (in ka) fixed relative to the base of Chron C18n.2n is also
plotted on the upper axis.
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(Figure 2). In the early part of the record, from 42.5 to
40.8 Ma, benthic d13C values remain relatively steady with
values centered at �0.7%. A �0.4% increase in benthic
d13C then occurs between 40.8 and 40.6 Ma. Following this
step increase, benthic d13C values remain elevated until
�40.0 Ma, at which time there is a brief (�50 ka) negative
excursion of �0.5% corresponding to the short interval of
minimum d18O values. Following this short-term anomaly,
benthic d13C values increase to the highest values observed
in the entire time series. Between �40.0 and 39.2 Ma, peak
benthic d13C values of up to �1.6% are attained (Figure 2).
A long-term decline in d13C is then initiated �39.2 Ma, and
benthic d13C values eventually reach �0.6% by 38.5 Ma.
As observed in the d18O records, most features of the
benthic d13C records are paralleled by the fine-fraction
d13C records. Fine-fraction d13C values are consistently
�0.8 to 1.2% higher than benthic d13C values for the
duration of the record (Figure 2).

4.2. Multisite Stable Isotope Compilation

[23] In addition to Southern Ocean Sites 738 and 748 (in
the Indian Ocean sector), fine-fraction and bulk stable
isotope records were generated and compiled for several
other sites in the Atlantic Ocean (Figures 3 and 4). These
sites include: Sites 689 and 702 in the Southern Ocean
(Atlantic sector), Sites 523 and 1263 in the midlatitude
South Atlantic, and Site 1051 in the midlatitude North
Atlantic. Compilation of the magnetostratigraphic, biostrati-
graphic, and isotopic records for these sites (see the
supporting auxiliary material) allowed for detailed age
model construction and direct comparison of the isotopic
records between sites, as well as comparison of the mid-
latitude and high-latitude biostratigraphic zonal schemes
(Figures 3 and 4).
[24] The bulk and fine-fraction d18O records reveal the

characteristic signature of the MECO event at all sites
investigated, represented by negative d18O excursions of
�1.0 to 1.5% (Figure 3). As observed in the Site 738 and
748 records, a gradual decline in d18O begins at �40.6 Ma
and continues until �40.0 Ma, at which point the lowest
d18O values are reached. This excursion interval is then
followed by a rapid increase in d18O between 40.0 and
39.9 Ma (Figure 3). Overall, a very consistent pattern of
d18O variation is observed at all sites. One conspicuous
difference, however, is the total magnitude of the negative
d18O excursion at Site 1051, which is �1.5%, compared to
�1.0% at all other sites.
[25] Bulk and fine-fraction d13C records also exhibit a

general coherency in the multisite compilation (Figure 4).
With the exception of Site 1051, three features that are
common to all records include (1) a long-term increase in
d13C values between 43.0 and 39.7 Ma, (2) a brief negative
d13C excursion at 40.0 Ma, and (3) an interval of peak d13C
values between 39.9 and 39.5 Ma. Subtle differences,
though, are apparent between the records, including a
prominent minimum in fine-fraction d13C between �40.8
and 40.9 Ma at Sites 689 and 738 and the occurrence of a
broad d13C minimum between �40.9 and 40.6 Ma at Sites
523 and 702 (Figure 4). It is possible that there are problems
with the age models in the interval between �40.9 and

40.6 Ma (with errors of ± 100 ka), and the increase in d13C
following the interval of low d13C values is synchronous at
Sites 523, 689, 702, and 738. The bulk d13C record at Site
1051 displays a different overall pattern of d13C variation.
At this site, there is a long-term decrease in d13C (�0.7%)
between �41.2 and 40.0 Ma and a steady increase (�1.0%)
between 40.0 and 39.3 Ma (Figure 4).

4.3. Deep-Sea Carbonate Accumulation

[26] A detailed record of changes in carbonate mass
accumulation rates (MARs) for the late middle Eocene time
interval was generated at ODP Sites 1218 and 1219 in the
equatorial Pacific Ocean by Lyle et al. [2005]. We compare
these published results with carbonate MAR data from
several other sites included in this study (Figure 5). At
Site 523, an initial decrease in carbonate MARs occurs at
�40.5 Ma, followed by a total loss of carbonate (i.e., no
accumulation) in a brief interval corresponding to the lowest
recorded bulk d18O values (Figures S2 and S3). At nearby
Site 1263, which was positioned at a much shallower water
depth than Site 523 (Figure S1), no distinct changes in
carbonate MARs occur in the interval of study (Figure 5).
Carbonate concentration data are also available for Sites 709
and 711 in the equatorial Indian Ocean [Peterson and
Backman, 1990] (Figures S6 and S7). Revised calculations
of carbonate MARs for this shallow/deep pair of sites
(Figure S1) show a similar relationship to that observed in
the Atlantic Ocean. The deeper site (Site 711) records a
distinct drop in carbonate MARs at �40.0 Ma, whereas no
change is observed at Site 709 (Figure 5). Note, however,
that the Site 709 record is interrupted by a core break in the
time interval of interest (Figure S6). At Sites 1218 and 1219
in the deep equatorial Pacific, the interval preceding the
MECO (�41.6 to 40.8 Ma) is characterized by a substantial
increase in carbonate MARs (Figure 5), an interval desig-
nated as Carbonate Accumulation Event 3 (CAE-3) [Lyle et
al., 2005; Rea and Lyle, 2005]. Beginning at �40.8 Ma,
there is a considerable decrease in carbonate MARs for a
period of �700 ka, and no carbonate accumulation occurs
between �40.3 and 40.0 Ma (Figure 5) [Lyle et al., 2005].
Carbonate accumulation rates computed with published data
from Site 1209 [Hancock and Dickens, 2005], a shallower
site located to the northwest of Sites 1218 and 1219, also
indicate a decrease in MARs between �40.3 and 40.0 Ma
(Figure 5).

5. Interpretation

5.1. Timing and Duration of the MECO Event

[27] Compilation of stable isotope results from multiple
sites in the Atlantic and Indian Oceans clearly indicates that
the negative d18O excursion first observed at Southern Ocean
sites (defined as the MECO event) [Bohaty and Zachos,
2003] is a ubiquitous feature of late middle Eocene records.
Furthermore, these results suggest that the MECO event
represents a brief interval of widespread warming, with
climatic effects also evident in the Northern Hemisphere
(Site 1051, 30�N). This event appears to have been a key
climatic event within the middle Eocene and will undoubt-
edly be recognized in other high-resolution marine isotope
records that span the late middle Eocene time interval.
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[28] The age of the MECO event was originally calibrated
at 41.5 Ma using nannofossil biostratigraphy in Southern
Ocean cores [Bohaty and Zachos, 2003], but a more recent
estimate based on foraminiferal biostratigraphy at Site 738

assigned an age of 40.4 Ma to the event [Huber and
Quillévéré, 2005]. For the suite of sites included in the
current study, the magnetostratigraphic data from ODP Sites
702 and 1051 (Figures S5 and S10) provide the most

Figure 3. Bulk-sediment and fine-fraction oxygen isotope (d18O) records for the late middle Eocene
interval between 38 and 43 Ma. Stable oxygen isotope data are compiled for Sites 523, 689, 702, 738,
748, 1051, and 1263, which range geographically from the midlatitude North Atlantic to high latitudes of
the Atlantic Ocean and Indian Ocean sectors of the Southern Ocean (see Figure 1). Previously published
data from Sites 689, 738, and 748 [Bohaty and Zachos, 2003; Villa et al., 2008] are supplemented with
additional data from these sites, as well as new data from Sites 523, 702, 1051, and 1263. The age
assignments for the upper middle Eocene sections of all cores are revised on the basis of the
magnetostratigraphic interpretations described in the supporting auxiliary material section. A prominent
decrease in d18O values at �40.0 Ma is observed at all sites. Dashed lines span unconformities or core
intervals of no recovery. An age scale (in ka) fixed relative to the base of Chron C18n.2n is plotted on the
upper axis. Diachroneity was noted for several nannofossil and foraminiferal zonal datums between sites;
the placement of zonal boundaries is therefore approximate.
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reliable calibration within the framework of the GPTS. The
lowest d18O values observed during the MECO interval,
corresponding to peak temperatures, occur just above the
base of Chron C18n.2n (Figures 2 and 3). The base of
Chron C18n.2n is calibrated at 40.08 Ma [Pälike et al.,
2006] (Table S2), and the age of peak warming is therefore
estimated at �40.0 Ma. These results confirm a younger age

calibration for the MECO event as suggested by Huber and
Quillévéré [2005] and provide a basis for correlation to the
event identified in the Contessa section in Italy [Jovane et
al., 2007]. The correlation of the MECO event to the
Contessa section is particularly important, as it provides a
link between weathering changes observed on the continen-
tal margin of southern Europe and paleoceanographic

Figure 4. Bulk-sediment and fine-fraction carbon isotope (d13C) records for the late middle Eocene
interval between 38 and 43 Ma. Previously published data from Sites 689, 738, and 748 [Bohaty and
Zachos, 2003; Villa et al., 2008] are supplemented with additional data from these sites, as well as new
data from Sites 523, 702, 1051, and 1263. Dashed lines span unconformities or core intervals of no
recovery. An age scale (in ka) fixed relative to the base of Chron C18n.2n is plotted on the upper axis.
Diachroneity was noted for several nannofossil and foraminiferal zonal datums between sites; the
placement of zonal boundaries is approximate.
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changes recorded at deep-sea sites. Additionally, this new
age calibration for the MECO event indicates approximate
synchroneity with a brief warming event observed on
Demerara Rise at �40.3 Ma [Sexton et al., 2006a].
[29] The initial decrease in d18O values during the MECO

event occurs several 100 ka before the lowest d18O values
are attained at �40.0 Ma (Figures 2 and 3). This initial d18O
decrease is considered to mark the beginning of the MECO
event (Isotope Event 18-O6; Table S2). An age estimate for
this feature of the d18O record has been derived through age
interpolation between the top of Chron C19n and the base of
Chron C18n.2n because it occurs within the middle of

Chron C18r. At Site 702, an interpolated age of 40.55 Ma
is calculated, whereas the calibration at Site 1051 produces
a slightly older age of �40.8 Ma. Additional calibrations at
Sites 738 and 523, with less well defined paleomagnetic
records, further suggest that the initial decrease in d18O
begins at �40.6 Ma. As such, it is therefore likely that the
bulk d18O decrease at Site 1051 predated the initial shift at
other sites, or, alternatively, that sedimentation rates varied
significantly in the C18r interval at Site 1051. Using these
age calibrations for different features of d18O records, the
minimum duration of the MECO event, from initial to peak
warming, is conservatively estimated at �500 ka.

Figure 5. Compilation of carbonate mass accumulation rate (MAR) records for the late middle Eocene
interval between 38.5 and 42.5 Ma. For these records, new carbonate concentration data for Atlantic
Ocean Sites 523 (blue line) and 1263 (orange line) are combined with published records from Indian
Ocean Sites 709 (purple line) and 711 (gray line) [Peterson and Backman, 1990] and Pacific Ocean Sites
1209 (blue line) [Hancock and Dickens, 2005], 1218 (red line), and 1219 (green line) [Lyle et al., 2005].
An age scale (in ka) fixed relative to the base of Chron C18n.2n is plotted on the upper axis. Paleowater
depths of each site are indicated in the legend. Dotted lines in the records span unconformities or core
intervals with no recovery. Carbonate accumulation events (CAEs) are labeled as defined at Site 1218 by
Lyle et al. [2005]. Additional notes on the MAR calculations are included in the supporting auxiliary
material section.
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5.2. Late Middle Eocene Temperature History

[30] In order to estimate both absolute and relative tem-
perature change during the middle Eocene from marine
carbonate d18O values, it is necessary to make inferences
about the oxygen isotope composition of seawater (d18Osw).
Geologically rapid global changes in d18Osw are brought
about by ice storage on the continents, and, therefore,
information concerning the degree and variability of polar
glaciation is an important component of d18O temperature
calculations. A critical question, then, is whether there is
also a significant ice volume signal embedded in the marine
carbonate d18O records in the late middle Eocene interval.
[31] Many stable isotope studies in the Eocene interval

have assumed little or no continental glaciation during the
middle Eocene [e.g., Zachos et al., 2001]. Studies at
equatorial Pacific Ocean ODP Sites 1209, 1218, and
1219, however, have challenged this notion [Tripati et al.,
2005; Dawber and Tripati, 2007; Tripati et al., 2007]. At
Site 1218, a major increase in d18Osw values is interpreted
during the pre-MECO time interval by removing the esti-
mated temperature component from the observed benthic
foraminiferal d18O record. A large apparent increase in
d18Osw is attributed to major continental glaciation during
this interval, with the growth of the ice sheets at both poles
[Tripati et al., 2005]. The identification of ice-rafted sedi-
ments in the North Atlantic and Arctic region during the late
middle Eocene [Eldrett et al., 2007; St. John, 2008] has
been used to provide support for this assertion [Tripati et
al., 2008].
[32] Benthic foraminiferal d18O increases of up to 1.2%

have been reported for the ‘‘glacial’’ interval interpreted at
Site 1218 between �41.5 to 40.7 Ma [Tripati et al., 2005].
Within this same interval, bulk sediment and benthic d18O
records from Sites 702 and 738 are the most continuous of
the Southern Ocean records. These records show a gradual
�0.4 to 0.5% increase in d18O values between 41.6 and
40.6 Ma, but they do not show any brief high-magnitude
excursions similar to those reported fromSite 1218 (Figures 2
and 3). Although there is most likely some section missing
at two core breaks, the average time resolution of closely
spaced samples from Site 702 is �17 ka in the interval
between 42.0 and 40.5 Ma (Figure 3). Therefore, it is not
likely that transient d18O events were missed at this site as a
result of the sampling resolution.
[33] The d18O results from the pre-MECO interval of

Sites 702 and 738 agree well with a �0.6% increase in
benthic foraminiferal d18O values within the same interval
at equatorial Atlantic ODP Site 1260 [Edgar et al., 2007]. If
this magnitude of d18O change is attributed solely to an
increase in ice volume, these records would indicate, at
most, partial glaciation of East Antarctica between 41.6 and
40.6 Ma [Edgar et al., 2007]. Alternatively, the cause of the
d18O increase may be related in part, or completely, to
global cooling in this interval. A global cooling trend,
perhaps in combination with limited East Antarctic glacia-
tion, appears to be the most likely scenario in view of
Eocene pCO2 records [Pagani et al., 2005] and recent GCM
modeling indicating limited glaciation in the Northern
Hemisphere during greenhouse intervals [DeConto et al.,
2008]. Limited or no middle Eocene glaciation is also

supported by a multiproxy study from the Hampden Section
in New Zealand [Burgess et al., 2008], although the age of
this section (�41.7 Ma) is slightly older than the main
glacial phase interpreted by Tripati et al. [2005] (Figure 6).
[34] At the present time, the majority of available evi-

dence does not support large bipolar ice sheets in the middle
Eocene. Although the presence of small to moderate size
Antarctic ice sheets cannot be ruled out in this time interval,
we interpret the deep-sea d18O records between 43.0 and
38.0 Ma to primarily represent temperature variation. If
small ice sheets did exist during this interval, the timing of
glacial events was most likely in phase with the benthic
foraminiferal d18O records. If this was the case, benthic
foraminiferal d18O values in the intervals preceding and
following the MECO event (Figure 2) were elevated by up
to 0.6% [Edgar et al., 2007; this study] because of increased
d18Osw as a result of continental ice storage. It is likely,
though, that, any continental ice present prior to the MECO
event was lost during peak warming at �40.0 Ma.
[35] In addition to the records from Southern Ocean Sites

738 and 748, moderate- to high-resolution benthic forami-
niferal stable isotope records for the late middle Eocene
time interval are currently only available at two additional
sites: equatorial Pacific ODP Site 1218 [Lear et al., 2004;
Tripati et al., 2005] and equatorial Atlantic ODP Site 1260
[Edgar et al., 2007]. Compilation of these data sets reveals
that the benthic d18O and d13C records from the equatorial
sites display a broad coherency with the Southern Ocean
records (Figure 6). This indicates that shallow to interme-
diate deep waters of the Southern Ocean and equatorial
regions share a common temperature history through the
time intervals in which the records overlap. Prior to the
MECO event, an interval of increased benthic d18O values
occurs in all records between �41.6 and 40.6 Ma. As
discussed above, the �0.6% increase in benthic d18O
values in this interval, however, most likely represents a
prolonged cooling phase or a combination of a cooling
phase and minor glaciation of Antarctica prior to the MECO
event. Following this cooling/minor glacial interval, a
gradual decline in d18O values begins at �40.6 Ma, which
we identify and define as the initial stages of the MECO
event. A gradual decline in d18O values continues until the
peak of the event (i.e., lowest d18O values) is reached at
�40.0 Ma. If the decrease in benthic d18O values through
this interval is entirely attributed to temperature change, the
Southern Ocean records indicate a gradual warming of
�4�C over a period �500 ka (Figure 6). Then, following
this long, steady rise in temperature, Southern Ocean waters
warmed another 1.5�C during a brief �50 ka interval at the
peak of the MECO event, resulting in a total of �5–6�C
intermediate deep-water warming in the Southern Ocean
during the entire MECO event. Benthic foraminiferal d18O
values at Site 1218 record the initial part of the warming
event, but no data are available for the peak warming
interval because of a loss of carbonate at the site. Rapid
cooling at �39.95 Ma brought a sudden end to the MECO
warming event, and preevent baseline temperatures were
reached at Southern Ocean sites within �200 ka after peak
warming. Between 39.9 and 38.5 Ma, a long-term increase
in benthic foraminiferal d18O values occurred in a series of
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short cycles (Figure 6). These cycles most likely represent a
number of moderate temperature oscillations, with progres-
sive cooling in each successive cycle.

5.3. CCD History

[36] Documentation of carbonate MARs at a range of
water depths and localities can provide valuable information

concerning changes in the depth of the calcite compensation
depth (CCD) in different ocean basins. Interpretations of
CCD variability are based on differential dissolution of
carbonate between basins and at different water depths. If
carbonate MARs are examined at a series of nearby sites at
a range of water depths, a conspicuous decrease in carbon-
ate MARs only at the deeper sites can be indicative of a

Figure 6
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local decrease in the carbonate ion saturation state of deep
waters and a shoaling (shallowing) of the CCD. From this
perspective, the carbonate MAR records compiled for
various sites in this study (Figure 5) provide a history of
local and global CCD variation during the late middle
Eocene. The key observation from the combined records
is evidence for a brief global CCD shoaling that is precisely
synchronous with peak MECO warming (Figure 6).
[37] Immediately prior to the MECO, the CCD deepened

in the equatorial Pacific Ocean resulting in one of the largest
carbonate accumulation events (CAE-3) at Sites 1218 and
1219 during the Eocene [Lyle et al., 2005] (Figures 5 and
6). This event is at least partly linked to a local increase in
CaCO3 production in the equatorial Pacific [Lyle et al.,
2005], and it is unclear if the CCD deepened by a similar
magnitude in all ocean basins at this time. High-resolution
carbonate accumulation records at sites deeper than�3500m
in the Indian and Atlantic Oceans are not currently available
for this time interval. Following the CAE-3 deepening event
in the Pacific, the CCD then rose gradually in the initial
phases of the MECO event in all ocean basins, as evidenced
by a gradual drop in carbonate MARs at the deepest sites
(Figure 6). A further shoaling of the CCD occurs at the peak
of the MECO event and results in a total loss of carbonate at
sites below �3000 m in the Pacific Ocean (Sites 1218 and
1219) [Lyle et al., 2005], Atlantic Ocean (Site 523), and
Indian Ocean (Site 711) (Figures 5 and 6). On the basis of
paleodepth calculations for these sites, the carbonate MAR
data indicate a total CCD shoaling of 500–1500 m during
the MECO, with the shallowest levels reached during a brief
interval (50–100 ka) of peak temperatures at the end of the
event (Figure 6). The relative change in the CCD during the
MECO event was perhaps greatest in the Pacific, but the
total magnitude of change in this region is not well con-
strained. However, this interval represents one of the most
severe dissolution events of the middle to late Eocene at Site
1218 [Lyle et al., 2005, 2008], and there are also signs of
marked contemporaneous carbonate dissolution at the rela-
tively shallow Pacific Site 1209 (�2000 m water depth)
(Figure 5).

[38] One issue that could be raised from the CCD inter-
pretations presented here is whether the observed decrease
in carbonate accumulation during the MECO is the result of
dissolution or a decrease in carbonate rain rates at these
sites. The strategy of examining shallow/deep pairs of sites,
however, shows that a disruption in carbonate accumulation
severely affected the deepest sites (Sites 523, 711, 1218, and
1219), whereas there was a reduced or minimal change in
contemporaneous carbonate accumulation at nearby sites
positioned at shallower depths (Sites 709, 1209, and 1263)
(Figure 5). Additionally, sedimentation of biogenic silica
continued through the MECO interval at both Sites 711
[Backman et al., 1988] and Sites 1218 and 1219 [Lyle et al.,
2005]. Assuming there was not a major decrease in the
carbonate to biogenic silica rain ratio at these sites, disso-
lution is the most likely explanation [Lyle et al., 2008] for
the reduction in carbonate accumulation. These observa-
tions suggest that the low-carbonate intervals in these
sections result primarily from a change in the carbonate
chemistry of deep waters to more acidic conditions, rather
than a decrease in carbonate rain rates through the MECO
interval.

5.4. Deep-Sea Acidification

[39] A rapid increase in atmospheric pCO2 levels results
in the acidification of deep waters through CO2 dissolution
in surface waters and eventual transfer of the acid to the
deep ocean [Caldeira and Wickett, 2003]. In the geologic
record, a brief decrease in deep-ocean pH during a short
acidification event can be identified by a sharp, transient
decrease in carbonate accumulation at sites positioned in
deep levels of the water column. If related to dissolution,
these low-carbonate intervals may indicate a rapid shoaling
of the CCD. In the Paleogene, the salient example of such
an event is the major CCD shoaling (up to 2000 m)
observed during the Paleocene-Eocene Thermal Maximum
(PETM) at 55 Ma [Zachos et al., 2005]. The global shoaling
of the CCD during the MECO event appears to be of similar
origin, although the absolute changes in pH were probably
less extreme and less rapid. Nevertheless, the compiled

Figure 6. Late middle Eocene compilation of benthic foraminiferal stable isotope data (derived exclusively from
Cibicidoides spp.), selected bulk/fine-fraction records, and carbonate mass accumulation rate (MAR) records. (top) Benthic
d13C and d18O data from equatorial Pacific Site 1218 (red lines) [Lear et al., 2004; Tripati et al., 2005] and equatorial
Atlantic Site 1260 (green lines) [Edgar et al., 2007] are compared with high-latitude records constructed at Southern Ocean
Sites 748 (light blue lines) and 738 (dark blue lines) [Bohaty and Zachos, 2003; this study]. Also included are fine-fraction
and bulk records from Sites 702 (orange lines) and 738 (dark red lines). The d18O axis is inverted to give a positive
temperature increase in the upward direction, and the absolute temperature scale is calculated using the temperature
equation of Shackleton [1974] and assumes a d18Osw value of �1.0% for the duration of the record. (bottom) The carbonate
MAR records are shown for all study sites below �3000 m paleodepth, including records from Site 523 (blue line) (this
study), Site 711 (gray line) [Peterson and Backman, 1990], and Sites 1218 (red line) and 1219 (green line) [Lyle et al.,
2005]. An age scale (in ka) fixed relative to the base of Chron C18n.2n is plotted on the upper axis. The black arrow
indicates the age of the section studied by Burgess et al. [2008], and the vertical gray shaded area represents the cooling
interval prior to the MECO, which is equivalent to the interval of interpreted major Eocene glaciation by Tripati et al.
[2005]. The area shaded in yellow highlights the entire interval of warming during the MECO. The dark yellow area
denotes the peak of the MECO event, characterized by a minimum in d18O values and no deposition of carbonate at sites
positioned below 3000 m paleowater depth. Note that adjacent samples at each site are connected by straight line segments
and that the gaps and low temporal resolution in some intervals of the records are due to differences in sample spacing,
hiatuses, or lack of core recovery.
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carbonateMAR records for the late middle Eocene (Figure 6)
provide compelling evidence that pronounced warming
observed during the MECO was associated with a reduction
in carbonate ion saturation of deep waters caused by a short-
term increase in pCO2.
[40] If global burial rates of carbon did not change signif-

icantly during the MECO event, then a likely mechanism
leading to increased pCO2 was enhanced degassing rates of
CO2. The relatively long duration of warming during the
MECO event (�500 ka), however, poses a problem for
scenarios involving a brief (1–5 ka) degassing event.
Initially, over relatively short timescales, dissolution of
seafloor carbonates would neutralize much of the CO2 added
to the atmosphere from a short-lived degassing pulse
[Broecker and Takahashi, 1977], and increased continental
weathering of Mg and Ca-silicate rocks would then act to
further reduce atmospheric pCO2 on longer timescales
[Walker et al., 1981]. Depending on the mass of initial
excess carbon input, substantial pCO2 lowering would
occur within 5–40 ka of an isolated degassing event
[Archer et al., 1997]. Consequently, a sustained interval of
globally increased CO2 degassing rates would be required to
maintain high pCO2 levels and prolong warming over
several 100 ka. It is also possible that positive feedback
mechanisms played a role in sustaining warming through
the MECO event. Initial warming of deep waters, for
example, may have decreased rates of organic carbon
burial/preservation [Olivarez Lyle and Lyle, 2006], thereby
influencing one route of carbon sequestration. This mecha-
nism for sustaining warming, however, is problematic, since a
global decrease in the burial rate of organic carbon would tend
to decrease deep-ocean d13CDIC (see discussion in section 5.5).
[41] The gradual nature of warming through the MECO

suggests that pCO2 levels may have steadily increased in
tandem with warming through the event. This is supported
by the observation that the CCD remained above preevent
depths (i.e., above �3000 m water depth) for up to 100–
250 ka (Figure 6), implying that CO2 degassing rates
increased incrementally, or in a series of steps, through
the course of the event. A transient pulse or a single
stepwise increase in degassing rates would have only
sustained an initial, brief (<50 ka) shoaling of the CCD
[Archer et al., 1997; Dickens, 2000] and does not explain
the more prolonged shoaling of the CCD observed during
the MECO event.
[42] Although the CCD shoaled in the Pacific and Indian

Oceans for a minimum period of 250 ka, it is not clear if a
shoaling of similar duration also occurred in the Atlantic
Ocean. At Site 523, the initiation of the MECO is associated
with a sharp drop in wt. % CaCO3, and a moderate recovery
(increase) in wt. % CaCO3 is then attained during the event,
followed by a dramatic drop in an interval that corresponds
to peak warming (Figures 5 and S3). The low-carbonate
interval in the final stages of the MECO in Hole 523 occurs
within a thin condensed horizon containing Mn-oxide
nodules. The duration of this final shoaling of CCD at Site
523 is therefore not well constrained. Since this information
provides unique constraints on CO2 degassing rates and
pCO2 changes, it will be important to resolve these issues in
future work at other sites.

5.5. Carbon Isotope Constraints on Warming
Mechanisms

[43] Unlike the PETM and other transient warming events
in the late Paleocene and Eocene [Kennett and Stott, 1991;
Lourens et al., 2005], a large negative d13C excursion is not
associated with the MECO event. Instead, a progressive,
long-term increase (�1.0%) in benthic foraminiferal d13C
values is observed at Southern Ocean sites (Figures 2, 3,
and 6). This long-term trend began at �40.7 Ma, near the
initiation of the MECO and ended at �39.6 Ma, roughly
400 ka after peak warming. The lack of a negative d13C
excursion at the onset of the event suggests that an increase
in pCO2 from the oxidation of large volumes of clathrate-
sourced methane (with a d13C value of ��60%), as
hypothesized for the PETM [Dickens et al., 1995], was
not responsible for initial greenhouse warming [Bohaty and
Zachos, 2003]. Instead, enhanced degassing of CO2 from
either magmatic sources (i.e., arc or intraplate hot spot
volcanism) or metamorphic decarbonation in orogenic belts
[Kerrick and Caldeira, 1993] may be more consistent with
d13C records through the MECO interval.
[44] The average d13C value of CO2 emanating from

volcanoes is approximately �6 ± 2% [Faure and Mensing,
2005], and the d13C value of metamorphic CO2 is highly
variable (depending on the carbon source) but typically has
an average close to or slightly higher than mantle CO2 [e.g.,
Becker et al., 2008; Evans et al., 2008]. In the absence of
other attendant effects, a scenario involving increased out-
gassing rates of volcanic or metamorphic CO2 over several
100 ka during the MECO event should have acted to
decrease the average d13CDIC value of the deep ocean
(and, as a result, should have been recorded in the benthic
foraminiferal d13C signal). However, contrary to this expec-
tation, such a scenario may have in fact had little effect on
marine carbonate d13C values because of increased photo-
synthetic carbon isotope fractionation at higher pCO2 levels
[Kump and Arthur, 1999]. Because of this effect, lower
average d13C values of buried organic matter would have
acted to maintain relatively high seawater d13CDIC values
during the event [Kump and Arthur, 1999]. Thus, the
observed long-term increase in marine carbonate d13C is
not necessarily inconsistent with an increase in degassing
from volcanic or metamorphic sources.
[45] Although methane was not involved in the early

stages of MECO warming, the brief (�40 ka) negative
d13C excursion (�0.7%) during peak warming (Figures 2,
3, and 6) may indicate that methane-clathrate destabilization
occurred at the apex of the event [Bohaty and Zachos,
2003]. As a positive feedback to long-term warming, the
input of methane to the ocean-atmosphere system may have
acted to further enhance greenhouse warming. Although
this seems to be the most plausible scenario, other changes
within the carbon cycle may have acted to briefly decrease
d13C values during peak warming. For example, a signifi-
cant short-term decrease in organic carbon burial (globally)
during peak warming of the MECO event may have also
resulted in a brief decrease in seawater d13CDIC values.
[46] In addition to a long-term increase in d13C values, the

temporal pattern of warming during the MECO event
suggests that the nature of this event was fundamentally
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different than that of preceding transient hyperthermal
events in the late Paleocene and early Eocene. Specifically,
in contrast to the PETM event [Kennett and Stott, 1991], the
MECO began with gradual warming and terminated with
abrupt cooling. The MECO is also roughly 2–4 � longer in
duration (�500 ka) than the PETM (�150–170 ka [Röhl et
al., 2007; Abdul Aziz et al., 2008]). These striking differ-
ences in both the duration and pattern of warming further
suggest that the underlying causal mechanisms were vastly
different for the PETM and MECO events. As such, it is
clear that the MECO represents a unique event in Eocene
climate history.
[47] There is a wide range of CO2 sources that can act to

increase global average degassing rates over brief periods of
geologic time (see discussion by Kerrick [2001]). One
possibility to explain both MECO warming and deep-sea
acidification is an increase in mid-ocean ridge volcanism.
However, there are no major episodes of ridge volcanism
documented during the late middle Eocene. Furthermore,
even if rates of volcanic activity at mid-ocean ridges did
increase for several 100 ka at �40 Ma, it is unclear if this
would lead to increase CO2 degassing rates to the atmo-
sphere, as ridge volcanism and associated hydrothermal
activity may actually be a net sink for carbon [Kerrick,
2001]. Alternatively, several other possible sources of
increased CO2 degassing may specifically apply to the late
middle Eocene. These options include (1) a prolonged pulse
of metamorphic decarbonation during an initial ‘‘Eohima-
layan’’ phase of prograde metamorphism [Kerrick and
Caldeira, 1999], (2) increased extrusive arc volcanism
around the Pacific rim [Cambray and Cadet, 1996], and/
or (3) an episode of increased carbonatite magmatism in the
East Africa Rift zone [Bailey, 1992, 1993]. A direct tem-
poral link between one or a combination of these factors and
the MECO event, however, cannot be established at the
present time. A pulse of metamorphic decarbonation in the
Himalayan orogen lasting �500 ka may be the most likely
mechanism for increasing global CO2 degassing rates dur-
ing the MECO interval [Bohaty and Zachos, 2003], but,
again, there is currently no direct geological evidence from
the Himalayan region to establish such a connection. The
collision of India and Asia was initiated in the early to
middle Eocene [Rowley, 1996, 1998; Zhu et al., 2005], and
it has been postulated that the highest rates of metamorphic
CO2 degassing would occur in the early phases of a
continental collision [Bickle, 1996]. A more recent study,
however, places the main phase of the initial India-Asia
collision in a much younger time interval near the Eocene-
Oligocene boundary (�34 Ma) [Aitchison et al., 2007],
within an interval of major glaciation and ocean deacidifi-
cation [Coxall et al., 2005].

5.6. Post-MECO Cooling

[48] An intriguing feature of the MECO event is the
apparent onset of rapid cooling, as indicated by an increase
in d18O values, that occurred at the termination of the event
(Figures 2 and 3). At both Sites 738 and 748, �3�C cooling
occurred within 50 ka following peak warming (Figure 6).
This observation suggests that average global rates of CO2

degassing abruptly decreased, causing a rapid decrease in

pCO2 levels. This decrease may have also occurred in
conjunction with a strong negative feedback mechanism,
such as enhanced organic carbon burial or increased silicate
mineral weathering, to draw down atmospheric pCO2 and
continue the long-term cooling trend. The rapid nature of
the cooling most likely rules out silicate weathering as a
primary factor, but an increase in both bulk carbonate and
foraminiferal d13C values immediately following peak
warming (Figures 3 and 6) may hint at a global increase
in rates of organic carbon burial (relative to total carbon
burial) at the termination of the MECO event. Changes in
burial rates of organic carbon, however, are difficult to
interpret from the d13C record without making a number of
assumptions [Kump and Arthur, 1999]. Nevertheless, a
sudden increase in organic to inorganic carbon burial ratios
would rapidly increase carbonate ion concentration of the
deep ocean, causing the CCD to deepen within �10 ka.
Thus, an increase in organic carbon burial in the post-
MECO interval is consistent with both the foraminiferal
d13C records and the interpreted deepening of the CCD
following peak warming.

6. Summary

[49] In this study, revised stratigraphy and correlation
between multiple deep-sea sites has allowed comparison
of both previously published and new stable isotope records
within the late middle Eocene interval between 43 and
38 Ma. This compilation reveals that a large negative d18O
excursion at 40 Ma is a prominent feature of all continuous
records, indicating that warming during the MECO event
was globally ubiquitous. In the larger picture, these records
indicate that the MECO event represents an important
climatic reversal within the long-term cooling trend that
characterized the middle to late Eocene time interval.
[50] If minimal ice volume is assumed during the late

middle Eocene, benthic foraminiferal d18O records indicate
an interval of global cooling prior to the MECO event
between �41.6 and 40.6 Ma. During this interval, increased
benthic d18O values are recorded at sites in both the
equatorial Pacific and equatorial Atlantic [Tripati et al.,
2005; Edgar et al., 2007], which correlate well with the
overall d18O pattern observed at Southern Ocean sites
(Figure 6). Warming during the MECO event occurred
gradually over �500 ka, beginning at �40.6–40.5 Ma,
and peak temperatures were reached at �40.0 Ma. Cooling
at the end of the event was extremely rapid, with a return to
preevent temperatures within �200 ka following peak
warming. The gradual nature of warming and rapidity of
cooling during the MECO are distinctive features of this
event, which set it apart from the currently documented
hyperthermal events of the late Paleocene and early Eocene.
[51] Compilation of carbonate mass accumulation rate

records from several sites provides compelling evidence
that the MECO event was associated with a brief, world-
wide shoaling of the CCD. The magnitude of this shoaling
event is not well constrained but is likely in the range of
500 to 1500 m. The coincidence of extensive marine
warming and CCD shoaling during this event strongly
indicates a link to changes in atmospheric pCO2. We
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postulate that a transient rise in pCO2 occurred through the
duration of the MECO event, perhaps resulting from en-
hanced degassing rates of metamorphic CO2. Furthermore,
the high-resolution records developed here suggest that
pCO2 changes played an important role in short-term
climate variability during the late middle Eocene. These
records also illustrate the complex nature of the transition
from the greenhouse to icehouse climate state.
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E. Thomas, U. Röhl, J. Bowles, and I. Raffi
(2005), Astronomical pacing of late Palaeocene
to early Eocene global warming events, Nature,
435, 1083–1087, doi:10.1038/nature03814.

Lyle, M., et al. (2002), Proceedings of the Ocean
Drilling Program: Initial Reports, vol. 199,
doi:10.2973/odp.proc.ir.199.2002, Ocean
Drill. Program, College Station, Tex.

Lyle, M., A. O. Lyle, J. Backman, and A. Tripati
(2005), Biogenic sedimentation in the Eocene
equatorial Pacific: The stuttering greenhouse
and Eocene carbonate compensation depth,
Proc. Ocean Drill. Program Sci. Results,
199, 1–35.

Lyle, M., J. Barron, T. J. Bralower, M. Huber,
A. Olivarez Lyle, A. C. Ravelo, D. K. Rea,
and P. A. Wilson (2008), Pacific Ocean and
Cenozoic evolution of climate, Rev. Geophys.,
46, RG2002, doi:10.1029/2005RG000190.

Mackensen, A., and W. A. Berggren (1992),
Paleogene benthic foraminifers from the south-
ern Indian Ocean (Kerguelen Plateau): Biostra-
tigraphy and paleoecology, Proc. Ocean Drill.
Program Sci. Results, 120, 649–673.

Miller, K. G., R. G. Fairbanks, andG. S.Mountain
(1987), Tertiary oxygen isotope synthesis, sea
level history, and continental margin erosion,
Paleoceanography, 2(1), 1–19, doi:10.1029/
PA002i001p00001.

Ogg, J. G., and L. Bardot (2001), Aptian through
Eocene magnetostratigraphic correlation of the
Blake Nose transect (Leg 171B), Florida con-
tinental margin, Proc. Ocean Drill. Program
Sci. Results, 171B, 1–58.

Olivarez Lyle, A., andM.W. Lyle (2006),Missing
organic carbon in Eocene marine sediments: Is
metabolism the biological feedback that main-
tains end-member climates?, Paleoceanogra-
phy, 21, PA2007, doi:10.1029/2005PA001230.

Ostermann, D. R., and W. B. Curry (2000), Cali-
bration of stable isotopic data: An enriched
d18O standard used for source gas mixing detec-
tion and correction, Paleoceanography, 15(3),
353–360, doi:10.1029/1999PA000411.

Pagani, M., J. C. Zachos, K. H. Freeman,
B. Tipple, and S. Bohaty (2005), Marked
decline in atmospheric carbon dioxide concentra-
tions during the Paleogene, Science, 309(5734),
600–603, doi:10.1126/science.1110063.
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Röhl, U., T. Westerhold, T. J. Bralower, and
J. C. Zachos (2007), On the duration of
the Paleocene-Eocene thermal maximum
(PETM), Geochem. Geophys. Geosyst., 8,
Q12002, doi:10.1029/2007GC001784.

Rowley, D. B. (1996), Age of initiation of
collision between India and Asia: A review of
stratigraphic data, Earth Planet. Sci. Lett., 145,
1–13, doi:10.1016/S0012-821X(96)00201-4.

Rowley, D. B. (1998), Minimum age of initiation
of collision between India and Asia north of
Everest based on the subsidence history of the
Zhepure Mountain section, J. Geol., 106(2),
229–235.

Sexton, P. F., P. A. Wilson, and R. D. Norris
(2006a), Testing the Cenozoic multisite compo-
site d18O and d13C curves: New monospecific
Eocene records from a single locality, Demerara
Rise (Ocean Drilling Program Leg 207), Pa-
leoceanography, 21, PA2019, doi:10.1029/
2005PA001253.

Sexton, P. F., P. A. Wilson, and P. N. Pearson
(2006b), Microstructural and geochemical per-
spectives on planktic foraminiferal preserva-
tion: ‘‘Glassy’’ versus ‘‘frosty’’, Geochem.
Geophys. Geosyst., 7, Q12P19, doi:10.1029/
2006GC001291.

Shackleton, N. J. (1974), Attainment of isotopic
equilibrium between ocean water and the
benthonic foraminifera genus Uvigerina: Iso-
topic changes in the ocean during the last gla-
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