Extremely high sea-surface temperatures at low latitudes during the
middle Cretaceous as revealed by archaeal membrane lipids
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ABSTRACT

The middle Cretaceous (125-88 Ma) greenhouse world was characterized by high at-
mospheric CO, levels, the general absence of polar ice caps, and much higher global
temperatures than at present. Both 8'80-based and model-based temper atur e reconstruc-
tions indicate extremely high sea-surface temperatures (SSTs) at high latitudes. However,
there are a number of uncertainties with SST reconstructions based on 880 isotope data
of foraminifera due to diagenetic overprinting effects and tenuous assumptions with re-
spect to the 8180 value of Cretaceous seawater, the paleoecology of middle Cretaceous
marine organisms and seawater pH. Here we applied a novel SST proxy (i.e, TEXgg
[tetraether index of 86 carbon atoms], based on the membrane lipids of marine crenar-
chaeota) derived from middle Cretaceous sedimentary rocks deposited at low latitudes.
The TEXgg proxy indicates that tropical SSTsin the proto-North Atlantic were at 32-36
°C during the early Albian and late Cenomanian—early Turonian. Thisfinding agreeswith
SST estimates based on 8180 paleothermometry of well-preserved foraminifera as well as
global circulation model calculations. The TEXgg proxy indicates cooler SSTs (27-32 °C)
for the equatorial Pacific during the early Aptian, which isin agreement with SST esti-

mates based on 8180 paleothermometry.
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INTRODUCTION

Numerous lines of evidence—most notably
terrestrial and marine faunal and floral distri-
butions, leaf and tree-ring characteristics, sed-
imentary facies distributions, and the absence
of high-latitude glacial deposits—point to a
mean middle Cretaceous climate that was sig-
nificantly warmer with alower equator-to-pole
surface-temperature gradient than at present
(see Poulsen et a., 1999). For quantification
of middle Cretaceous temperatures we cur-
rently rely on 8180 paleothermometry of
carbonate tests (in particular foraminifera).
However, determinations of sea-surface tem-
peratures (SSTs) using this method are based
on tenuous assumptions with respect to the
8180 value of Cretaceous seawater, the paleo-
ecology of middle Cretaceous marine organ-
isms (e.g., Price and Hart, 1998), sea-surface
salinity (e.g., Poulsen et a., 1999), and sea
water pH (e.g., Zeebe, 2001). In addition, dia-
genetic overprinting and the scattered occur-
rence of foraminiferain the middle Cretaceous
geologic record, especialy in the organic-rich
sediments deposited during so-called oceanic
anoxic events (OAEs), often preclude com-

*Present address: Max Planck Institute for Ma-
rine Microbiology, Celsiusstrasse 1, D-28359 Bre-
men, Germany.

plete and accurate SST reconstructions (e.g.,
Norris and Wilson, 1998; Wilson et al., 2002).
A number of §180 studies (e.g., Kolodny and
Raab, 1988; Huber et al., 1995; Wilson and
Norris, 2001; Wilson et al., 2002; Norriset al.,
2002) have provided data to support the in-
ferred extreme warm middle Cretaceous cli-
mate. These studies are in agreement with
general circulation models that indicate that
the high atmospheric CO, levels (2-4 times
present-day value) required to explain the
middle Cretaceous polar warmth also result in
tropical SSTs ~2-5 °C higher than today (e.g.,
Poulsen et al., 1999, 2001). However, due to
the uncertainties associated with 3180 paleo-
thermometry, there is a strong need for an in-
dependent SST proxy to confirm the middle
Cretaceous greenhouse hypothesis and the re-
lationship between pCO, and SST (see dis-
cussion in Bice and Norris, 2002).

We have identified the membrane lipids of
marine crenarchaeota, ubiquitous microorgan-
isms that make up 20%-30% of the pico-
plankton in present-day oceans (Schouten et
al., 2000; Sinninghe Damsté et al., 2002).
They consist of tetraether membrane lipids
with 0—4 cyclopentane rings and, in one case,
a cyclohexane ring (for molecular structures,
see Fig. 1). A study of marine surface sedi-
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ments from all over the globe showed that
these organisms adjust the composition of
their tetraether membranes lipids in response
to SST (Schouten et al., 2002). This response,
quantified as the so-called TEXgg (tetraether
index of 86 carbon atoms), shows a linear re-
lationship (r2 = 0.92) and can thus be used to
determine SST from the tetraether membrane
composition preserved in sediments and sed-
imentary rocks (Schouten et a., 2002). We
have also reported the occurrence of tetraether
membrane lipids in organic-rich Cretaceous
sedimentary rocks (Kuypers et a., 2001),
leading us to study the potential of the new
paleothermometer to reconstruct SSTs of the
middle Cretaceous greenhouse world. Our
findings suggest that this new proxy can be
applied in immature organic-rich sedimentary
rocks to reconstruct middle Cretaceous SSTs.

MATERIAL AND METHODS

The sedimentary samples used in this study
(see Table 1) derive from early Aptian (Deep
Sea Drilling Project [DSDP] Site 463 in the
equatoria Pacific Ocean), early Albian (Ocean
Drilling Program [ODP] Hole 1049c off the
coast of Florida), and the late Cenomanian—
early Turonian (DSDP Site 367 off the coast
of Senegal and DSDP Site 603B off the coast
of North America). Detailed characteristics of
bulk and molecular isotopic geochemistry of
DSDP Site 367 and ODP Hole 1049c black
shales were described previously (Kuypers et
al., 2001, 2002).

For lipid analysis, freeze-dried sedimentary
rocks were ultrasonically extracted three times
with methanol, three times with dichlorometh-
ane (DCM)/methanol (1:1, v/v), and three
times with DCM, and all extracts were com-
bined. The bulk of the solvent was removed
by rotary evaporation under vacuum. The ex-
tracts were further purified by column chro-
matography using Al,O5; as the stationary
phase and a DCM/methanol (1:1, v/v) mixture
as the eluent. The separated fraction was then
dissolved by sonication (5 min) in hexane/pro-
panol (99:1, v/v). The fraction was filtered
through a 0.45 wm, 4-mm-diameter Teflon fil-
ter prior to analysis by high-performance lig-
uid  chromatography—atmospheric-pressure
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Figure 1. High-performance liquid chromatography base-peak chromatograms showing te-
traether lipid composition of sedimentary rocks from (A) present-day Antarctic Ocean, (B)
Arabian Sea, (C) Deep Sea Drilling Project (DSDP) Site 367, and (D) DSDP Site 463.

Quantification was achieved by integration of
the peak areas in the respective [M + H]*+ and
[M + H]* + 1 (i.e, protonated molecule and
isotope peak) traces of tetraether lipids. The

positive-ion chemical-ionization mass spec-
trometry (HPLC-APCI-MS). Conditions for
HPLC-MS analyses of the purified extracts
were described by Schouten et a. (2000).

TEXgs values were determined according to
the formula given by Schouten et a. (2002).

RESULTS AND DISCUSSION
Archaeal Lipid Distribution

For this study a number of black shales
from different time periods, covering three
different OAEs, were analyzed for archaeal
lipids (Table 1). The black shales were depos-
ited between pal eolatitudes 20°S and 30°N and
contained immature organic matter, as re-
vealed by the relatively high amounts of ther-
mally labile 17B,21B8(H)-hopanes (Kuypers,
2001; Kuypers et a., 2001, 2002). Although
archaeal lipids I-VI1I could be found in vary-
ing abundance, their relative distribution in
nearly all of the Cretaceous sedimentary rocks
was strikingly similar (e.g., Fig. 1C): a high
abundance of crenarchaeol (V), relatively low-
er amounts of an isomer of crenarchaeol (VI)
and tetraether lipids with 2-3 cyclopentane
rings, and very low amounts of tetraether lip-
ids with 0—1 cyclopentane rings. As shown by
Schouten et al. (2002), the relative distribution
pattern of tetraether lipids correlates with
SST—i.e.,, with higher temperatures, crenar-
chaeol and tetraether lipids 11—V increase in
abundance relative to tetraether lipids -1 (see
Figs. 1A and 1B as an example from a polar
[Antarctica; ~2 °C] and atropical ocean [Ara-
bian Sea; ~27 °C], respectively). The extreme
low abundance of tetraether lipids |-l ob-
served in Cretaceous sedimentary rocks (e.g.,
Fig. 1C) is striking, because at present, even
surface sediments from the tropical oceans
(e.g., Arabian Sea; Fig. 1B) contain substan-
tial amounts of tetraether lipids I-1I compared
to I11-VI. This result strongly suggests that
low-latitude SSTs in the middle Cretaceous
were substantialy higher than they are today.
The lone exception is the distribution of tet-
raether lipid isomers in a black shale depos-
ited during the early Aptian (OAE 14) in the
Pacific Ocean (DSDP Site 463; paleolatitude
~20°S) (Fig. 1D). The distribution shows that,
in contrast to the already discussed black
shales, tetraether lipids I-11 arein much higher
relative abundance compared to tetraether lip-
ids 111-VI. This finding suggests cooler SSTs
at this location than during deposition of the
other middle Cretaceous sedimentary rocks.

TABLE 1. LOCATIONS OF ANALYZED MIDDLE CRETACEOUS SEDIMENTARY ROCKS

Site Location Paleo- Depth Age Event TOC Reference
latitude (mbsf) (%)

DSDP 603B North Atlantic ~30°N 1128-1134 Cenomanian-Turonian OAE 2 0.2-9 Kuypers (2001)

DSDP 367 North Atlantic ~5°N 636-644 Late Cenomanian OAE 2 2-46 Kuypers et al. (2002)

ODP 1049C North Atlantic ~30°N 142.3-143.8 Early Albian OAE 1b 4-6 Kuypers et al. (2001)

DSDP 463 Pacific Ocean ~20°S 614-626 Early Aptian OAE la 0.1-4 Price et al. (1998)

Note: DSDP—Deep Sea Drilling Project; ODP—Ocean Drilling Program; OAE—oceanic anoxic event; mbsf—meters below seafloor.
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Figure 2. Global correlation of TEXg, (tetraether index of 86 carbon atoms) values with
temperature (T) in Holocene surface sediments for T> 0 °C (dashed line A; after Schouten
et al., 2002) and correlation of TEXy, values with temperature in selected Holocene surface
sediments for T > 20 °C (solid line B). Gray band indicates range of TEXg values in most

middle Cretaceous sedimentary rocks.

Temperature Reconstructions Using the
TEXgg

The relative distribution of crenarchaeotal
tetraether lipids can be quantified by using the
TEXgg (Schouten et al., 2002). Values for the
TEXgg range from 0.69 to 0.84 in samples

from the early Aptian (OAE 1a) to 0.96 in
samples from the Cenomanian—Turonian
(OAE 2). These vaues are substantially higher
than those found in surface sediments in
present-day tropical oceans such as the Ara
bian Sea (0.70-0.71; SST = 27 °C) or equa-
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Figure 3. Sea-surface temperatures (SST) reconstructed by using TEXg, (tetraether index of
86 carbon atoms) values of (A) Cenomanian—Turonian (C-T) section from Deep Sea Drilling
Project (DSDP) Site 367 in proto—North Atlantic at equator (mbsf—m below seafloor), (B) C-
T section from DSDP Site 603 in proto—North Atlantic at paleolatitude 30°N, (C) early Aptian
section from DSDP Site 463 in Pacific at equator, and (D) late Albian section from Ocean
Drilling Program Site 1049 in proto—North Atlantic at paleolatitude 30°N.
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torial Atlantic (0.68-0.69; SST =~ 26 °C),
again suggesting that SSTs were substantially
higher at low latitudes during the middle
Cretaceous.

A problem arises when the TEXgg values
are converted to SSTs by using the global cor-
relation established by Schouten et al. (2002).
Although the best fit through the data points
isalinear relationship with an r2 = 0.92, there
is a tendency that at higher SSTs, the TEXgg
is higher than predicted by the linear correla-
tion line (dashed line A, Fig. 2). This devia-
tion has implications for our attempt to recon-
struct Cretaceous SSTs on the basis of the
TEXgg values because we are forced to ex-
trapolate the global TEXgg correlation line to
higher SST and TEXgg values owing to alack
of present-day open-ocean systems with high
temperatures (i.e., >29 °C). In order to pro-
vide the most representative extrapolation
line, we established a new relationship by us-
ing only data from surface sediments with an-
nual SSTs > 20 °C (solid line B, Fig. 2).
Again the best fit was a linear correlation re-
lationship (r2 = 0.78), but with a significantly
steeper slope (0.027T vs. 0.015T [T = tem-
perature] in the origina calibration line). The
result is that SST estimates using this revised
calibration line will yield lower temperatures
than estimates using the previously published
global correlation line. This deviation may be
due to a different population of crenarchaeota
living in tropical oceans compared to temper-
ate and polar oceans. Preliminary laboratory
experiments using large-scale mesocosms
show shifts in crenarchaeotal populations
when temperatures are increased (C. Wuchter,
2003, personal commun.). At this point it
seems likely that this revised calibration line
will give the best SST estimates for the
Cretaceous. When the TEXgg values are con-
verted into SST values by using the high-
temperature calibration line, SST estimates
range from 27 to 32 °C in the equatorial Pa-
cific Ocean in the late Aptian to 32—36 °C dur-
ing the Cenomanian-Turonian (Fig. 3).

Comparison With Other Paleotemperature
Estimates

The SSTs calculated from the TEX gg values
for DSDP Site 367 (3336 °C) arein therange
of the peak temperatures (33-34 = 2 °C) cal-
culated by 3180 paleothermometry (corrected
for salinity and pH) of exceptionally well pre-
served late Cenomanian foraminifera from
DSDP Site 144 (Norris et a., 2002), which
was located on the Demerara Rise (off north-
east South America) in a climatic setting com-
parable to that of DSDP Site 367 (Kuypers et
al., 2002). The TEXgg-based SSTs for the
northern part of the proto—North Atlantic
(DSDP Site 603B; paeolatitude 30°N) are
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nearly identical to the SSTs for the southern
part of the proto—North Atlantic (DSDP Site
367; 5°N). The TEXgg-based SSTs for Site
603B are comparable to the temperatures (32—
33 = 3 °C) caculated by 880 paleothermo-
metry (corrected for salinity only) of excep-
tionally well preserved early Cenomanian fo-
raminifera at nearby ODP Site 1052 (Wilson
and Norris, 2001). Hence, SSTs calculated
from the TEXgg values are in excellent agree-
ment with 3180 SST estimates. Furthermore,
the high TEXgg-based SSTs are in agreement
with global circulation model calculations.
Poulsen et al. (1999) calculated an annual SST
of 34 °C for DSDP Site 144, in excellent
agreement with our results for nearby DSDP
Site 367. Both the TEX g5 values and $180 pa-
leothermometry indicate dlightly higher SSTs
for the northern proto—North Atlantic than the
model-based annual SST of 29 °C for the early
Cenomanian (Poulsen et al., 1999).

Analysis of black shales deposited during
the early Albian (OAE 1b) at paleolatitude
30°N in the proto—Northern Atlantic (Site
ODP 1049) revealed high SSTs similar to
those during the Cenomanian-Turonian, i.e.,
33-35 °C. The TEXgg-based SSTs are some-
what higher than those estimated by general
circulation models (29 °C; Poulsen et a.,
1999), but much higher than the estimates of
20-22 °C by Erbacher et al. (2001), athough
these values were not corrected for salinity
and pH. SSTs calculated from TEXgg values
for black shales deposited during the early
Aptian (OAE 14) in the Pacific Ocean (DSDP
Site 463; paleolatitude ~20°S) range between
30 and 32 °C. These SSTs are consistent with
genera circulation models, which estimate an-
nual SSTsof 30 °C at Site DSDP 463 (Poulsen
et a., 1999), but are higher than the inferred
SST of 26 °C (as recalculated by Poulsen et
al., 1999, from Price et al., 1998) from 8180
paeothermometry at Site DSDP 463. It isin-
teresting to note that there seems to be a drop
to ~27 °C at the end of OAE 14, although this
cooling is only represented by a single data
point. Weissert and Lini (1991) suggested that
during the early Aptian the warm greenhouse
climate was interrupted by a cooling event in
which temperatures returned to present-day
values. Further studies into this time interval
using the TEXgg proxy may now revea the
frequency and magnitude of such periods in
the middle Cretaceous.

CONCLUSIONS AND IMPLICATIONS
Our results show the potential to apply the
new SST proxy, the TEXgg, to estimate mid-
dle Cretaceous SSTs. Notably, this proxy can
be applied in organic-rich sediments and sed-
imentary rocks where foraminifera are often
lacking, and thus can provide an SST record
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complementary to 3180 paleothermometry.
First results of the TEXgg proxy indicate that
low-latitude SSTs were extremely high, much
higher than at present, during the middle Cre-
taceous greenhouse world. The TEXgg-based
SSTs are in agreement with 3180 studies on
excellently preserved foraminifera (Wilson et
al., 2002; Norris et al., 2002) and SST esti-
mates based on general circulation models
(Poulsen et al., 1999). Our results indicate that
open-ocean SSTs are not restricted by feed-
back mechanisms to an upper limit, but that
the ““tropical thermostat” was set much higher
during the Cretaceous (Norris et a., 2002).
General circulation models use high atmo-
spheric CO, concentrations (e.g., Bice and
Norris, 2002) to induce high polar warmth,
thereby yielding high tropical SSTs. Our con-
firmation of these high tropical SSTs thus sug-
gests that CO,, in combination with tectonic
forcing (Leckie et a., 2002; Poulsen et a.,
2003), may have been a driving force for the
middle Cretaceous hothouse.
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