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Falling atmospheric CO2 levels led to cooling through the Eocene and
the expansion of Antarctic ice sheets close to their modern size near
the beginning of the Oligocene, a period of poorly documented cli-
mate. Here, we present a record of climate evolution across the entire
Oligocene (33.9 to 23.0 Ma) based on TEX86 sea surface temperature
(SST) estimates from southwestern Atlantic Deep Sea Drilling Project
Site 516 (paleolatitude ∼36°S) and western equatorial Atlantic Ocean
Drilling Project Site 929 (paleolatitude ∼0°), combined with a compi-
lation of existing SST records and climate modeling. In this relatively
low CO2 Oligoceneworld (∼300 to 700 ppm), warm climates similar to
those of the late Eocene continued with only brief interruptions,
while the Antarctic ice sheet waxed and waned. SSTs are spatially
heterogenous, but generally support late Oligocene warming coinci-
dent with declining atmospheric CO2. This Oligocene warmth, espe-
cially at high latitudes, belies a simple relationship between climate
and atmospheric CO2 and/or ocean gateways, and is only partially
explained by current climate models. Although the dominant climate
drivers of this enigmatic Oligocene world remain unclear, our results
help fill a gap in understanding past Cenozoic climates and the way
long-term climate sensitivity responded to varying background
climate states.
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Continental-scale polar ice sheets first reached sea level
around Antarctica during the Eocene–Oligocene transition

(EOT) (∼34 to 33 Ma) (1, 2). The extent of polar continental ice
has been considered so emblematic of the climate state that global
climate is commonly described as falling into one of two states:
“greenhouse climates,” lacking extensive polar continental glaci-
ation (e.g., Paleocene and Eocene climate), and “icehouse cli-
mates,” with continental polar glaciation (i.e., the Oligocene and
younger climate states), with a possibly intermediate late Eocene
phase sometimes called the “doubthouse” (3, 4).
However, a simple transition to an icehouse climate and near-

modern CO2 levels across the EOT and separation of Cenozoic
climate into two possible states, as commonly proposed, is difficult
to reconcile with oxygen isotope (δ18O) values in deep-sea benthic
foraminifera that indicate oscillations in deep-sea (thus high-
latitude surface) temperature and/or Antarctic ice volume in the
Oligocene (e.g., refs. 5–7). Most benthic δ18O records show an
∼0.5‰ decrease in the late Oligocene (e.g., refs. 5, 6), with
warming supported by Mg/Ca (8) and biotic records (9–12), sug-
gesting that late Oligocene deep-water temperatures were close to
those in the late Eocene.
Two not mutually exclusive drivers have been proposed to

explain Cenozoic temperature trends: changes in ocean gateways
and changes in atmospheric CO2 levels. Ocean gateway changes
have long been put forward as an explanation of the major climate
changes in the Cenozoic (13–20), but the exact timing of various
gateway openings continues to be the subject of ongoing contro-
versy. Climate modeling consistently shows that paleogeography

explains only a minor component of the major Cenozoic climate
changes (13–21) but may be important for regional sea surface
temperature (SST) shifts. Changes in atmospheric CO2 levels have
proven a more plausible explanation of global Cenozoic cooling
(22, 23). Reconstructions based on marine proxies show that CO2
concentrations declined from ∼1,000–800 to ∼700–600 ppm
across the EOT (24–27) (Table 1). This drop, in combination with
orbital variability (28, 29), may have initiated unipolar Antarctic
glaciation.
What happened next is less clear. CO2 may have increased

again to ∼1,000 ppm from 30 to 29 Ma, then declined from ∼700
to 300 ppm during the late Oligocene (26, 33, 34) (Table 1), but
the data have large uncertainties (26). Leaf stomatal and leaf gas
exchange model proxy data show late Eocene CO2 values of
∼400 ppm, generally slightly increasing from the late Oligocene
into the early Miocene (32, 35, 36), with a large spread of possible
values in the early Miocene (∼300 to 1,300 ppm) (37). Regardless
of the exact trends, proxy records indicate that Oligocene CO2
values were, on average, lower than Eocene values (<800 ppm),
notably approaching modern/preindustrial values (∼300 ppm)
during the interval termed “late Oligocene warming” (LOW)
(∼26.5 to 24 Ma) (10, 38).
We know relatively little about Oligocene climate. Marine and

terrestrial surface temperature reconstructions are temporally
restricted and spatially sparse, and mostly concentrated on
southern high latitudes (e.g., ref. 39) and the EOT (e.g., refs. 40,
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41). In the absence of adequate surface temperature records, the
climate of the Oligocene has been indirectly inferred from
benthic oxygen isotope records (42). This method can lead to
large biases as it assumes nonchanging vertical ocean tempera-
ture stratification, likely a poor assumption (15, 17, 18).
Here, we provide ∼100-ky resolution SST reconstructions of

the Oligocene–lowermost Miocene (∼32 to 22 Ma) western
subtropical and tropical Atlantic, using the TEX86 paleother-
mometer at southwestern Atlantic Deep Sea Drilling Project
(DSDP) Hole 516F and western equatorial Atlantic Ocean
Drilling Program (ODP) Hole 929A (Figs. 1 and 2). These sites
are among the few with continuous Oligocene–Miocene sedi-
ments and good organic matter preservation. Our approach to
reconstructing SSTs relies on lipids produced by archaea
(TEX86) and haptophyte algae (Uk’

37). These SST proxies are
not subject to the diagenetic problems of Late Cretaceous
through Miocene planktonic foraminiferal δ18O values, which
may be strongly affected by sea floor recrystallization that can
result in underestimated SSTs (e.g., refs. 43, 44).
We combine our data with 1) TEX86 records from IODP Site

U1404, Newfoundland Margin (North Atlantic; Figs. 1 and 2A
and ref. 46) and IODP Site U1356 offshore Wilkes Land (East
Antarctica; Fig. 2D and ref. 39) to resolve global Oligocene SST
evolution (Fig. 2), and 2) published paleotemperature proxy
records and global climate models, providing a synthesis of Ol-
igocene temperature evolution (Figs. 3 and 4). TEX86 values
were computed after ref. 49 and converted to SST using the
analog BAYSPAR calibration, a Bayesian regression approach
designed for applications in “deep time” (47, 48). The fidelity of
TEX86 as a temperature proxy was assessed using various glyc-
erol dialkyl glycerol tetraether (GDGT) indices: branched and
isoprenoid tetraether (BIT), ring index (ΔRI), and methane in-
dex (MI) (Methods and SI Appendix, Text 1).

Tropical–Subtropical TEX86 SST Records
TEX86 values in Hole 516F range between 0.69 and 0.77, cor-
responding to TEX86-SSTs of 26.4 to 32.1 °C (Fig. 2C) (48). BIT
indices (0.04 to 0.28; mean value, 0.13) suggest little input of
terrestrial-derived GDGTs (SI Appendix, Figs. S1 and S2). MI
values are low (0.13 to 0.19), suggesting normal sedimentary
conditions, and only one sample records a |ΔRI| value >0.3. In
Hole 929A, TEX86 values range between 0.67 and 0.79, corre-
sponding to TEX86-SSTs of 25.4 to 33.5 °C (Fig. 2B) (48). BIT
index values are high (0.32 to 0.97; mean, 0.73; SI Appendix, Figs.
S1 and S2) but do not appear to significantly influence TEX86-
SST estimates, based on comparison with nearby Site 925 (SI
Appendix, Text 2). Fifty of 81 samples have |ΔRI| values >0.3,
potentially indicative of nonthermal influences on the GDGT
distributions (57). However, the covariance of |ΔRI| and TEX86
is relatively low, R2 = 0.24 (P = 0.0001; SI Appendix, Fig. S2B),
and removal of TEX86 data associated with |ΔRI| values >0.3
(n = 50) does not alter the magnitude or nature of the long-term
trends in TEX86-based SSTs (SI Appendix, Fig. S4). Thus, we
interpret TEX86 values as SSTs at Hole 929A (with the exception
of one datapoint: see SI Appendix, Text 1), with the implication
that high BIT values in Hole 929A have little impact on absolute
TEX86-SST estimates.

Trends in Oligocene SST
Biomarker-based temperature estimates for four Oligocene lo-
cations spanning high to low latitudes (Fig. 2 A–D) record geo-
graphically heterogenous patterns of SST change, although most
support relatively cool early Chattian temperatures (∼28.0 to
26.5 Ma), as indicated by benthic isotope records (i.e., Fig. 2E).
All but the highest latitude SST record indicate late Oligocene
(∼26.5 to 24.5 Ma) warming of approximately +1 to 2 °C. Re-
cords differ in other features. SSTs at IODP Site U1356 offshore
Wilkes Land (East Antarctica; 185-ky resolution; Fig. 2D) (39)
generally cooled throughout the Oligocene, with an acceleration
around 24.5 Ma. This cooling may not be a general feature of the
Southern Oceans, since biotic evidence suggests LOW at ODP
Sites 738 (Kerguelen Plateau) and 689 (Maud Rise, Weddell
Sea) (10).
Regionally heterogenous SSTs characterize the EOT (40, 46)

and the late Oligocene (Fig. 2 A–D). We show model-derived
surface temperature estimates from a suite of different model
cases spanning a range of plausible CO2 and ice volume sce-
narios (Fig. 2 and SI Appendix, Table S1) for the four locations.
These are, with the exception of Hole 929A, generally cooler
than the proxy data, at some sites markedly so (>5 °C cooler;
Fig. 2). This data–model offset is more extreme for the early-
middle Oligocene compared to the late Oligocene. Modeled
surface temperatures at Hole 929A are within the range of proxy
data for both the early-middle and late Oligocene, reflecting the
generally better proxy–model agreement at low-latitude sites
(Fig. 4). Similar to the proxy data, the models on average predict
higher SSTs in the late Oligocene than in the early-middle Oli-
gocene at all sites except Hole 929A, where the models indicate
minor (∼1 °C) cooling. Thus, the models appear to broadly
capture long-term heterogenous trends in Oligocene SST evo-
lution. However, large data–model offsets, especially at higher
latitudes, emphasize uncertainties in model reconstructions of
Oligocene climates, including the role of various climate forcings

Table 1. CO2 proxy estimates, from alkenones, marine boron, coccoliths, and leaf stomata, for Eocene–Oligocene time slices

Time slice

Proxy-derived pCO2, ppm

ReferencesMean Median Min Max Min (inc. error) Max (inc. error)

40–33.9 Ma 979 947 365 2,622 270 3,212 Ref. 30 and references therein; ref. 31
33.9–33 Ma 783 767 409 1,088 303 1,234 Ref. 30 and references therein; ref. 31
33–26.5 Ma 705 726 391 972 317 1,179 Ref. 30 and references therein; refs. 31, 32
25–23.5 Ma 298 259 222 476 166 600 Ref. 30 and references therein; refs. 33, 34
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Fig. 1. Paleogeographic reconstruction of the late Oligocene (Chattian).
Paleopositions of the study sites (stars; ODP Hole 929A and DSDP Hole 516F)
and other sites from which data are discussed in the text and/or presented in
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such as concentrations of greenhouse gases and boundary con-
ditions such as global ice volume.
Similarly, LOW is generally supported by the proxy records

but cannot easily be reconciled with sparse evidence for declining
CO2 throughout the Oligocene (26) (Figs. 2 and 3F and Table 1).
Additional CO2 estimates from a range of proxies at higher
temporal resolution are needed to constrain Oligocene CO2

concentrations. CO2 must have declined at some time in the
Oligocene, following the rebound after the EOT, suggesting that

non-CO2 factors such as reduced (relative to the EOT) Arctic
sea ice (15, 58, 59), Antarctic ice sheet and climate interaction,
and cloud feedbacks may have been important in regulating
global mean temperatures.

Oligocene Surface Temperature Evolution
We use our tropical Atlantic SST record from Hole 929A
(Fig. 2B) to extend the Eocene tropical SST compilation from
ref. 23 through the Oligocene (Fig. 3B). Surprisingly, our
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compilation indicates that in the late Oligocene (∼26 to 24 Ma),
a time typically thought to have been characterized by an ice-
house climate, tropical SSTs were as warm as those in the
greenhouse climate of the late Eocene (Fig. 3 A and B). This
previously unrecognized similarity in surface temperatures is
supported by late Oligocene benthic δ18O values approaching
late Eocene values of ∼1.5 to 2‰ (Fig. 3E) (1). Late Oligocene
high southern latitude SSTs are also within the range of
middle–late Eocene SST reconstructions from these regions,
although the data are more variable (Fig. 3C).
To develop a global picture of climate evolution across the Oli-

gocene, and to assess its warmth relative to the better characterized
Eocene, we compiled multiple surface temperature proxy records.
To evaluate whether the observed patterns of global warmth and
apparently anomalous warm polar temperatures could be explained
with known forcing factors (e.g., paleogeography, pCO2, etc.), we
compared the resulting surface temperature compilation against
two suites of climate model simulations for four time slices: 1) 40.0
to 33.9 Ma, the late Eocene; 2) 33.9 to 33.0 Ma, the earliest Oli-
gocene; 3) 33.0 to 26.5 Ma, the early-middle Oligocene; and 4) 25.0
to 23.5 Ma, the late Oligocene (Fig. 4 and SI Appendix, Fig. S9).
Oligocene multiproxy data indicate persistent surface warmth for
these time slices (Fig. 4 and SI Appendix, Fig. S9), with Oligocene
latitudinal surface temperature gradients significantly lower than
those of today.
To establish whether these patterns agree with expectations

from physical models, we compared them with results from two
sets of modeling experiments using the NCAR CESM1.0 and the
UK HADCM3L model. The NCAR CESM1.0 simulations have
been well-characterized in a series of studies spanning a range of
plausible Eocene–Oligocene CO2 scenarios (400, 560, 840, and
1,120 ppm) and boundary conditions (Methods). To complement
these simulations, we compared the results with those of simu-
lations with the HADCM3L model (60), which has more accu-
rate and refined representations of the paleogeography through
the Oligocene. We performed model–data comparisons sepa-
rately for each model and time slice, then generated ensemble
mean model–data anomalies for each model. Despite the use of
two very different models with substantially different boundary
conditions, the model–data discrepancy is robust and nearly
stationary. Throughout the Oligocene, equator–pole surface
temperature gradients are smaller than modern, and models
cannot simultaneously reproduce proxy-derived tropical and
high-latitude SSTs (Fig. 4). This mismatch, which we show here
for the Oligocene, resembles the persistent model–data dis-
crepancies in the Eocene (24, 61, 62) and early Miocene (63).
The models consistently underestimate high-latitude warming

and produce steeper latitudinal surface temperature gradients
than in proxy reconstructions (Fig. 4 and SI Appendix, Fig. S9) or
model simulations for the late Eocene (23) (SI Appendix). We
employed the same model, CESM1.0, as Cramwinckel et al. (23),
who argued that the model reproduced the Eocene proxy data
temperature gradient, but we do not observe this for the
Oligocene—a different time period for which the range of pa-
leogeographies is smaller, and trends in middle- and high-latitude
SST proxy estimates are less equivocal (SI Appendix, Text 6). The
proxy data–model offset is more extreme under lower than under
higher CO2 scenarios (400 and 560 ppm), and in simulations with
rather than without Antarctic glaciation.

Age (Ma)

Oligocene Eocene

24 26 28 30 32 34 36 38 40 42 44
0

200

400

600

800

1000

1200

1400

1600

pC
O

2 
(p

pm
) 

Coccoliths
Boron
Stomatal 
ratio
Stomatal 
leaf gas 
exchange 
model

Alkenones-2

0

2

4

6

8

10 0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

B
en

th
ic

 
18

O
 (

‰
 V

P
D

B
)

Ic
e-

fr
ee

 te
m

pe
ra

tu
re

 (
°C

)

-2

0

2

4

6

8

10

12

14
B

ot
to

m
 w

at
er

 te
m

pe
ra

tu
re

 (
°C

)

CCD 
deepening

4

8

12

16

20

24

28

32

S
ea

 s
ur

fa
ce

 te
m

pe
ra

tu
re

 (
°C

)

22

24

26

28

30

32

34

36

38

S
ea

 s
ur

fa
ce

 te
m

pe
ra

tu
tr

e 
(°

C
)

18

20

22

24

16

22

24

26

S
ur

fa
ce

 
te

m
pe

ra
tu

re
 (

°C
)

A

C

D

Tropical SST compilation

ODP 1218

Benthic δ18O stack

LOW EOT MECO

‘Icehouse’ Greenhouse

B

Data-based global mean surface temperature 
(model-adjusted)

F

pCO2 proxy data 

ODP 1209

ODDP 89 68

DSDP 573

Benthic Mg/Ca

E

High southern latitudes
SST compilation

Hansen et al. (2013)

Fig. 3. Eocene–Oligocene temperature and climate evolution. (A) Data-
based GMST estimates (model-adjusted; this study) and previous benthic
δ18O-derived surface temperature estimates of ref. 42 in 1-My bins; (B)
tropical SST compilation (this study, ref. 31, and ref. 23 and references
therein); (C) high southern latitudes SST compilation (refs. 39, 40, 50–54, and
ref. 16 and references therein); (D) benthic Oridorsalis umbonatus Mg/Ca
temperature estimates (8, 55, 56); unfilled data points with an orange bor-
der are from ODP Site 1218, possibly with diagenetic alteration (8); (E)
benthic oxygen isotope compilation (refs. 1, 5, and ref. 23 and references
therein); (F) proxy data CO2 estimates from alkenones (26, 34), coccoliths
(31), marine boron (24, 27, 30, 33), and leaf stomatal ratios (35) and a sto-
mata leaf gas exchange model (32). One alkenone data point (2,622 ppm at

36.48 Ma; ref. 26) was omitted for scaling purposes. Temperature and ben-
thic oxygen isotope data are fitted with a LOESS model (black lines; SI Ap-
pendix, Text 4.7) and 95% confidence interval (gray shading). CCD,
carbonate compensation depth; EOT, Eocene–Oligocene transition; LOW,
late Oligocene warming; MECO, middle Eocene climatic optimum.

O’Brien et al. PNAS | October 13, 2020 | vol. 117 | no. 41 | 25305

EA
RT

H
,A

TM
O
SP

H
ER

IC
,

A
N
D
PL

A
N
ET

A
RY

SC
IE
N
CE

S

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003914117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003914117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003914117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003914117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003914117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003914117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003914117/-/DCSupplemental


90°S 0° 90°N60°N30°N30°S60°S

CESM
UK

CESM
UK

CESM
UK

CESM
UK

Late Eocene UK Ensemble Mean
 Data-Model Temperature Difference

Late Eocene CESM Ensemble Mean
 Data-Model Temperature Difference

La
te

 O
lig

oc
en

e 
em

se
m

bl
e 

m
ea

n 
te

m
pe

ra
tu

re
 d

iff
er

en
ce

 (
°C

)
M

id
 O

lig
oc

en
e 

em
se

m
bl

e 
m

ea
n 

te
m

pe
ra

tu
re

 d
iff

er
en

ce
 (

°C
)

E
ar

ly
 O

lig
oc

en
e 

em
se

m
bl

e 
m

ea
n 

te
m

pe
ra

tu
re

 d
iff

er
en

ce
 (

°C
)

La
te

 E
oc

en
e 

em
se

m
bl

e 
m

ea
n 

te
m

pe
ra

tu
re

 d
iff

er
en

ce
 (

°C
)

30

20

10

0

-10

Early Oligocene UK Ensemble Mean
 Data-Model Temperature Difference

Early Oligocene CESM Ensemble Mean
 Data-Model Temperature Difference

Mid Oligocene UK Ensemble Mean
 Data-Model Temperature Difference

Mid Oligocene CESM Ensemble Mean
 Data-Model Temperature Difference

Late Oligocene UK Ensemble Mean
 Data-Model Temperature Difference

Late Oligocene CESM Ensemble Mean
 Data-Model Temperature Difference

90°S 0° 90°N60°N30°N30°S60°S

90°S 0° 90°N60°N30°N30°S60°S

90°S 0° 90°N60°N30°N30°S60°S

30

20

10

0

-10

30

20

10

0

-10

30

20

10

0

-10

E

A

D

G

J

B

H

K

C

F

I

L

-15 -3 95-7-11 131
Surface Temperature (°C)

Fig. 4. Eocene–Oligocene surface temperature data–model comparisons. (A–L) Surface temperature data–model comparisons for four Eocene–Oligocene
time slices. Data–model comparisons are represented both spatially (A, B, D, E, G, H, J, and K) and as zonal mean of the differences versus latitude (C, F, I, and
L). Differences in A, B, D, E, G, H, J, and K are calculated as the pointwise difference between the proxy mean value and model annual mean, then optimally
interpolated and plotted as “circles” of difference. The shaded bands in C, F, I, and L represent minimum and maximum differences associated with the zonal
means. Proxy data were compared to ensembles means from HadCM3L (UK) and CESM simulations. Modeling details are provided in SI Appendix, Table S1.
Compiled Eocene–Oligocene surface temperature proxy data are shown in SI Appendix, Fig. S9. Refer to Methods and SI Appendix, Text 5, for further details.
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Progress has been made in simulating high-latitude warmth for
the early Eocene (64) and Pliocene (65, 66), through incorpo-
ration of cloud microphysics feedbacks. Ref. 64 represents an
important advance in simulating higher early Eocene global
mean surface temperature (GMST) estimates under less extreme
CO2 conditions. Similarly, improvements in modeling resolution
for the late Eocene (67) and EOT (21) provide a significant step
forward in resolving ocean geography, gateways, and circulation.
However, further investigations are still required since the long-
term stability of these simulations is questionable, and the
model–data biases in the latitudinal surface temperature gradi-
ent remain unsolved (SI Appendix, Text 5.2).
We use our Oligocene surface temperature compilation to

estimate GMST directly, after Caballero and Huber (68) (see SI
Appendix, Text 4.2, for method details; Fig. 3A). Oligocene
GMSTs were ∼22 to 24 °C (Fig. 3A), thus not significantly dif-
ferent from those of the late Eocene, 23 °C, and >8 °C higher
than modern rather than ∼5 °C (e.g., refs. 42, 69). We therefore
do not reconstruct clearcut differences in surface temperature
conditions between the late Eocene (greenhouse world) and the
Oligocene (icehouse world) after its earliest glaciation.
This significant upward revision of GMSTs requires a reeval-

uation of estimates of climate sensitivity (42, 69, 70). If there are
no unidentified issues with current Eocene–Oligocene CO2 es-
timates and/or collective biases in multiproxy surface tempera-
ture records, a commensurate increase in climate sensitivity
estimates may be necessary, unless an as-yet-unidentified non-
CO2 forcing can be found. For example, geographically static
biases on proxy reconstructions, whether due to seasonal cycles,
regional diagenesis, and/or other environmental controls, could
result in similar net temperature biases across different proxy
systems in a given region. If current multiproxy surface tem-
perature reconstructions are valid, their high-latitude warmth
requires rethinking of the stability of Antarctic glaciation in a
warmer world (71). The fact that ice volume remained large after
the EOT even as the world returned to a warm state similar to
that in the late-middle Eocene suggests an important role for
hysteresis, changes in topography and elevation (e.g., ref. 72), or
fluctuations in ice volume without warming.

Enigmatic Oligocene Climate State
Multiple-proxy Oligocene surface temperature records docu-
ment consistent warmth at higher latitudes (Figs. 3C and 4),
which is, at first glance, difficult to reconcile with the presence of
1) a relatively cool deep ocean (Fig. 3D), 2) Southern Hemi-
sphere ice, and 3) climate models. However, in some model
simulations, Antarctic glaciation leads to regional warming (73,
74), which may partially explain the proxy records. Other models
indicate that Antarctic glaciation should lead to preferential
cooling of the deep ocean and the high-latitude Southern Ocean
and North Atlantic, but this is difficult to reconcile with our
compilation (15, 75). Alternatively, the multiproxy data could be
collectively biased, for example skewed to the warm season (76).
This issue warrants further investigation, but if we take Oligo-
cene surface temperature records at face value, we conclude that
warm, low-gradient climates characterized nearly the entire Pa-
leogene. This implies that either the timing and extent of deep-
water connections between the Pacific and Atlantic Oceans, used
to explain Eocene high-latitude warmth (77–79), occurred much
later than commonly argued (i.e., in the Miocene) (80, 81), or
they did not cause high-latitude Eocene warmth.
These proxy records and climate model simulations agree with

an emerging view (i.e., ref. 82) that Oligocene climate was dis-
tinct from the bipolar-glaciated, late Neogene icehouse world
and was characterized by warm surface temperatures similar to
those in the low-ice late Eocene greenhouse world. This “enig-
matic Oligocene” climate state of the Cenozoic was defined by
relatively warm global mean temperatures, flattened meridional

temperature gradients, and the presence of Antarctic continental
ice sheets. From an ecological perspective, the importance of
these enigmatic climates is underscored by the fact that the
boundary between the Paleogene and Neogene Periods, based
on similarity between biota, is placed between the Oligocene and
Miocene epochs, and not at the EOT greenhouse/icehouse di-
vision (83, 84). From a climatic perspective, the existence of
these enigmatic climates highlights critical gaps in our under-
standing of past climate states, including the way in which factors
such as ocean circulation and cloud feedbacks (15) can support
sustained global warmth even in the presence of extensive polar
continental ice, and possibly relatively low CO2 concentrations.

Methods
Sampling Strategy. ODP Hole 929A [Fig. 1; 5°58.573′N, 43°44.396′W; 4356 m;
paleolatitude ∼0° (85)] is in the western equatorial Atlantic on Ceara Rise.
DSDP Hole 516F [Fig. 1; 30°16.590′S, 35°17.100′W; present water depth,
1,313 m; paleolatitude ∼36°S (85)] is in the South Atlantic subtropical gyre
on the northern flanks of the Rio Grande Rise. Lower Oligocene to lower-
most Miocene (30 to 22 Ma) marine sediments from both sites were sampled
at ∼100-ky resolution, analyzing 81 samples from Hole 929A (304.02 to
446.09 mbsf), 81 from Hole 516F (129.66 to 472.86 mbsf). Sample ages were
linearly interpolated from surrounding age datums, assuming a constant
sedimentation rate. The age model for Hole ODP 929A is after ref. 25 and
references therein. For Hole 516F, the age model above 259.5 mbsf is based
on magnetostratigraphy (86) with biostratigraphic datums from ref. 87.
Below 264 mbsf, ages are constrained by biostratigraphic datums (87, 88). All
ages are reported on the Geologic Time Scale 2012 (84) (GTS2012).

GDGT Biomarker Analysis.GDGTs weremeasured in lipid polar fractions. Lipids
were extracted from freeze-dried, manually powdered sediments using a
Dionex Accelerated Solvent Extractor 300 with a solvent mixture of
dichloromethane (DCM)/methanol (MeOH) (2:1 [vol/vol]). Total lipid extracts
were separated into apolar (archived) and polar fractions using alumina
column chromatography, eluting with Hexane/DCM (9:1 [vol/vol]; for apolar
hydrocarbons) and DCM:MeOH (1:2 [vol/vol]; for polar compounds including
GDGTs) (89). Polar fractions were dried under N2, redissolved in hexane/
isopropanol (99:1 [vol/vol]), and then passed through a 0.45-μm polytetra-
fluoroethylene filter prior to analysis. Isoprenoidal and branched GDGTs
were measured on an Agilent 1200 high-performance liquid chromatogra-
phy/mass spectrometry (HPLC/MS) system at Yale University. Compound
separation was achieved using two ultra-high performance liquid chroma-
tography silica columns (Waters BEH HILIC columns, 2.1 × 150 mm, 1.7 μm) in
series, fitted with a precolumn of the same material (90). GDGTs were de-
tected following HPLC/MS settings in ref. 89. TEX86 values were computed
after ref. 49 and converted to SST using the analog BAYSPAR calibration.
The BAYSPAR deep-time model provides a more statistically robust assess-
ment of calibration uncertainty than traditional TEX86 calibrations, avoids
regression dilution bias, and is targeted to geological applications (47). To
monitor potential non-SST effects on GDGT distributions, branched and
isoprenoidal GDGT measurements were used to compute additional GDGT
indices [the BIT index (91), the MI (92), and the ΔRI (57)].

Climate Modeling. We present long, fully coupled integrations of the NCAR
CESM1.0.5 using the CAM4 atmosphere, with simulations largely published:
the late Eocene and early tomiddle Oligocene simulations were performed at
the T31 atmospheric and ×3° nominal ocean resolution (15, 23) and with
atmospheric CO2 levels of 560 and 1,120 ppm with varying glaciation con-
ditions. The late Oligocene simulation is adapted from the early to middle
Miocene boundary conditions of refs. 15, 93, 94, at atmospheric CO2 levels of
400 ppm, at the 2° nominal atmospheric and ×1° ocean resolutions, and with
some small ocean gateway changes appropriate for the late Oligocene (but
otherwise preindustrial atmospheric boundary conditions). A range of
gateway changes were tested to explore sensitivity to the likely changes in
boundary conditions between the early Miocene and late Oligocene, spe-
cifically as to the depth of the Greenland–Scotland Ridge (95). Model con-
ditions are detailed in SI Appendix, Text 5 and Table S1. The simulations
were carried out for >2,000 y and are equilibrated in terms of temperature
trends, energy balance, and overturning circulation. The NCAR CESM1.0 is a
freely available model supported by the NSF and the Department of Energy.

We also use simulation outputs available from the BRIDGE portal as de-
scribed in ref. 60. Some simulations were carried out for >8,000 y.
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Data Availability. All proxy data generated or analyzed during this study are
included in the SI Appendix files. Proxy data generated have also been de-
posited in the Purdue University Research Repository (doi: 10.4231/SFX6-
RZ18) and at https://www.pangaea.de/. The model outputs, including netcdf
files and source code for model data comparison, are available from M.H.
(huberm@purdue.edu) and are permanently accessible at the Purdue
University Research Repository.

All study data are included in the article and supporting information and/
or are publicly accessible at the Purdue University Research Repository.
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