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Cenozoic evolution of deep ocean temperature from
clumped isotope thermometry
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Characterizing past climate states is crucial for understanding the future consequences of ongoing greenhouse
gas emissions. Here, we revisit the benchmark time series for deep ocean temperature across the past
65million years using clumped isotope thermometry. Our temperature estimates from the deep Atlantic Ocean
are overall much warmer compared with oxygen isotope–based reconstructions, highlighting the likely
influence of changes in deep ocean pH and/or seawater oxygen isotope composition on classical oxygen
isotope records of the Cenozoic. In addition, our data reveal previously unrecognized large swings in deep
ocean temperature during early Eocene acute greenhouse warmth. Our results call for a reassessment of the
Cenozoic history of ocean temperatures to achieve a more accurate understanding of the nature of climatic
responses to tectonic events and variable greenhouse forcing.

T
hroughout the Cenozoic era (the past
65 million years), Earth has experienced
a large range of climate states (1, 2), mov-
ing from greenhouse climates with high
levels of atmospheric CO2 and minimal

ice on land to an icehouse world with large-
scale, bipolar glaciation. Reconstructions of
past temperatures offer unique insights into
the response of the climate system to vary-
ing levels of CO2 and other influences such
as tectonically forced changes in ocean circu-
lation. These reconstructions additionally
serve as crucial benchmarks for assessing
the performance of climate models (3). Deep
ocean temperature is commonly used to ob-
tain globally representative temperature esti-
mates on million-year time scales [e.g., (4, 5)]
because the deep ocean constitutes an extremely
large and comparatively stable heat reservoir.
The key approach to reconstructing deep

ocean temperatures, especially through
the early Cenozoic, has been the analysis
of the oxygen isotopic composition of shells
of benthic foraminifera (d18Ob) from deep
ocean sediments. d18Ob reflects deep ocean
temperature but also seawater isotopic com-
position (d18Osw) at the time of shell forma-
tion. The canonical view has been that before

Antarctica was continually glaciated, d18Osw

had an assumed “ice-free Earth” value of –0.9
to –1.2‰ (1, 6), and that temperature was the
single most important influence on d18Ob.
Paleocene and early tomiddle Eocene temper-
atures are therefore typically calculated directly
from d18Obusing established temperature calib-
rations [e.g., (7)]. This approach has yielded
deep ocean temperatures of up to 12°C (1) to
14°C (6) during the warmest part of the
Cenozoic, the early Eocene climatic optimum
[EECO, 52 to 49million years ago (Ma)]. How-
ever, the long-standing assumptions made as
part of this established approach are largely
uncorroborated (6, 8). d18Osw indeed reflects
continental storage of ice, but also that of
groundwater, and can in addition be related to
changes in salinity and influenced by long-term
changes in interactions between seawater and
oceanic crust. Furthermore, nonthermal, phys-
iological influences on d18Ob are not well
understood (7) but are evident from d18Ob

offsets between different species [e.g., (9)].
Additional proxy constraints have previously

been sought from the Mg/Ca ratio of benthic
foraminifera [e.g., (10, 11)], a temperature proxy
that is independent of d18Osw. However, like
d18Ob, the Mg/Ca proxy suffers from non-
thermal influences such as changes in sea-
water Mg/Ca ratio and carbonate chemistry
(12) and physiological effects necessitating
species-specific calibrations (8). Given these
potential confounding influences on previous
proxy records, the Cenozoic evolution of deep
ocean temperature remains highly uncertain.
Here, we report the first Cenozoic record

of deep ocean temperature based on carbon-
ate clumped isotope (D47) thermometry. The
clumped isotope method takes advantage of
the temperature dependence of isotopic order-
ing within molecules (13). It has the benefit

that it does not require knowledge about sea-
water composition and is not measurably
affected by physiological factors during the
formation of foraminifera shells (see the sup-
plementarymaterials andmethods). Our record
is predominantly from sites with exceptional
foraminifera preservation in the North Atlan-
tic, a region ofmajor influence on global ocean
circulation and climate. The reported clumped
isotope temperatures each combine 13 to 45
replicate analyses of different foraminifera
species. Species- or genus-specific d18Ob and
carbon isotopic composition (d13C) are obtained
from the samemeasurements. The D47 temper-
atures showmany similarities, but alsomarked
differences, compared with previous recon-
structions of deep ocean temperatures based
on d18Ob (Fig. 1A and fig. S6). We observed the
same overall trend across the Cenozoic, at-
testing to the fact that the large-scale features
of the canonical d18Ob dataset do indeed reflect
overall cooling through this era. This confirma-
tion is especially important in light of a recent
controversial suggestion that attributes the
Cenozoic trend of increasing d18Ob to post-
depositional alteration during burial (14, 15).
However, D47 temperatures are considerably
warmer than previous estimates during most of
the Cenozoic (Fig. 1A), with deviations of 3° to
5°C in the middle Oligocene and late Eocene
and 6° to 8°C in some late Paleocene and early
Eocene intervals. Our D47 data also reveal large
temperature changes in the early Eocene (48
to 56 Ma) that are not apparent in the d18Ob-
based record.
Most of our D47 data are from the North

Atlantic, a region that is seldom represented in
Cenozoic climate records. The divergences
from d18Ob-based reconstructions could thus
reflect regional differences.However, ourNorth
Atlantic d18Ob and d13C data obtained along-
side the D47 measurements generally show
close agreement with equivalent global records
(Fig. 1, B and C, and supplementary materials).
We furthermore found excellent agreement of
our D47 temperatures with previous and new
D47-based temperature estimates from other
locations. Our middle Miocene temperature
estimates agree with results from the Indian
and Southern Ocean at that time (16, 17) (Fig.
1A, purple triangles). For the Eocene, North
Atlantic temperatures are similar to those in
the tropical and South Atlantic Ocean [Fig.
1A, yellow circle and pink stars (18,19), including
the South Atlantic location that represents the
backbone for the early Cenozoic global d18Ob

record. Although further validation of the glo-
bally representative nature of North Atlantic
temperatures awaits detailed D47 records from
multiple sites, the available data point to our
D47 temperatures being representative of sub-
stantial parts of the global ocean.
The consistency inD47 temperatures between

different locations furthermore argues against
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Fig. 1. Clumped isotope–based reconstruction of deep ocean temperatures
compared with classical foraminifera isotope records. (A) D47 temperatures
from the North Atlantic (gray symbols) compared with estimates from other sites
(colored symbols; see inset map) in the Indian Ocean [middle Miocene (16)],
equatorial and South Atlantic [this study (18, 19)], and the Atlantic sector of the
Southern Ocean (18). The early Eocene data from (18) span a time interval of
~200,000 years and were combined into one data point for each location. Error
bars for D47 temperatures are 68% (solid lines) and 95% (stippled lines)
confidence intervals. For the North Atlantic data, darkness of shading reflects
robustness based on degree of replication, with ranges of replicate numbers
specified in the figure legend. The other data points are based on 51 to >200
measurements (see data S1) reflected in the size of the error bars. The gray
stippled line is a LOESS fit through the North Atlantic data with a Monte Carlo–
based 95% confidence interval (see the supplementary materials), and is meant as

visual guidance rather than as an alternative representation of the data. The red
line is a previous estimate of deep ocean temperature based on d18Ob and sea-level
reconstructions (6). (B) CENOGRID d18Ob record (2) and d18Ob results from
species of the genus Cibicidoides (circles) and Nuttalides (crosses) from the
clumped isotope analyses, corrected for interspecies offsets (Cibicidoides:
+0.64‰; Nuttalides: +0.4‰). (C) CENOGRID d13C record (2) with results from
Cibicidoides and Nuttalides species from the clumped isotope analyses. Note that
the global CENOGRID record also includes corrections for offsets between sites and
ocean basins, which we do not apply to our data. Typical offsets in d18Ob between
Atlantic and Pacific sites (the latter interpreted as equivalent to global) are on the
order of –0.2 to –0.3‰ for the Eocene to Oligocene (2), compared with 0 to –0.5‰
offsets in our Nuttalides data. Inset map shows site locations on a paleogeographic
reconstruction for ~50 Ma (www.odsn.de/odsn/services/paleomap/paleomap.html).
Also see fig. S4 for close-up views of early and late Cenozoic interval data.

RESEARCH | REPORT
D

ow
nloaded from

 https://w
w

w
.science.org at U

trecht U
niversity L

ibrary on July 28, 2022

http://www.odsn.de/odsn/services/paleomap/paleomap.html


a strong influence of postdepositional altera-
tion of the D47 signal that would likely be site
specific. Preservation of foraminifera at the
North Atlantic sites is typically good to ex-
cellent (fig. S2), and thus is superior to many
other deep ocean locations from which d18O

data have been generated, andwe observed no
relationship between foraminifer preservation
state or burial depth andD47 temperature (figs.
S1 and S2). Our Pleistocene D47-based temper-
atures of 0.0° to 3.4°C (fig. S4) are in agree-
ment with observed present-day temperatures

(~3°C) and reconstructed glacial temperatures
[–1°C; (20)], further attesting to the reliability
of the clumped isotope temperatures.
The deviation of D47-based temperatures

from d18Ob-based temperatures could imply that
deep ocean d18Osw was higher than previously
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Fig. 2. Cenozoic evolution of seawater isotopic composition and comparison
with changes in the carbon cycle. (A to C) D47 temperatures as in Fig. 1 (A) with
atmospheric CO2 concentration from boron isotopes in planktic foraminifera (24)
with 1 and 2 SD (stippled lines) uncertainties (B), and reconstructed deep ocean
pH from boron isotopes in benthic foraminifera [(40), open symbols; this study,
closed symbols] with linear regression (C). Error bars show the influence of
uncertainties in d11B and temperature at 2 SDs and the shaded area reflects the
influence of d11Bsw ± 0.5‰ (see the materials and methods). (D) Calculated d18Osw

(against the SMOW standard; blue/purple symbols with 68 and 95% confidence
intervals) compared with suggested “ice-free” d18Osw of –0.9 ‰ [red stippled line;

(6)], d18Osw of Pleistocene glacial periods of 1‰ (dark blue stippled line), and d18Osw

reconstructed from sea-level estimates and the estimated ice-free d18Osw [gray
line; (6)]. Blue data points are from the North Atlantic, and other colors reflect other
sites (see Fig. 1). Light green and other faded color symbols are d18Osw estimates
after correcting d18Ob for the long-term increase in deep ocean pH (regression line in
C) and assuming a sensitivity of 1.42 ‰ per pH unit (26). Although this first-order
correction does not eliminate the variability in d18Osw, it brings the values on |average
in closer agreement with the estimated ice-free d18Osw for the early part of the
record. Arrows on the right show the average North Atlantic d18Osw values for
>45 Ma before (blue) and after (light green) pH correction.
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thought (Fig. 2D, blue symbols versus gray
line), for example, because of intensified crus-
tal interaction with seawater due to faster sea-
floor spreading or from substantial continental
storage of 16O in ice sheets or as groundwater.
Reconstructions of seafloor spreading rates
show large variations but no consistent trend
across the Cenozoic (21). d18Osw values, calcu-
lated from D47 temperatures, regularly ap-
proach 1‰ in the North Atlantic and other
locations [Fig. 2D (16)]. If wholly explained by
continental ice sheets, then this would imply
that ice sheets reached sizes similar to those in
the Last Glacial Maximum, which seems im-
plausible. Nevertheless, uncertainties in the
size of Cenozoic ice sheets translate into un-
certainties in d18Osw and thus could contribute
to the discrepancies in temperature estimates
from D47 and d18Ob. Enhanced storage of 16O-
enriched groundwater could also have increased
d18Osw and has been proposed for the Creta-
ceous greenhouse [e.g., (22)], but the magni-
tude of this effect is uncertain (23). Parts of the
ocean interior could at times have been filled
with more saline 18O-enriched water. Overall,
any of these factors or a combination of them
could have contributed to elevating d18Osw

duringmuch of the Cenozoic, but their potential
influence remains unclear.
Instead of an underestimation of d18Osw,

another possibility is that the incorporation
of the d18O signal in foraminifera could be af-
fected by nonthermal influences such as ocean
pH. On the basis of new and published boron
isotope data (d11B) from benthic foraminifera,
we reconstructed a pH increase of ~0.6 pH
units in the deep ocean over the course of the
Cenozoic (Fig. 2C), corresponding to a sub-
stantial decrease in atmospheric CO2 concen-
tration [Fig. 2B (24, 25)]. Although evidence
for a pH effect on d18Ob has not yet been de-
termined experimentally (7), the theoretical
effect of 1.42‰ per pH unit (26), as observed
in planktic foraminifera (27), would bias
early Cenozoic d18Ob-based temperatures by
~4°C. A pH influence on D47, if present, would
bias those temperatures in the same direction,
but the effect should be approximately four
times smaller than for d18Ob-derived temper-
atures (28, 29), and has so far not been ob-
served in the typical oceanic pH range (30).
Although we cannot conclusively demonstrate
a pH effect on benthic d18Ob, it is intriguing
that correcting d18Ob for the overall Cenozoic
trend in deep ocean pH, assuming the same
effect as in planktic species (Fig. 2D, light
green symbols), brings the calculated d18Osw

into closer agreement with previous estimates
based on sea-level reconstructions (6): The
average d18Osw for >45 Ma becomes –0.72‰
versus 0.04‰without pH correction (Fig. 2D).
This improved agreement points to a pH effect
being a likely explanation for the long-term
disagreement between d18Ob- and D47-based

temperatures. Renewed efforts should focus
on investigating pH effects on d18O and D47 in
benthic foraminifera to test this hypothesis.
Superimposed on the general trend in D47

temperatures, some intervals, such as the late
Eocene and especially the late Paleocene to
early Eocene, stand out with substantial tem-
perature variability that is not apparent to the
same extent in our d18Ob data or the global
d18Ob record (Fig. 1 A and B). Although the
late Eocene variability currently hinges on one
anomalously cold data point at ~35.6 Ma,
which could correspond to a previously re-
ported late Eocene cooling event in the North
Atlantic and elsewhere (31), the temperature
variations in the late Paleocene to early Eocene
appear to be of longer duration and are better
constrained. There, we observe multi-million-
year-long temperature swingswith a first warm-
ing of ~4°C between 58 and 57Ma, followed by
cooling of ~4°C between 57 and 54Ma, further
~3°C cooling between 54 and 53 Ma, and a
second,majorwarmingof 7° to8°Cat 52Ma (Fig.
1 and fig. S4). Distinct cold spells around 55 Ma
have previously been reported for the North
Atlantic region (32), and theD47 temperatures from
(18) show that these extended to the deep South
Atlantic (Fig. 1A, pink stars and blue triangle).
The early Eocene is characterized by strong

orbital-scale climate variability depicted by var-
iations in d18Ob (2) of up to 1‰ (4° to 5°C
using traditional assumptions), which, in prin-
ciple, could have been aliased by our lower-
resolution D47 sampling. However, the d18Ob

data that we obtained with the D47 measure-
ments do not show anything resembling the
scale of variability suggested by D47. This dis-
crepancy between D47 and d18Ob is reflected in
the substantial temporal variability in calcu-
lated d18Osw. Given the large variations in at-
mospheric CO2 of up to 1000 ppm during the
early Eocene [Fig. 2B (25)], it is likely that deep
ocean pH changed more frequently and sub-
stantially over this interval than our d11B re-
cord shows. Such changes in pH could dampen
any high-amplitude temperature variance re-
corded in d18Ob. However, pH-induced damp-
ening can likely not explain the full scale of the
difference between d18Ob and D47, because
such short-lived pH changes would have to
have been of similar or larger magnitude as the
increase observed over the whole Cenozoic era.
Changes in crustal exchange and ice volume are
similarly unlikely causes for these comparatively
rapid fluctuations in d18Osw under peak green-
house warmth. Instead, the early Paleogene
d18Osw signal is best explained by changes in
deep ocean salinity, with colder temperatures
between 54 and 52 Ma accompanied by fresher
deep water (low d18Osw) and peak temperatures
at 52 to 49Ma and 57 to 60Ma associatedwith
high d18Osw values, implying saltier deep water.
Tectonic activity and seafloor spreading in the

northern North Atlantic intensified at ~57 Ma,

diminished at 52 Ma, and intensified again at
48 Ma (33), which may have modified Arctic–
North Atlantic oceanic connections, with poten-
tiallymajor effects onAtlanticOcean circulation.
The transitions to colder and fresher deepwater
sometime between 57 and 54 Ma and back to
warm salty deep water at 52 Ma also roughly
coincide with a marked increase and subse-
quent decrease in d13Cb (Fig. 1C) that may re-
flect changes in ocean circulation. Early Eocene
changes in ocean circulation are also indicated
by nitrogen and sulfur isotope records [fig. S7
(34, 35)], suggesting shifts from low-latitude
warm, oxygen-poor intermediate, deepwater
mass sources to high-latitude, colder, oxygen-
rich sources. These latter biogeochemical tracers
suggest stepwise changes rather than the tran-
sient temperature swings revealed by D47, pos-
sibly because they reflect intermediate rather
than deepwater masses and/or changes in
other ocean basins thatmight differ from those
in the deep Atlantic. Regardless, multiple lines of
evidence indicate large-scale reorganizations
in water mass structure in the Atlantic, and pos-
sibly the global ocean, during the early Paleogene.
The observed switches between warm and

cold deepwater masses with inferred accom-
panying changes in salinity imply the need to
reassess the interpretation of d18Ob records.
Temperature and salinity are the key determi-
nants of seawater density; given that both in-
fluence d18Ob, d

18Ob has previously been invoked
as an integrated proxy for seawater density
(36) rather than for either of the underlying
parameters in isolation. Calculating density
from d18Ob is, however, complicated by large
variations in the relationship between d18Osw

and salinity (36). Nonetheless, at any given
depth in the deep ocean, density is likely more
stable than temperature or salinity alone,
which could explain why d18Ob does not record
the temperature swings that we observed with
D47. During the early Eocene, latitudinal tem-
perature gradients were reduced [e.g., (8)],
salinity gradients were enhanced because of
a stronger hydrological cycle (37), and shallow
tropical seas were more widespread. Under
these conditions, saline watermasses originat-
ing at low to mid latitudes could have been
more prevalent at times. Density differences
may have been small enough to allow for the
coexistence of, and switches between, water
masses of very different temperatures and/
or salinities, as has been proposed for the
Paleocene-Eocene Thermal Maximum [e.g.,
(38)]. On time scales shorter than possible
variations in the global ocean water isotope
budget, the overall isotope budget must stay
balanced, calling for freshening in other parts
of the oceanduring timeswhen thedeepAtlantic
Ocean was filled with saltier water. Our data
suggest that the early Eocene greenhouse was
characterized by a more dynamic deep water
mass structure than was previously thought.
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The strong temperature variations that we
observed in the deep Atlantic during the early
Eocene are not reflected in the contempora-
neous sea surface temperature records availa-
ble (fig. S5). Although there is a geographic
scarcity of records and a potential for large
geographic differences in sea surface temper-
atures (39), at face value, this discrepancy be-
tween deep ocean and sea surface temperatures
lends support to changes in the structure of
deep water masses being the main cause of
the strong deep ocean temperature variations
rather thanwholesale swings in globalmean tem-
perature. However, the pronounced warming
at 52 Ma coincides with a marked increase in
reconstructed atmospheric CO2 [Fig. 2B (24, 25)],
calling for increased focus on detailed temper-
ature reconstructions from both the surface and
deep ocean across this important time interval.
Whereas our data confirm the first-order

Cenozoic cooling trend in the deep ocean, they
also imply that our canonical views on the
relationship of d18Ob with ice volume and tem-
perature do not hold true through the Ceno-
zoic, implying that d18Ob should not be used as
a direct temperature proxy without further
constraints. If our warmer deep ocean temper-
atures turn out to be representative of a large
fraction of the global ocean, then this would
lead to a higher climate sensitivity to atmo-
spheric CO2 during Cenozoic greenhouse cli-
mates (5, 18, 25) compared with previous
d18Ob-based estimates. Our finding of major
variations in deep ocean temperature during
the early Eocene that are not apparent in d18Ob

points to additional, non-ice volume–related
changes in the oxygen isotope composition
of seawater potentially in combination with
changes in deep ocean pH masking the tem-
perature effect in d18Ob. Together, these con-
straints on deep ocean properties emerging
from the application of clumped isotope ther-
mometry offer the opportunity to investigate,
not only overall greenhouse climate states, but
also climate (in)stability under such warmer-
than-modern boundary conditions.
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Warmer than realized
Past climates may hold important clues about how the planet might respond to ongoing climate warming. Meckler et
al. use clumped isotope thermometry on benthic foraminifera to reinterpret the record of the deep ocean temperature
over the past 65 million years. They found that deep ocean temperatures were generally higher and more variable than
earlier work suggests. Their results have implications for our understanding of deep sea temperature responses to
atmospheric carbon dioxide concentrations, climate sensitivity, and ocean structure during times of minimal continental
ice. —HJS
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