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The Cretaceous Period (145-66 Ma) provides an opportunity to obtain insights into the adaptation of the 
climate system to increased atmospheric greenhouse gas concentrations. The organic paleothermometer 
TEX86 is one of the few proxies available for reconstructing quantitative estimates of upper ocean 
temperatures of this time period. Here we show that the sedimentary TEX86 signal in the Early 
Cretaceous North and South Atlantic shows systematic differences to other Cretaceous samples. In 
particular, the relative increase in the fractional abundances of the crenarchaeol isomer compared to 
crenarchaeol exhibits similarities with surface sediments from the modern Mediterranean and Red Sea. 
Dedicated climate model simulations suggest that the formation of warm and saline deep waters in the 
restricted North and South Atlantic may have influenced TEX86 export dynamics leading to a warm bias in 
reconstructed upper ocean temperatures. Applying a regional calibration from the modern Mediterranean 
and Red Sea to corresponding TEX86 data significantly improves the model-data fit for the Aptian Oceanic 
Anoxic Event 1a and the overall comparison with other temperature proxies for the Early Cretaceous. 
Our results demonstrate the need to consider regional and temporal changes of the TEX86-temperature 
relation for the reconstruction of deep-time ocean temperatures.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The Cretaceous Period between 145 and 66 Ma is commonly 
considered a predominantly warm and equable greenhouse climate 
(Barron, 1983; O’Brien et al., 2017) with elevated levels of atmo-
spheric CO2 caused by enhanced volcanic activity (Foster et al., 
2017). In combination with the ongoing breakup of Pangea (Blakey, 
2008) and the simultaneous emergence of young and restricted 
ocean basins (Fig. 1), this period experienced multiple phases of 
dys- to anoxic conditions in the water column and deposition 
of marine organic-rich sediments (Jenkyns, 2010). These so-called 
Oceanic Anoxic Events (OAEs) reveal valuable insights into the re-
sponse of the climate system to changes in marine ecosystems and 
the global carbon cycle. OAE 1a in the early Aptian (∼125 Ma) 
and OAE 2 at the Cenomanian–Turonian boundary (∼94 Ma) are 
the two most pronounced events throughout the Cretaceous and 
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are characterised by long-term maxima in surface temperatures 
(O’Brien et al., 2017).

Quantitative estimates of upper ocean temperatures are neces-
sary for estimating the magnitude of these past climate variations 
and to better validate paleoclimate model simulations. Reduced 
abundances of planktonic foraminifera and increased sedimentary 
calcite dissolution during the Early Cretaceous limit the applica-
tion of the classic oxygen-isotope δ18O SST proxy (O’Brien et al., 
2017). The additional lack of alkenone-based temperature esti-
mates makes the organic paleothermometer TEX86 (TetraEther in-
deX of tetraethers consisting of 86 carbons; Schouten et al., 2002) 
one of the few available techniques to reconstruct Early Cretaceous 
marine temperatures. The TEX86 proxy is based on the observation 
that the relative cyclisation of isoprenoidal glycerol dialkyl glyc-
erol tetraethers (isoGDGTs) in membrane lipids of marine archaea 
increases with temperature (Schouten et al., 2002). Correlation of 
the isoGDGT distribution in modern core-top sediments with ambi-
ent water temperatures allows the reconstruction of past seawater 
temperatures. A variety of calibrations exist to convert measured 
TEX86 ratios (see Section 2.2; Schouten et al., 2002) to upper ocean 
temperatures. These partly arise from uncertainties in the actual 
export depth of the TEX86 signal ranging from the surface (Kim 
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Fig. 1. Model bathymetry and study sites. Model geography and paleolocations (O’Brien et al., 2017) represent an early Aptian (∼125 Ma) time slice. Contour interval is 
500 m.
et al., 2010; Tierney and Tingley, 2014) down to 1000 m (Ho and 
Laepple, 2016). A recent comparison of the meridional gradients of 
ocean temperatures and core-top TEX86 values concludes that the 
global signal is most probably formed within the upper 200 m of 
the water column (Zhang and Liu, 2018).

Comparison of TEX86-derived core-top temperatures with satel-
lite measurements reveal systematic bias patterns of overestimated 
high-latitude and underestimated low-latitude temperatures (Tier-
ney and Tingley, 2014). Specific areas known to have a TEX86-SST 
relation different from the global open-ocean calibration are the 
modern Mediterranean (Kim et al., 2015) and Red Sea (Trommer 
et al., 2009). Surface sediments in these restricted basins show a 
strong increase in the fractional abundances of the crenarchaeol 
isomer and GDGT-2 with water depth for the upper 1000 m (Kim 
et al., 2015). The resulting warm bias in TEXH

86-derived temper-
atures in deep-water sediments reaches up to 8 ◦C (Kim et al., 
2015) and is also visible in the warm and saline Mediterranean 
Outflow Water along the Portuguese continental margin (Kim et 
al., 2016). Similar changes with water depth are observed for 
suspended particulate matter (SPM) samples from these regions 
(Kim et al., 2015, 2016) and imply an increased contribution of 
deep-dwelling Thaumarchaeota that have a different isoGDGT dis-
tribution (Taylor et al., 2013; Kim et al., 2015), possibly due to 
genetic controls (Villanueva et al., 2015; Kim et al., 2016). Paleo-
records from the Mediterranean Sea indicate that the magnitude 
of this warm bias changed significantly through time and essen-
tially vanished during the Last Glacial Maximum (Castañeda et al., 
2010). Polik et al. (2018) also find temporal changes in the de-
viations of TEX86- and alkenone-based SST estimates for different 
Pliocene-Pleistocene sapropel events and attribute this variability 
to the changing influence of different Thaumarchaeota populations 
with distinct isoGDGT distributions. A systematic offset between 
TEXH

86-derived temperatures and other proxy methods has also 
been found for the Early Paleogene Southwest Pacific Ocean (Hol-
lis et al., 2012) with an important influence of water depth on 
GDGT-2/GDGT-3 ratios (Taylor et al., 2013). As the overall TEX86-
predicted surface warming for the early Paleogene is consistent to 
other, independent proxy methods (Tierney et al., 2017; Hollis et 
al., 2019), this further highlights the potential importance of lo-
cal environmental conditions for the interpretation of any recorded 
TEX86 signal.

Most of the Cretaceous TEX86 values, particularly those of the 
OAE 1a period, exceed the range of recorded present-day core-top 
data (Dumitrescu et al., 2006; Naafs and Pancost, 2016). In combi-
nation with the observed regional variability of TEX86 export dy-
namics, the applicability of modern global temperature calibrations 
for past greenhouse climates is questionable. To assess regional 
bias and calibration problems for the Cretaceous, we use a recently 
published quality-controlled compilation (O’Brien et al., 2017) and 
newly generated Cretaceous TEX86 data to identify systematic dif-
ferences in the isoGDGT distributions. We compare TEX86-derived 
SST and upper ocean temperatures from different calibrations with 
temperatures derived from a fully coupled atmosphere-ocean gen-
eral circulation model, the Kiel Climate Model (Park et al., 2009). 
The model boundary conditions represent an early Aptian time 
slice to validate the internal consistency of the OAE 1a TEX86
record (Table 1), evaluate the local oceanographic setting for in-
dividual core locations and test the sensitivity of the results to the 
applied greenhouse gas forcing.

2. Methods

2.1. Model description

Climate model integrations were performed with the Kiel Cli-
mate Model (KCM, Park et al., 2009), a fully coupled atmosphere-
ocean-sea ice general circulation model. The atmospheric com-
ponent consists of the ECHAM5 spectral model (Roeckner et al., 
2003) configured at a T42 horizontal resolution (∼2.8◦× 2.8◦) 
with 19 vertical levels. The ocean-sea ice component NEMO uses 
a tripolar grid with a nominal horizontal resolution of 2◦ and 31 
vertical levels (Madec, 2008). Existing model boundary conditions 
(Blöhdorn, 2013) represent an early Aptian (i.e. ∼125 Ma) time 
slice based on global paleobathymetry reconstructions (Müller et 
al., 2008) complemented by information about shelf areas, coast-
lines and land topography (Blakey, 2008). Routing of river runoff 
to the ocean is calculated from the land orography (Hagemann 
and Dümenil, 1998). Simplified zonal mean vegetation properties 
were used for the land surface (Blöhdorn, 2013). No permanent 
land ice is assumed for the simulations, although seasonal snowfall 
and sea ice formation is permitted. Aptian-Albian CO2 reconstruc-
tions based on stomatal indices of fossil conifers range from 500 
to 1300 ppmv (Jing and Bainian, 2018). We therefore performed 
two integrations with 600 (CRET600) and 1200 (CRET1200) ppmv 
atmospheric CO2 and a reduced solar constant of 1350 W/m2. 
High resolution CO2 reconstructions for OAE 1a (Naafs et al., 2016) 
average to ∼1550 ppmv (carbon isotope segments C3-C6, n=19) 
and are therefore broadly consistent with CRET1200. But Naafs et 
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Table 1
Overview of study sites. We combine new data from DSDP site 511 with published TEX86 data for the early Aptian OAE 1a 
(∼125 Ma; see Section 2.5). Paleolatitude ranges derive from the spread in different reconstruction methods (see Supplementary 
Table S2).

Site Reference Location Paleowater depth Paleolatitude

DSDP 398 Naafs and Pancost (2016) Proto-North Atlantic 500-2000 ma,b 22-36◦N
DSDP 463 Schouten et al. (2003) Mid-Pacific Mountains ∼500 mc 7-35◦S
DSDP 511 this study; Jenkyns et al. (2012) Falkland Plateau <750 ma 43-56◦S
ODP 1207 Dumitrescu et al. (2006) Shatsky Rise ∼1300 md 21◦S-10◦N
Alstätte 1 outcrop Mutterlose et al. (2014) Northwest Germany < 200 me 23◦N-44◦N
Djebel Serdj Formation Naafs and Pancost (2016) Tunisia hemipelagicf 8◦N-22◦N

a Holbourn et al. (2001)
b Sibuet and Ryan (1979)
c Roth (1981)
d Bralower et al. (2002)
e Bottini and Mutterlose (2012)
f Heldt et al. (2008)
al. (2016) also show a stepwise increase of CO2 levels through-
out the event up to peak values between 1400 to 2800 ppmv. 
Therefore, parts of the TEX86 record at individual sites could re-
flect climatic signals generated at CO2 concentrations significantly 
higher than in CRET1200. As our model configuration develops a 
runaway greenhouse effect and becomes numerically unstable at 
CO2 levels above 1200 ppmv, we extrapolate zonal mean temper-
atures for a further doubling of CO2 concentrations to 2400 ppmv 
to generate a first-order approximation of simulated peak OAE 1a 
temperatures. We assume a linear climate sensitivity and define 
CRET2400=CRET1200+(CRET1200-CRET600). Results for CRET2400 are 
only used to identify TEX86 records incompatible with our model-
predicted temperatures for the available OAE 1a CO2 record. An 
additional simulation with pre-industrial levels of CO2 (CRET286) 
is performed to evaluate changes due to the different paleogeog-
raphy and solar constant alone. Other greenhouse gases are held 
constant at their pre-industrial values due to a lack of available re-
constructions. Experiment CRET1200 was initialised with a homoge-
neous ocean temperature of 10 ◦C and salinity of 35 and integrated 
for 6000 model years. Experiments CRET600 and CRET286 were 
branched off from CRET1200 at year 1000 and also integrated for 
an additional 5000 yr. The change in the globally depth-integrated 
ocean temperature for the last 1000 model years is below 0.15 ◦C 
for all experiments. All results are averaged over the last 500 yr of 
integration.

2.2. TEX86 paleothermometer

Pelagic Thaumarchaeota are considered the main source of 
biosynthesized isoGDGT lipids in marine environments. Different 
isoGDGT lipids are named according to their respective number 
of cyclopentane moieties, i.e. GDGT-0 through GDGT-3, with the 
exception of Crenarchaeol (Cren) and its isomer (Cren’), which con-
tain 4 cyclopentane moieties and a cyclohexane ring. Highest cor-
relation between different GDGT ratios and annual mean SST was 
initially reported for the TEX86 index (Schouten et al., 2002) de-
fined as:

T E X86 = [G DGT − 2] + [G DGT − 3] + [Cren′]
[G DGT − 1] + [G DGT − 2] + [G DGT − 3] + [Cren′]

(1)

To account for uncertainties in the actual export depth of the sedi-
mentary TEX86 signal (Zhang and Liu, 2018) and differences in the 
extrapolation outside of the calibration range, we use several dif-
ferent methods to convert measured TEX86 values to upper ocean 
temperatures. The widely applied TEXH

86 (Kim et al., 2010) calibra-
tion uses a logarithmic relationship for an improved correlation 
with SSTs > 15 ◦C and is defined as:
S ST = 68.4 x T E X H
86 + 38.6 (2)

with TEXH
86 = log(TEX86). Similarly, a calibration of TEXH

86 with tem-
peratures integrated over the upper 200 m of the water column 
was proposed (Kim et al., 2012) as:

T0−200m = 54.7 x T E X H
86 + 30.7 (3)

A recent study (Ho and Laepple, 2016) suggests an even deeper 
TEX86 signal formation within the upper 1000 m of the water 
column. We calculate the respective proxy and model tempera-
tures for the subsurface calibration ensemble with the “R” package 
“subcal” provided by the corresponding authors (Ho and Laepple, 
2016). The assumption of a logarithmic relationship between sur-
face temperature and TEX86 underlying TEXH

86 has been challenged 
over time as mesocosm experiments indicate a linear increase in 
GDGT cyclisation with temperature (Wuchter et al., 2004; Schouten 
et al., 2007). Resulting linear core-top calibrations lead to over-
all higher reconstructed temperatures for past greenhouse intervals 
(Tierney and Tingley, 2014; O’Brien et al., 2017). For comparison, 
we use a linear calibration that was specifically designed to re-
construct temperatures of warm Cretaceous settings by excluding 
present-day data from the Red Sea and regions with annual mean 
SSTs below 15 ◦C (O’Brien et al., 2017):

T E X86−linear = 0.017 x S ST + 0.19 (4)

2.3. New TEX86 measurements at DSDP 511 Falkland Plateau

We generated 69 new TEX86 samples from Deep-Sea Drilling 
Project site 511 to complement existing Early Cretaceous data 
from the same location (13 samples with available isoGDGT dis-
tributions, Jenkyns et al. 2012). Dried and ground sediments were 
successively extracted with methanol, dichloromethane:methanol 
(1:1, v:v), and dichloromethane using ultrasonication. The ex-
tracts were combined, dried under mild vacuum, and reacted with 
acid-activated copper clippings to remove elemental sulphur. The 
sulphur-free extracts were then partitioned over a self-packed sil-
ica column (deactivated with 1% ultrapure H2O) using hexane, 
hexane:dichloromethane (2:1, v:v), and dichloromethane:methanol 
(1:1, v:v) successively. The final fraction containing the GDGTs was 
dissolved in a hexane:isopropanol mixture (95:5, v:v) and passed 
through a 0.45 mm polytetrafluoroethylene filter and C46 GDGT 
was added as internal standard. GDGTs were analysed using an 
Agilent 1290 UHPLC coupled to an Agilent 6460 QQQ mass spec-
trometer equipped with an APCI ion source. Published chromato-
graphic conditions (Hopmans et al., 2016) were applied and the 
mass spectrometer was operated in selected ion monitoring mode 
(m/z 1302.4, 1300.4, 1298.4, 1296.4, 1292.4, 1050.1, 1048.1, 1046.1, 
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1036.1, 1034.1, 1032.1, 1022.1, 1020.1, 1018.1, 743.6). Resulting data 
is shown in Supplementary data set S1.

2.4. TEX86 compilations and GDGT screening

Besides our new measurements we use published compilations 
of present-day core-top (Tierney and Tingley, 2015) and Cretaceous 
(O’Brien et al., 2017) TEX86 samples. A particular advantage of the 
large Cretaceous compilation is the stringent application of several 
GDGT distribution parameters to screen for potential secondary, 
non-thermal effects on the TEX86 signal. The GDGT parameters and 
exclusion criteria used are the Branched and Isoprenoid Tetraether 
(BIT) Index > 0.3 (Hopmans et al., 2004), %GDGT-0 > 67% (Sin-
ninghe Damsté et al., 2012), Methane Index (MI) > 0.5 (Zhang et 
al., 2011), fCren′:Cren′+Cren > 0.25 (O’Brien et al., 2017) and �Ring 
Index |�RI| > 0.3 (Zhang et al., 2016).

150 samples from the Cretaceous compilation are excluded 
based on the above criteria (O’Brien et al., 2017). 80 out of the 
105 data points from PAMA quarry are identified as potentially in-
fluenced by secondary processes and the rest of the data should 
be interpreted with caution (O’Brien et al., 2017). We therefore 
decided to exclude all samples from this site from the analysis. 
Similarly, about half of the available data from the Cismon core 
(Bottini et al., 2015) have been already excluded from the orig-
inal Cretaceous compilation due to a potential influence of ther-
mally mature organic matter input (Bottini et al., 2015; O’Brien 
et al., 2017). As nearly all remaining samples also have hopane 
22S/(22S+22R) ratios > 0.1, indicating a potential bias towards 
colder reconstructed temperatures (Schouten et al., 2004), we ex-
cluded all Cismon samples from the analysis. [GDGT-0] is not pro-
vided for many samples from DSDP site 545. This by definition 
increases the fractional abundances of other individual isoGDGTs, 
but does not influence the ratios of multiple isoGDGTs discussed 
in this work (e.g. [Cren’]/[Cren] or [GDGT-2]/[GDGT-3]). We there-
fore included all samples from DSDP site 545 in the analysis. 
We further include published Cenomanian–Turonian samples form 
the Kerguelen Plateau (Robinson et al., 2019) and OAE 1a sam-
ples from the Djebel Serdj Formation (Tunisia; Naafs and Pancost, 
2016). Only one of the two samples from Djebel Serdj passed the 
described GDGT screening and is included in the OAE 1a temper-
ature comparison, though we exclude it from the GDGT analysis 
due to a significant higher [GDGT-3] value than found in the rest 
of the Cretaceous data. Together with our new data from DSDP 
site 511 (n=69, all data points pass the GDGT screening described 
above), this results in 768 Cretaceous samples that provide indi-
vidual isoGDGT distributions. We use two modern TEX86 core-top 
compilations as reference data. For comparability to the Cretaceous 
data, we only use samples from a global core-top data set (Tierney 
and Tingley, 2015) that provide individual isoGDGT distributions 
with an associated |�RI| < 0.3. Locations with an annual mean SST 
< 5 ◦C show an overall weak correlation with derived TEX86 ratios 
(Kim et al., 2008) and are therefore excluded from this analysis. 
The further removal of samples from the Mediterranean and Red 
Sea leads to 412 available present-day core top samples. A com-
bined Mediterranean and Red Sea data set (n=195 with |�RI| < 
0.3) is based on published compilations from the Mediterranean 
Sea (Kim et al., 2015) (n=172), the Red Sea (Trommer et al., 2009) 
(n=20, between 15-28◦N) and three Red Sea samples from a global 
data set (Kim et al., 2008).

2.5. Age models and definition of OAE 1a

Absolute ages for all TEX86 samples were obtained from the 
published Cretaceous compilation (O’Brien et al., 2017) and are 
based on GTS2012 (Ogg et al., 2012). The isoGDGT analysis (see 
Fig. 5 and Fig. 6) is performed on all available samples passing 
the GDGT screening, while the model-proxy temperature compar-
ison (see Fig. 2 and Fig. 7) is restricted to OAE 1a TEX86 samples. 
OAE 1a is defined as carbon isotope segments C3-C6 with corre-
sponding depth intervals as reported in the original publications 
(Table 1). At DSDP site 511, the section between 540 and 516 mbsf 
has been interpreted as the local expression of OAE 1a (Jenkyns et 
al., 2012). A recent revision of biostratigraphic information, com-
plemented by new carbon isotope data, however, put the presence 
of OAE 1a at DSDP Site 511 into question (Dummann et al., 2020). 
These new data indicate that the interval from 534.25 to 515 mbsf 
most likely comprises Early Aptian sediments of pre-OAE 1a age. 
As the average TEXH

86-derived SST for OAE 1a (C3-C6) at DSDP site 
398 is only about 1 ◦C higher than during pre-OAE 1a conditions 
(Naafs and Pancost, 2016), we include this interval at DSDP site 
511 in our model-proxy comparison and interpret the associated 
temperatures as the lower end estimate of OAE 1a. The whole sec-
tion from 553 to 481 mbsf (∼Neocomian to Aptian) is included in 
the isoGDGT comparison.

3. Results

3.1. OAE 1a ocean temperatures

The simulated global annual mean SST for the early Aptian 
with an atmospheric CO2 of 1200 ppmv (CRET1200) reaches 24.2 ◦C 
(Table 2), which is about 7 ◦C warmer than the pre-industrial refer-
ence simulation (PI286). High-latitude warming is amplified and re-
duces the meridional temperature gradient between low and high 
latitudes from 25.3 ◦C in PI286 to 21.6 ◦C in CRET1200. The Creta-
ceous continental configuration and the reduced solar constant in 
a simulation under pre-industrial CO2 forcing (CRET286) already re-
duce the temperature gradient by over 2 ◦C compared to PI286. This 
change is even larger than the radiatively induced reduction by 
quadrupling atmospheric CO2.

TEX86-derived SSTs for OAE 1a (see Section 2.5 for a definition 
of OAE 1a) are higher than the simulated zonal mean tempera-
tures in CRET1200, both for the TEXH

86 (Fig. 2a, Eq. (2)) and the 
TEX86−linear calibrations (Fig. 2b). By definition, the TEX86−linear
calibration yields a higher SST sensitivity at larger TEX86 values 
and mean SSTs above 40 ◦C for sites ODP 1207 and DSDP 398. Cor-
responding maximum TEXH

86-derived temperatures are about 6 ◦C 
lower and in between CRET1200 and CRET2400 for the Pacific sites 
DSDP 463 and ODP 1207 and Djebel Serdj from Tunisia. Recon-
structed SSTs for DSDP sites 511 and 398, as well as the Alstätte 
section from northwest Germany exceed the extrapolated CRET2400
temperatures even for the logarithmic calibration (Fig. 2a). The 
overall misfit between model- and TEX86-based temperatures de-
creases distinctly by applying a subsurface calibration (Fig. 2c-
d). Shallow subsurface temperatures (integrated from 0-200 m, 
Eq. (3)) in the central equatorial Pacific at sites ODP 1207 and 
DSDP 463 range between 25-30 ◦C and agree with simulation 
CRET1200. Temperatures from DSDP sites 511 (Falkland Plateau), 
398 (North Atlantic) and Alstätte still exceed maximum simulated 
subsurface temperatures for OAE 1a. The mean offset to CRET1200
varies between 4 ◦C for the North Atlantic and about 10 ◦C for 
the southern South Atlantic. Inclusion of the deeper subsurface 
(see Section 2.2) further reduces the simulated and reconstructed 
meridional temperature gradient and results in the overall best 
proxy agreement with CRET1200 (Fig. 2d).

Fig. 3 illustrates a strong increase in the zonal differences in 
simulated low-latitude temperatures when comparing sea surface 
(Fig. 3a) and upper ocean temperatures (Fig. 3b). These enhanced 
longitudinal variations are caused by an increased influence of sub-
surface ocean dynamics on the otherwise radiatively controlled 
surface temperatures. The most pronounced features of zonal het-
erogeneity are the Western Pacific Warm Pool and eastern Pa-
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Fig. 2. Model-proxy comparison of upper ocean temperatures for OAE 1a. Calibrations used to convert TEX86 values to temperatures are (a) TEXH
86 SST (Eq. (2), Kim et al. 

2010), (b) TEX86−linear SST (Eq. (4), O’Brien et al. 2017), (c) TEXH
86 0-200 m depth-integrated (Eq. (3), Kim et al. 2012) and (d) a deep subsurface ensemble calibration (see 

Section 2.2, Ho and Laepple 2016). The two sites that were not included in the isoGDGT analysis are shown in lighter colour. Corresponding simulated annual mean ocean 
temperatures are zonally averaged and shown for (a-b) sea surface, (c) 0-200 m depth-integrated and (d) integrated over the deep subsurface (see Section 2.2). Shading 
represents the range of simulated temperatures at each latitude for experiment CRET1200. Horizontal lines indicate the range of available paleolatitude estimates for each site 
(see Table 1). Vertical bars reflect the (green) 90% confidence interval for TEX86-derived temperatures and the (red) range of simulated temperatures around the approximate 
paleolocation (uncertainty in latitude and ± 10◦ in longitude) for experiment CRET1200. (For interpretation of the colours in the figure(s), the reader is referred to the web 
version of this article.)

Table 2
Simulated annual mean sea surface temperatures. Results are shown for the pre-industrial (PI) and 
Cretaceous (CRET) experiments and reported in ◦C. Subscripts indicate atmospheric CO2 for the respec-
tive simulation.

Experiment Global mean SST Low-latitude SST 
|φ|<30◦

High-latitude 
SST |φ|>60◦

Meridional gradient 
|φ|<30°-|φ|>60◦

PI286 17.4 24.9 -0.4 25.3
CRET286 17.1 23.5 0.4 23.1
CRET600 19.8 26.2 3.2 23.0
CRET1200 24.2 30.3 8.7 21.6
cific upwelling regions (Fig. 3c-d) caused by westward near-surface 
winds associated with the Pacific Walker Circulation. This east-
west gradient makes the simulated temperatures at the respective 
core locations highly sensitive to the reconstructed paleoposition, 
especially with a stronger subsurface contribution to the TEX86 sig-
nal (Fig. 3d). In fact, the difference between the lowest and highest 
integrated temperature for the upper 200 m across the equatorial 
Pacific in CRET1200 is up to 14 ◦C, nearly as large as the global 
meridional temperature gradient between low latitudes (|φ| < 30◦) 
and high latitudes (|φ| > 60◦) of 18 ◦C. In summary, TEX86-based 
SST estimates for the North and South Atlantic exceed simulated 
temperatures even for peak CO2 concentrations of 2400 pppmv. 
This is independent of the choice of a logarithmic or linear extrap-
olation and includes the consideration of the reported calibration 
uncertainties. TEXH

86-derived temperatures in the Pacific Ocean are 
within the range of CRET1200 and CRET2400 due to the proximity to 
the West Pacific Warm Pool.

There are also clear differences in the ocean temperature pro-
files at individual study sites (Fig. 4a). While the central Pacific 
closely resembles the temperature profile of the global mean Cre-
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Fig. 3. Maps of simulated ocean temperatures. Temperatures are shown for experiment Cret1200 for (a) the surface and (b) the upper 200 m, as well as their (c-d) deviations 
from the respective zonal mean value at each latitude. Values are in ◦C. Study sites are shown at their approximate early Aptian paleopositions (O’Brien et al., 2017).

Fig. 4. Comparison of present-day and Cretaceous ocean temperatures. (a) Simulated and observed ocean profiles for annual mean temperature around study sites in CRET1200

and the modern Mediterranean Sea, as well as maps of 2000 m ocean temperatures for (b) present day and (c) Cret1200. Profiles are averaged over an area of ± 5◦ in longitude 
and latitude to account for uncertainty in paleolocation and model bathymetry. Therefore, water depths for the profiles represent maximum depth in the region used for 
averaging. Black contour line interval is 0.5 ◦C. Present-day data from the World Ocean Atlas 2013 (Locarnini et al., 2013).
taceous ocean, DSDP sites 398 and 511 are influenced by warmer 
waters at intermediate and deeper water depths. Simulated deep-
water temperatures are about 6 ◦C warmer than the global mean 
and close to the 14 ◦C observed for the present-day Mediterranean 
Sea. The warm, saline deep waters result from excessive evap-
oration in low-latitude shallow shelf areas of the young North 
and South Atlantic (Fig. 1) and fill the deep, silled basins due to 
the lack of lateral deep-water exchange (Fig. 4c). This situation is 
comparable to the modern Mediterranean Sea where water mass 
exchange is severely limited by a shallow sill at ∼300 m water 
depth near the narrow Strait of Gibraltar (Fig. 4b). While the depth 
ranges shown in Fig. 4b-c are not included in the discussed tem-
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Fig. 5. Fractional abundances of isoGDGTs for modern and Cretaceous samples. Cross-plots are shown for fractional abundances of (a-b) the crenarchaeol isomer against 
crenarchaeol and (c-d) GDGT-2 against GDGT-3. Colours represent samples from (a,c) sites covering OAE 1a as well as from the present-day Mediterranean and Red Sea 
and (b,d) the complete Cretaceous compilation. Results for individual sites are shown in Supplementary Fig. S3 with respective references listed in Supplementary Table S1. 
Paleolocations of the Early Cretaceous North and South Atlantic sites (DSDP 603, DSDP 534, DSDP 398, ODP 1049, DSDP 545 and DSDP 511) and the Late Cretaceous North 
Atlantic sites (ODP 1258, ODP 1259, DSDP 367, Bass River, Meirs Farm, Brazos River and Shuqualak) are shown in Supplementary Fig. S1. Regression lines represent the simple 
linear regression for (grey) the global present-day and the (orange) combined Mediterranean and Red Sea core-top data for sites deeper than 1000 m. Linear regressions and 
their 95% confidence intervals are shown for the respective (red) Early Cretaceous North and South Atlantic and the (blue) Late Cretaceous North Atlantic groups. Lines in 
(c-d) represent contours of constant [GDGT-2]/[GDGT-3] ratios.
perature calibrations, the presence of warm and saline deep waters 
in the present-day restricted basins has been associated with an 
enhanced contribution of a deep water Thaumarchaeota population 
(Kim et al., 2015) with a distinct isoGDGT distribution (Trommer et 
al., 2009; Kim et al., 2016).

3.2. Comparison of Cretaceous and modern isoGDGT distribution 
patterns

Present-day core-top data (Fig. 5a) show a general increase in 
the fractional abundance of the crenarchaeol isomer ([Cren’]) with 
increasing fractional abundances of crenarchaeol ([Cren]). An ad-
ditional increase in [Cren’] abundances is visible for surface sedi-
ments from the Mediterranean and Red Sea with increasing wa-
ter depth of the sample location. Cretaceous OAE 1a sites with 
high TEX86 values (>0.8) show fractional abundances of [Cren’] 
exceeding the range of present-day data (see Supplementary Fig. 
S2). Despite having similar TEX86 values, samples from DSDP site 
398 are generally enriched in the proportion of [Cren’] and re-
duced in [Cren] compared to samples from ODP site 1207. Abun-
dances for DSDP site 511 lie within the upper end of present-
day [Cren’]. Samples from the North Atlantic (398) and Falkland 
Plateau (511) match or exceed the regression of deeper sediments 
from the Mediterranean and Red Sea. Most of the ODP site 1207 
samples show lower fractional abundances of [Cren’] than DSDP 
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Fig. 6. New isoGDGT ratio compared to TEX86 and SST. Shown are cross-plots of the f(Cren′+G DGT −2)/Cren ratio (Eq. (5)) against (a-b) TEX86, (c) satellite-derived annual mean 
SST and (d) the difference between TEXH

86-derived and satellite-measured temperatures. As the TEXH
86 calibration should not be used to reconstruct temperatures below 15 ◦C 

(Kim et al., 2010) these samples are excluded in panel (d). Colours represent samples from (a) sites covering OAE 1a as well as from the present-day Mediterranean and 
Red Sea, (b) the whole Cretaceous compilation and (c-d) the present-day Mediterranean and Red Sea. Results for individual sites are shown in Supplementary Fig. S3 with 
respective references listed in Supplementary Table S1. Solid lines show (a-b) the quadratic polynomial and (c) linear regression for the present-day as well as the combined 
deep Mediterranean and Red Sea core-top data for sites deeper than 1000 m. The dashed line in (a) represents the linear regression for DSDP site 511 only.
site 398, but values for [Cren] and [Cren’] are still outside the 
present-day range. Despite the considerable spread in the data, 
the general tendency of a higher [Cren’]/[Cren] ratio in samples 
from the restricted Early Cretaceous North and South Atlantic can 
also be seen in the rest of the Cretaceous data set (Fig. 5b) and 
especially in relation to samples from the Late Cretaceous North 
Atlantic. This systematic enrichment of [Cren’] might indicate a 
different temperature-isoGDGT relationship or an additional non-
temperature influence on these samples that is not detected by 
the commonly applied GDGT screening criteria (see Section 2.4).

Ratios of the fractional abundances of GDGT-2 and GDGT-3 
([GDGT-2]/[GDGT-3]) in the Cretaceous are predominantly lower 
than for the modern core tops (Fig. 5d) due to a decrease in 
[GDGT-2] and an increase in [GDGT-3] at higher TEX86 values (>0.7, 
see Supplementary Fig. S2). Samples from the Atlantic Ocean show 
increased fractional abundances of [GDGT-2] during the Early Cre-
taceous compared to the Late Cretaceous. Again, DSDP sites 398 
and 511 show overall higher [GDGT-2]/[GDGT-3] ratios than the 
respective samples from ODP site 1207. Ratios for the Falkland 
Plateau range between 4 to 12, similar to deeper sediments from 
the Mediterranean Sea.

The systematic differences in isoGDGT distributions can also be 
identified in relation to derived TEX86 ratios. We combine the pre-
vious results in the ratio of fractional abundances of [Cren’] and 
[GDGT-2] compared to [Cren] in eq. (5):

f(Cren′+G DGT −2)/Cren = [Cren′] + [G DGT − 2]
[Cren] + [Cren′] + [G DGT − 2] (5)

Values for f(Cren′+G DGT −2)/Cren show a strong increase with 
TEX86 for samples from DSDP sites 511 and 398 (Fig. 6a) and the 
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Fig. 7. Model-proxy comparison of upper ocean temperatures for OAE 1a. Similar to Fig. 2, but applying regionally different temperature calibrations for the TEX86 samples 
to reconstruct (a-b) SSTs and (c-d) 0-200 m subsurface temperatures. We use global calibrations for Sites 463 and 1207, i.e. Eq. (2) in (a), Eq. (4) in (b), Eq. (3) in (c) and 
a modified subsurface version of TEX86−linear (Eq. (6), Supplementary Fig. S7) in (d). Regional calibrations for Sites 511 and 398 are based on core-top samples form the 
Mediterranean and Red Sea following the approach of Kim et al. (2015) (Eq. (7)-(10) in Supplementary Fig. S8). The two sites that were not included in the isoGDGT analysis 
are shown in lighter colour with temperatures reconstructed by the respective global core-top calibrations.
rest of the Early Cretaceous North and South Atlantic (Fig. 6b) that 
follows or exceeds the deep Mediterranean and Red Sea regression. 
ODP site 1207 and most of the rest of the available Cretaceous 
data plot closely to the extrapolated global present-day core-top 
regression. As the majority of the Cretaceous samples, including 
DSDP sites 398, 463 and 1207, lie outside of the modern calibration 
range, any extrapolation of the present-day f(Cren′+G DGT −2)/Cren ra-
tio will critically depend on the choice of the regression model. 
The quadratic polynomial shown in Fig. 6 is chosen based on its 
higher correlation coefficient (r2=0.79) and less-structured residu-
als compared to a linear regression (see Supplementary Fig. S4). 
Irregardless of the applied regression model, the clear separation 
between the Early and Late Cretaceous Atlantic Ocean samples is a 
striking result.

Absolute values of f(Cren′+G DGT −2)/Cren for DSDP site 511 are 
comparable to sediments from the deep Mediterranean Sea, but 
both data sets are within the observed range of the global core-
top data at the respective TEX86 range. Nevertheless, we note that 
the increase in f(Cren′+G DGT −2)/Cren with TEX86 for samples from 
site 511 (see dashed regression line in Fig. 6a and Supplementary 
Fig. S4) is stronger than in the global core-top data and resembles 
the higher f(Cren′+G DGT −2)/Cren sensitivity for samples from the 
deep Mediterranean Sea. Besides the expected increase in [Cren’] 
with temperature, these samples show an additional enrichment of 
[Cren’] with water depth that is not present in global core-top data 
(Kim et al. 2015 and Supplementary Fig. S5). The higher relative 
abundances of [Cren’] and [GDGT-2] lead to higher TEX86 values in 
deeper sediments (Kim et al., 2015), despite similar surface tem-
peratures (Fig. 6c). As previously reported (Kim et al., 2015), the 
resulting warm bias for TEXH

86-derived SSTs amounts to up to 8 ◦C 
and increases for higher f(Cren′+G DGT −2)/Cren ratios (Fig. 6d). The 
increasing deviations from the global f(Cren′+G DGT −2)/Cren-TEX86 re-
lation at higher TEX86 values in samples from DSDP site 511 and 
the Early Cretaceous North Atlantic might indicate a similar dom-
inant control of [Cren’] and [GDGT-2] on the derived TEX86 values 
in these samples.

3.3. Implications for Early Cretaceous ocean temperatures

The previous two sections demonstrated that (i) the Early Cre-
taceous North and South Atlantic provided special oceanographic 
conditions due to the combination of the prevailing greenhouse cli-
mate and the paleogeographic restriction and (ii) that the isoGDGT 
abundances of TEX86 samples from these young ocean basins show 
systematic differences to other Cretaceous records. Based on these 
two lines of evidence, we hypothesise that the environmental con-
ditions for the TEX86 signal formation in the young North and 
South Atlantic might have been more comparable to the situa-
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Fig. 8. Cretaceous ocean temperature evolution for different proxy archives. Panels show data for (a-c) TEX86 (O’Brien et al., 2017), (d) δ18Ocarb of a planktonic (O’Brien 
et al., 2017) and benthic compilation (Friedrich et al., 2012) as well as for belemnites from the Vocontian Basin (Bodin et al., 2015) and (e) δ18OP O 4 of fish teeth from 
the western Tethyan platform (Pucéat et al., 2003). TEX86 and planktonic foraminiferal data are only shown for paleolatitudes between 41◦S-41◦N (O’Brien et al., 2017). 
TEX86 data also includes samples where no individual isoGDGT distributions were reported. An overview of all study sites is shown in Supplementary Table S1. Temperature 
conversion follows (a-b) the TEX86−linear SST calibrations based on either global or deep Mediterranean and Red Sea core-top data, i.e. Eq. (4) and Eq. (8) (see Supplementary 
Fig. S8), (c) as in (b) but for TEXH

86, i.e. Eq. (2) and Eq. (7) (see Supplementary Fig. S8), and (d-e) the temperature equations (Bemis et al., 1998; Kolodny et al., 1983) with a 
δ18Oseawater of -1� (VSMOW) for a non-glacial world. Following the previous results, the respective regional Mediterranean and Red Sea calibrations have only been applied 
to the Early Cretaceous North Atlantic sites (DSDP 603, DSDP 534, DSDP 398, ODP 1049 and DSDP 545). Solid lines show a LOESS fit (span = 0.25) with the 95% prediction 
interval indicated by the shading around it. Vertical dashed lines represent simulated early Aptian SSTs averaged between 40◦S-40◦N. Background shading indicates published 
climatic states based on compiled sedimentological, paleontological and geochemical data (Bodin et al., 2015). Ages for fish teeth data are adjusted to GTS2012 (Ogg et al., 
2012).
tion in the present-day Mediterranean and Red Sea than what is 
reflected in the global core-top data. The following section will 
demonstrate the potential influence of this hypothesis on the re-
construction of local upper ocean temperatures.

Regional TEX86-temperature calibrations have been developed 
based on deep water samples (> 1000 m) from the present-day 
Mediterranean and Red Sea (Kim et al., 2015). The paleowater 
depth estimates for the Cretaceous OAE 1a sites start at ∼500 
m (see Table 1). We therefore revisit the corresponding calibra-
tion data set to justify the application of these deep water cal-
ibrations to the OAE 1a data. In the modern Mediterranean and 
Red Sea core-top data, high correlations between TEX86 and both 
SST and 0-200 m temperatures are already observed by excluding 
samples from water depths < 250 m (see Supplementary Fig. S8). 
Shallow sediments from the upper 250 m show markedly differ-
ent ring indices indicating additional non-temperature influences 
on the isoGDGT distribution (see Supplementary Fig. S9). Tem-
perature calibrations omitting samples from the upper 500 m or 
1000 m are very similar and significantly different to the global 
regressions (see Supplementary Fig. S8). For consistency to the pi-
oneering work on the TEX86-SST relation in these deep, restricted 
basins (Kim et al., 2015), we here apply the regional calibrations 
for sediments below 1000 m (Eq. (7)-(10) in Supplementary Fig. 
S8) but note that the results are very similar for a depth threshold 
of 500 m.

Application of these regional calibrations for TEXH
86 and

TEX86−linear to DSDP sites 398 and 511 from the North and South 
Atlantic significantly reduces the local upper ocean temperature 
estimates for OAE 1a (Fig. 7). Mean SSTs are reduced by 6-8 ◦C for 
TEXH

86 and by 8-13 ◦C for TEX86−linear . Absolute values of ∼ 30 ◦C 
for DSDP site 398 are very similar for both calibrations because 
the inclusion of high TEX86 values from the Red Sea (up to 0.89) 
reduces the effect of the different extrapolation approaches visible 
for the global calibration. Resulting SSTs from the North Atlantic 
are lower than for the low-latitude Djebel Serdj location, but also 
in comparison to the Alstätte section located ∼ 7◦ further to the 
north (see Supplementary Table S2). Respective 0-200 m integrated 
temperatures are lower by about 4 ◦C for TEXH

86 and by 6-9 ◦C 
for TEX86−linear (Fig. 7c-d). Overall, the application of the region-
ally varying calibrations therefore leads to subsurface temperatures 
at all OAE 1a sites that are within the range between CRET1200

and CRET2400 for the logarithmic TEXH
86, but closer to CRET2400 for 

TEX86−linear .
Independent validation of the proposed lower temperatures 

for the North and South Atlantic is challenging because of the 
sparse availability of additional quantitative temperature proxies. 
Available low- and mid-latitude TEX86 and oxygen isotope data 
uniformly show highest upper ocean temperatures around the 
Cenomanian-Turonian boundary and subsequent long-term cool-
ing (Fig. 8). TEX86-derived temperatures during the Cretaceous 
Thermal Optimum reach up to 45 ◦C for the linear calibration 
(Fig. 8a) and 37 ◦C for TEXH

86 (Fig. 8c), with the latter compara-
ble to the warmest values derived from oxygen isotopes of plank-
tonic foraminifera (Fig. 8d; O’Brien et al., 2017). High δ18O values 
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of belemnites (Fig. 8d; Bodin et al., 2015) and fish teeth from 
the western Tethys (Fig. 8e; Pucéat et al., 2003) indicate overall 
lowest mean temperatures during the earliest Cretaceous and the 
Campanian-Maastrichtian interval. Similarly, TEX86 samples from 
the Boreal realm show lowest temperatures during the Early Hau-
terivian (TEX86 values around 0.6) and a gradual increase towards 
OAE 1a (Fig. 8a). In contrast, TEX86-derived temperatures from two 
sites in the North Atlantic (DSDP sites 603 and 534) (Littler et al., 
2011) record very warm and stable conditions over a period of 
about 14 million years during the Berriasian–Barremian (see Sup-
plementary Fig. S6). TEX86−linear (TEXH

86) SST estimates for these 
sites average at around 42 ◦C (36 ◦C) which is on par with peak 
OAE 1a and OAE 2 conditions and even above the extrapolated 
CRET2400 temperature of 34 ◦C. The equivalent mean temperature 
change between the Valanginian minimum and OAE 2 maximum 
recorded in the fish teeth is significantly larger and amounts to 
about 10 ◦C, assuming no changes in the seawater fractionation. 
A similar decrease in δ18O of 2-3� is also visible between Al-
bian and Turonian values in a compilation of benthic foraminifera 
(Fig. 8d; Friedrich et al., 2012). Applying the Mediterranean and 
Red Sea calibrations to Early Cretaceous TEX86 samples from the 
North Atlantic (Fig. 8b-c) reduces the observed spread during the 
earliest Cretaceous significantly and increases the amplitude of the 
Late Aptian cold snap. In agreement to the belemnite record, re-
sulting minimum values for the Late Aptian cold snap and Late 
Valanginian coldhouse are similar and around low- to mid-latitude 
CRET600 temperatures (40◦S-40◦N). With the exception of the OAE 
1a interval, TEX86-derived temperatures are within the range of 
model simulations forced with 600 and 1200 ppmv atmospheric 
CO2 throughout the Early Cretaceous, which is consistent with 
low-resolution background CO2 estimates (Foster et al., 2017; Jing 
and Bainian, 2018) and high-resolution OAE 1a reconstructions 
(Naafs et al., 2016).

4. Discussion

4.1. Consistency of the OAE 1a TEX86 record

Our simulations reveal an improved model-data fit for the early 
Aptian OAE 1a temperatures by applying the 0-200 m depth-
integrated calibrations, compared to the sea surface calibrations. 
The reconstructed temperatures based on the deep subsurface cali-
bration are overall closest to CRET1200. This enhanced model-proxy 
congruence has also been shown for the early Eocene (Ho and 
Laepple, 2016) but the ecological justification of this statistical ap-
proach remains under debate (Tierney et al., 2017; Ho and Laepple, 
2017). Based on modern core-top data, a recent study concluded 
that the TEX86 signal is generated within the upper 200 m (Zhang 
and Liu, 2018). We show that our model results for this depth 
range are only consistent with the OAE 1a TEX86 record when 
we apply regionally varying temperature calibrations that reduce 
the absolute temperatures in the Early Cretaceous North and South 
Atlantic. Under this hypothesis, reconstructed OAE 1a surface tem-
peratures are broadly consistent with the model results for the 
reconstructed CO2 range between 1200 and 2400 ppmv. An ex-
ception to this are the SSTs derived from the TEX86−linear calibra-
tion. The global calibration yields temperature estimates uniformly 
above simulated peak OAE 1a temperatures, even in the West Pa-
cific Warm Pool. This might indicate an overestimation of the ex-
trapolated temperatures for TEX86 values outside of the modern 
calibration range or an underestimation of the climate sensitivity 
in our model. We note that the model-data congruence is im-
proved for the application of the logarithmic TEXH

86, even though 
there is no ecological reasoning for the reduced TEX86-SST sen-
sitivity at the high end of the calibration (Wuchter et al., 2004; 
Schouten et al., 2007; Kim et al., 2010).
The inter-site comparison of available proxy data with regard to 
results from the physical ocean model allows an approach to test 
the TEX86 records irrespective of a temperature calibration. During 
the Early Cretaceous, paleogeographic reconstructions place ODP 
site 1207 and DSDP site 463 into the equatorial central to west-
ern Pacific (Schouten et al., 2003; Dumitrescu et al., 2006; O’Brien 
et al., 2017), a region that forms the Western Pacific Warm Pool 
both in modern observations and our Cretaceous simulations. The 
Warm Pool is mainly caused by the westward blowing trade winds 
piling up the warm surface waters in the central and western part 
of the basin. The resulting shoaling of the thermocline in the east 
leads to upwelling of cooler waters off the coast of South America 
and produces a strong zonal gradient of upper ocean temperatures 
along the equator (Clement et al., 2005). Based on this reasoning, 
TEX86 values from the Warm Pool region should also be the high-
est globally for OAE 1a. It is therefore surprising that TEX86 values 
at DSPS site 398 in the North Atlantic are on average even slightly 
higher than those in the Pacific Warm Pool. Our proposed differ-
ent TEX86-SST relation for the young North Atlantic would be a 
possible explanation for this observation. On the other hand, re-
sulting absolute temperatures for DSDP site 398 are even lower 
than reconstructions for the more northern Alstätte section from 
the Lower Saxony Basin. We can exclude that this record was in-
fluenced by a similar contribution of deeper living Thaumarchaeota 
communities due to the estimated shallow paleowater depth of 
below 200 m (Bottini and Mutterlose, 2012). This might indicate 
that the magnitude of the proposed warm bias at DSDP site 398 is 
overestimated in our analysis, especially for TEX86−linear . Another 
possibility might be that the 4 included TEX86 samples from Al-
stätte represent the peak warming phase of OAE 1a rather than 
the mean conditions.

4.2. Reasons for the systematic isoGDGT differences

The comparison of the isoGDGT distributions reveals a gen-
eral increase in the relative proportions of [Cren’] and [GDGT-2] in 
samples from the Early Cretaceous North and South Atlantic com-
pared to other Cretaceous data, even after applying a strict GDGT 
screening for potential secondary influences (see Section 2.4). Re-
sulting f(Cren′+G DGT −2)/Cren ratios for the Early Cretaceous Atlantic 
Ocean are characterised by a stronger increase with TEX86 than for 
the Late Cretaceous group. The f(Cren′+G DGT −2)/Cren-TEX86 relation 
is also different from that found in the extrapolated global core-
top data and rather shows similarities to sediments from the deep 
Mediterranean and Red Sea, where the sedimentary isoGDGT signal 
is influenced by an enhanced contribution of a deep-water Thau-
marchaeota community (Kim et al., 2015, 2016). We therefore ar-
gue that a similar water-depth influence might explain parts of the 
systematic isoGDGT differences in the Cretaceous Atlantic Ocean 
data. The exact reasons for this water-depth control on the TEX86
signal in these marine settings are still not clear (Villanueva et al., 
2015; Kim et al., 2015, 2016). One hypothesis put forward (Kim et 
al., 2015) is that the warm intermediate and bottom water tem-
peratures in these restricted basins lead to higher ammonium gen-
eration rates due to increased organic matter mineralisation. This 
might increase the abundance of the nitrifying Thaumarchaeota in 
deeper waters and therefore enhance their contribution to the sed-
imentary TEX86 signal. It is also possible that the warm and saline 
waters promote the preservation and export of membrane lipids 
of the deep-water Thaumarchaeota (Kim et al., 2016) or lead to 
the presence of endemic populations in these restricted environ-
ments (Trommer et al., 2009). Besseling et al. (2019) found unusu-
ally high subsurface abundances of Thaumarchaeota in the upper 
500 m of the Mediterranean Sea compared to the North Atlantic. 
Gene sequencing indicates a potential adaptation of these deeper 
Thaumarchaeota communities to the presence of particularly warm 
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and saline intermediate waters (Besseling et al., 2019). In accor-
dance, our simulations reveal that the oceanographic setting of the 
Early Cretaceous North and South Atlantic was more similar to the 
modern Mediterranean Sea than to open-ocean conditions. Mean 
evaporation exceeded precipitation and formed warm and saline 
intermediate and bottom waters that filled the silled basins.

Physiological controls on TEX86 have been demonstrated in cul-
ture studies (Elling et al., 2014; Qin et al., 2015; Hurley et al., 
2016) that show an inverse relation between ammonia oxidation 
rates and TEX86 (Hurley et al., 2016). Consequently, regional dif-
ferences in the organic matter export and remineralisation signif-
icantly change the vertical structure of the water column TEX86
temperatures for the present day (Hurley et al., 2018). On longer 
time scales, earth system modelling indicates the potential for se-
vere changes in the marine nitrogen cycle in deoxygenated ocean 
basins (Naafs et al., 2019). The proposed transition from a nitrate-
dominated to an ammonium-dominated fixed nitrogen inventory 
during OAE 2 has the potential to influence the depth habitat of ni-
trifying Thaumarchaeota (Naafs et al., 2019). Changes in global nu-
trient cycles and budgets therefore need to be considered to assess 
potentially variable ecological influences on the TEX86-temperature 
relation in the geologic record (Hurley et al., 2016, 2018), espe-
cially in the restricted and deoxygenated basins of the Cretaceous.

4.3. Ocean circulation in the Early Cretaceous North and South Atlantic

Water mass exchange in the opening South Atlantic was 
severely restricted by the Falkland Plateau (Pérez-Díaz and Eagles, 
2017; Dummann et al., 2020) and the shallow depth of the proto-
Drake Passage (Donnadieu et al., 2016). Simulated water masses 
at DSDP site 511 were dominated by surface inflow of cool and 
fresh Southern Ocean waters and a southward subsurface return 
flow of warm and saline South Atlantic Intermediate Water. This 
anti-estuarine circulation bears a resemblance to the modern Strait 
of Gibraltar and the Portuguese continental margin where a strong 
warm bias in TEXH

86-derived temperatures has been attributed to 
the presence of the warm and saline Mediterranean Outflow Water 
(Kim et al., 2016).

In contrast, the North Atlantic was characterised by an estuar-
ine circulation with a wind-driven zonal surface water export to 
the Pacific Ocean and intermediate water inflow via the Central 
American Seaway (Trabucho-Alexandre et al., 2012). The narrow 
proto-Caribbean ocean, small island arcs between North and South 
America (Ross and Scotese 1988) and the still closed equatorial 
Atlantic passage (Sewall et al., 2007) severely limited intermediate 
water exchange with the Pacific during the Early Cretaceous. In our 
simulations and in accordance with other available reconstructions 
for the early Aptian (Sewall et al., 2007), the North Atlantic was 
effectively isolated from the global deep-water circulation below 
1200 m. This geographical restriction favoured the local formation 
of warm and saline deep waters.

While quantitative reconstructions of the circulation in the 
young Atlantic Ocean are complicated by the still limited knowl-
edge about paleogeographic boundary conditions, previous studies 
support the idea of limited connectivity to surrounding basins. 
Conspicuously cool Aptian-Albian surface temperatures derived 
from oxygen isotopes of planktonic foraminifera from the sub-
tropical North Atlantic have been interpreted to reflect a high-
evaporative fractionation factor influencing local seawater compo-
sition (Huber et al., 2011). Absolute water mass exchange of the 
North Atlantic with adjacent basins, diagnosed from correspond-
ing anomalous strontium isotopic values, might have been even 
lower than the modern day transport between the Mediterranean 
Sea and the Atlantic Ocean (Huber et al., 2011). While this might 
be a rather extreme estimate, other climate model simulations also 
show locally formed warm and saline intermediate and deep wa-
ters (Barron and Peterson, 1990), primarily driven by the local 
geographic confinement (Poulsen et al., 2001). The resulting low 
vertical temperature gradient is also evident in the South Atlantic 
in the form of virtually identical oxygen isotope values for plank-
tonic and benthic foraminifera at the Falkland Plateau during the 
Aptian/Albian boundary interval (Huber et al., 2018). δ18O-derived 
benthic temperatures for the Albian range between 8-12 ◦C (Huber 
et al., 2018) and therefore lie between CRET600 and CRET1200 bot-
tom water temperatures. In addition, sub-thermocline Barremian-
Aptian temperatures of 10-16 ◦C, based on oxygen-isotope ratios of 
belemnites from the Falkland Plateau (Price and Gröcke, 2002) are 
also very similar to deep-water temperatures in CRET1200 and the 
modern Mediterranean Sea (Locarnini et al., 2013).

4.4. Differences between Early and Late Cretaceous isoGDGTs

The reduced fractional abundances of [Cren’] and [GDGT-2] and 
increases in [Cren] in Late Cretaceous samples from the North At-
lantic allow for two possible explanations. First, temporal changes 
might simply arise by chance due to different sampling locations. 
This would imply that the processes leading to the enhanced sub-
surface influence are limited only to certain regions of the North 
Atlantic or Late Cretaceous sites are situated at too shallow wa-
ter depths to record any contribution of deep-dwelling Thaumar-
chaeota. Indeed, we note that the Early Cretaceous sites are rather 
clustered towards the probably more restricted (Arthur and Nat-
land, 1979) northern and eastern parts of the North Atlantic, while 
most younger records are situated closer to the equator or west-
ern part of the basin (O’Brien et al., 2017). The overall reduced 
[GDGT-2]/[GDGT-3] ratios of the Late Cretaceous samples could 
also indicate shallower paleowater depths (Taylor et al., 2013). 
While Late Cretaceous sites with very shallow water depths (e.g. 
Bass River, Meirs Farm or Brazos River; see Supplementary Table 
S1) exclude per se any influence of deeper living archaeal com-
munities, we also find no suspicious isoGDGT distributions at site 
DSDP 367 (Schouten et al., 2003; Forster et al., 2007) with a pa-
leowater depth below 3000 m (Lancelot et al., 1978). The relative 
large number and random selection of the locations forming the 
Early and Late Cretaceous groups in this analysis could also in-
dicate a common underlying mechanism that led to a temporal 
change of the large-scale oceanographic setting. We hypothesise 
that enhanced intermediate and deep-water exchange with adja-
cent basins and the gradual shift from a highly restricted to a more 
ventilated Atlantic Ocean led to a progressive decline of the sub-
surface influence (up to 1000 m in the modern Mediterranean Sea 
(Kim et al., 2015)) on the sedimentary TEX86 signal. The open-
ing of the equatorial Atlantic gateway during the mid-Cretaceous 
(Pérez-Díaz and Eagles, 2017) allowed for enhanced water mass 
flow between the North and South Atlantic and might explain 
the observed transient changes in isoGDGT distributions. While a 
full deep water passage was probably not established before the 
Campanian (Friedrich and Erbacher, 2006), a shallow and maybe 
even intermediate water connection might have been present since 
100 Ma (Pérez-Díaz and Eagles, 2017). Model simulations show a 
drop of the North Atlantic intermediate water temperature (salin-
ity) at 1500 m depth of about 7 ◦C (0.5) between the Albian and 
Turonian times solely because of changes in the paleogeography 
(Poulsen et al., 2001) and enhanced inflow of Southern Ocean 
sourced waters (Donnadieu et al., 2016). The gradual widening of 
the proto-Caribbean ocean throughout the Early Cretaceous (Ross 
and Scotese, 1988) might have additionally increased the advec-
tion of cooler Pacific intermediate water into the North Atlantic 
(Topper et al., 2011). The resulting decrease in intermediate water 
temperatures and salinities potentially reduced the unusually high 
influence of the deep-dwelling Thaumarchaeota observed during 
the Early Cretaceous.



S. Steinig et al. / Earth and Planetary Science Letters 539 (2020) 116184 13
A potential enhanced influence of deep-water Thaumarchaeota 
communities on the sedimentary TEXsignal would also mean that 
the warm bias for the Early Cretaceous varies with the respective 
paleowater depth at each site. Given the large uncertainty in these 
estimates for deep-time periods (Table 1), this further complicates 
the reconstruction of absolute temperatures. Areas outside of the 
restricted North and South Atlantic are therefore probably more 
suitable for assessing the mean ocean temperature evolution and 
could reveal valuable information about the strength and transient 
nature of any regional TEX86 warm bias. This becomes even more 
important as the vast majority of available Cretaceous TEX86 data 
are derived from the North Atlantic (O’Brien et al., 2017) due to 
the subduction-related loss of sediments from other ocean basins.

5. Conclusions

Based on two independent lines of evidence resulting from 
physical circulation modelling and the systematic comparison of 
Cretaceous and modern isoGDGT distributions we conclude that:

• Early Cretaceous North and South Atlantic isoGDGT samples 
show a systematic increase in the relative abundance of [Cren’] 
and [GDGT-2] with a simultaneous decrease in [Cren] com-
pared to other Cretaceous data. As the derived TEX86 ra-
tio does not include [Cren], this potentially influences result-
ing Early Cretaceous TEX86 values and the regional TEX86-
temperature relation.

• We expect that this offset is caused by an enhanced contri-
bution of deep-water archaeal communities with a different 
isoGDGT distribution influencing the sedimentary TEX86 signal 
that is similar to observations from the modern Mediterranean 
and Red Sea.

• General circulation modelling shows the local formation of 
warm and saline intermediate and deep waters in the re-
stricted North and South Atlantic Ocean that may have pro-
vided ideal environmental conditions for deep-water dwelling 
Thaumarchaeota.

• Applying a regional temperature calibration from the modern 
Mediterranean and Red Sea to the respective Cretaceous data 
reduces reconstructed upper ocean temperatures by 4-13 ◦C.

• Resulting OAE 1a subsurface (0-200 m) temperatures are 
broadly consistent with model results at the reconstructed CO2
range of 1200 to 2400 ppmv.

• Potential regional and temporal changes of the TEX86-tempera-
ture relation should be considered when interpreting the 
TEX86 paleorecord of restricted basins

Clearly, our approach of applying the modern Mediterranean 
and Red Sea calibration to parts of the Cretaceous data can only 
be considered a rather rough first approximation under the as-
sumption that TEX86 export dynamics were comparable. Indepen-
dent evidence from other proxies will be essential to confirm 
and also constrain any regional or temporal deviations of the 
TEX86-temperature relation from current global core-top calibra-
tions. Furthermore, it will be necessary to better understand the 
spatial differences in present-day TEX86 export dynamics and what 
secondary processes besides temperature influence the isoGDGT 
distributions in the modern core-top data, especially in deep re-
stricted basins. But whatever the exact reasons for the observed 
differences in the isoGDGT patterns might be, our results demon-
strate the need to apply regionally varying temperature calibra-
tions that reflect the differences in the sedimentary TEX86 signal 
also for deep-time periods like the Cretaceous. Approaches that 
specifically incorporate the spatial structure of the present-day 
regression parameters have been proposed (Tierney and Tingley, 
2014, 2015), but are not directly transferable to time periods like 
the Cretaceous due to the vastly different land-sea configuration 
and environmental conditions. Instead, analogue predictions have 
been developed (Tierney and Tingley, 2014) and estimate deep-
time temperatures based on similarities of TEX86 values alone. 
Our study suggests that a pattern analysis of the whole isoGDGT 
space might reveal even more information about the local export 
dynamics than what is encoded in the derived TEX86 ratio. The 
“manual” approach in this study and new “automated” machine-
learning techniques (Eley et al., 2019) to compare modern and past 
isoGDGT distributions are a potential way forward to address the 
question whether present-day analogue environments for isoGDGT 
assemblages of past greenhouse periods exist, and if so, where we 
can find them.
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