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The mid-Cretaceous period was one of the warmest intervals of the past

140 million years'®, driven by atmospheric carbon dioxide levels of around

1,000 parts per million by volume®. In the near absence of proximal geological records
from south of the Antarctic Circle, it is disputed whether polar ice could exist under
such environmental conditions. Here we use a sedimentary sequence recovered from
the West Antarctic shelf—the southernmost Cretaceous record reported so far—and
show that atemperate lowland rainforest environment existed at a palaeolatitude of
about 82°S during the Turonian-Santonian age (92 to 83 million years ago). This
record contains an intact 3-metre-long network of in situ fossil roots embeddedina
mudstone matrix containing diverse pollen and spores. A climate model simulation
shows that the reconstructed temperate climate at this high latitude requires a
combination of both atmospheric carbon dioxide concentrations of1,120-1,680 parts
per million by volume and a vegetated land surface without major Antarctic
glaciation, highlighting the important cooling effect exerted by ice albedo under high
levels of atmospheric carbon dioxide.

The Cretaceous Period (144-66 million years ago (Ma)) hosted some
of the warmest intervals in Earth’s history' 3, particularly during the
Turonian to Santonian stages (93.9-83.6 Ma)*>. At that time, atmos-
pheric carbon dioxide (CO,) concentrations were reconstructed tobe
around 1,000 parts per million by volume (ppmv; ref. ), and average
annual low-latitude sea surface temperatures probably reached ~35 °C
(ref.*), with only aminor bihemispheric temperature gradient extend-
ing polewards from palaeolatitudes between 50 and 60° N (refs. ”°).
Only small to medium-sized ice sheets may have existed'®" and global
sealevel was up to 170 m higher than at present™*,

Records documenting the Antarctic terrestrial environment dur-
ing this mid-Cretaceous warmth are sparse>>" and particularly rare
south of the palaeo-Antarctic Circle™". Such records, however, are
critical to constrain state-of-the-art Late Cretaceous climate models®
for predicting the magnitude of atmospheric CO, concentrations'
and their effectiveness in inhibiting the build-up of major ice sheets".

Here we reconstruct mid-Cretaceous terrestrial environ-
mental conditions in West Antarctica by combining micro- and

macropalaeontological, sedimentological, inorganic and organic geo-
chemical, mineralogical and palaeomagnetic data, as well as X-ray com-
puted tomography (CT) imagery, obtained fromdrill cores recovered
from a site within the Pine Island cross-shelf trough in the Amundsen
Sea Embayment (ASE), West Antarctica (Fig. 1a). Site PS104_20-2
(73.57°S,107.09° W; 946 m water depth) was drilled during RV Polarst-
ern expedition PS104 in 2017 (ref. 2°). The Pine Island Trough extends
fromthe modernfronts of the PineIsland and Thwaites glaciers, and was
erodedintothe ASE shelf during repeated advances of a West Antarctic
Ice Sheet palaeo-ice stream throughout the Miocene to Pleistocene
epochs® 2, On the inner to middle continental shelf, glacial erosion
combined with tectonic uplift?? exposed seaward-dipping sedimentary
strata of postulated Cretaceous to Miocene age near the seafloor**
(Fig. 1b). Widespread till cover on the shelf previously prevented
sampling of these strata using conventional coring techniques®.
Deployment of the remotely operated seafloor drill rig MARUM-
MeBo70 (ref. ) enabled drilling to 30.7 m below seafloor (mbsf) into
the seabed to recover the dipping strata® (Figs.1and 2).
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Fig.1|Setting of MARUM-MeBo070 drill site PS104_20-2 on the ASE shelf.

a, The present-day location of West Antarcticaisshowninrelationtothe
reconstructed boundary between continental and oceanic crust at 84 Ma
(refs.?2) (thick black lines). The pre-break up suture (dashed white line)
indicates the position of the reconstructed Zealandian and West Antarctic
continental and oceanic crust before initial break-up starting at ~90 Ma (ref. »).
Orange circles mark the locations of other outcrops of mid-Cretaceous
sedimentary strata’>". b, Seismic reflection profile NBP9902-11*' (A-B)

Lithology and stratigraphy

Beneath afew metres of glacimarine and reworked glacial sediments,
MARUM-MeBo70 penetrated an occasionally stratified but microfossil-
barren ~17-24-m-thick quartzitic gravelly sandstone with uranium-lead
(U-Pb) dates on apatite and zircon grains (see Methods) constraining
itsmaximum depositional age to ~40 Myr in the late Eocene (Extended
Data Fig.1). Cores 9R and 10R recovered strata from 26.3 mbsfto the
base of the hole. At ~26.8 mbsf, a prominent thin (5 cm) layer of indu-
rated lignite fragments separates the overlying sandstone unit froma
>3-m-thick, palynomorph-rich, laminated to stratified carbonaceous
mudstone below. This mudstone contains an intact and continuous
network of fossil plant roots that reaches down to at least 30 mbsf
(Fig. 2; Supplementary Video 1).

Based on New Zealand'’s biostratigraphic ranges®, the presence of
the pollen taxon Phyllocladidites mawsonii (nearest living relative
(NLR): Lagarostrobos, Huon Pine) and the absence of both Nothofa-
gidites (NLR: Nothofagus, Southern Beech) and Forcipites sabulosus
withinthe carbonaceous mudstoneindicateits deposition during the
mid-Cretaceous (Turonian-Santonian; ~92-83 Ma, PMla-subzone)
(Extended DataFig. 2; Extended Data Tables1and 2). Abundant pollen
of conifer trees (for example, Podocarpidites, Trichotomosulcites) and
tree ferns (Cyathidites) and the presence of accessory taxa such as
Ruffordiaspora ludbrookiae and Tricolpites spp. in our assemblage
resemble the uppermost strata of the Turonian-Santonian Tupuangi
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crossingdrill site PS104_20-2. The orange bar indicates the drilled core length.
The profile positionisindicated ina. The drillhole penetrated Amundsen Sea
shelfunconformity ASS-ul, which separates seismic units ASS-1and ASS-2
(ref.?®). The interpretation of seismostratigraphic units and unconformities is
based onboth previous work? and this study. Pitt Island belongs to the
ChathamIsland group of New Zealand. PB, Prydz Bay; ChR, Chatham Rise. Shelf
bathymetry and sub-ice topography data derive from refs. 5+,

Formation on Pitt Island, New Zealand, dated to 92-89 Ma (refs. 7%)
(Extended Data Table 3). However, the regular occurrence of pollen
of the family Proteaceae, including Beauprea-type pollen (for exam-
ple, Peninsulapollis gilii, Beaupreaidites), which are absent from the
Tupuangi Formation, suggest that the ASE core is slightly younger
than 89 Myr old. Recent molecular phylogenetic reconstructions indi-
cate an early Antarctic-Southeastern Australian origin of Beauprea
(-88 Ma), whereas the oldest palynological record of these angiosperm
fossils on Antarctica and Australia date back to 81.4 Ma and 83.8 Ma,
respectively?.

Thesebiostratigraphic age estimates are consistent with palaeomag-
netic data obtained from discrete sediment samples showing normal
polarity, expected for deposition during the ‘Cretaceous Normal Polar-
ity Superchron’ (C34n;121-83 Ma; ref. >°) (see Methods). The layer of
indurated lignite and the underlying carbonaceous mudstone show
very similar pollen assemblages, which indicate a similar age and
palaeoenvironment for both units (Fig. 2; Extended Data Fig. 2).

Turonian-Santonian position of the record

To assess the palaeoclimaticimportance of this record, we determined
the palaeogeographical position of site PS104_20-2 at 90 Ma. Today,
the site is located near the Pacific continental margin of West Antarc-
tica, about 250 km away from the modern boundary between conti-
nental and oceanic crust (Fig. 1). At the time of sediment deposition,
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between 93 and 83 Ma, the continent of Zealandia started to rift and
separate from West Antarctica®*%. We applied a relative plate recon-
struction between Zealandia and West Antarctica for the middle
CretaceoususingtheGPlates (version2.2) platereconstructiontool®with
up-to-date rotation parameters of the South Pacific realm?. This
resultedina736 kmgreat-circle distance (265 kmnorth-south distance)
betweenthedrill site and the hitherto southernmost mid-Cretaceous
terrestrial palaeoenvironmental record on Pitt Island on Chatham
Rise, New Zealand™. The close-fit reconstruction at 90 Ma indicates a

Fig.2|Multi-proxy parameter reconstruction of cores 9Rand 10R at site
PS104_20-2. The MARUM-MeBo70 seafloor drill rigdrilled 30.7 minto the
seafloorandrecovered 5.91mof corelength. The lower -3 m consists of a fossil
root-bearing mudstone with an -5-cm-thick layer of brecciated lignite on top
(from-26.77 mbsf downwards), both of Turonian-Santonian age. A Late Eocene
oryounger quartzitic gravelly sandstone overlies the lignite. The upper lignite
boundary defines theimpedance contrast between the underlying mudstone
and overlying gravelly sandstone and probably coincides with the prominent
regional unconformity ASS-u1?* (see the thick red line in Fig. 1b). Note the core
breakbetween9R and10R at27.15mbsf. LS, linescan; CT, X-ray computed
tomography; Cl/St/Sd, clay/silt/sand (n=6); TOC, total organic carbon (n=16);
Gy/An/Pt/Br,gymnosperms/angiosperms/pteridophytes/bryophytes (n=7);
X, barren palynomorph samples (n=9); Halite (n=16); Bulk sediment
neodymium (gyy) values (+2s.d.=0.27) and strontium (¥Sr/%Sr) ratios (+2s.e.;
see Source Data) (n=7) (median centre values) (see Methods); Fe(Ca), iron
carbonate (n=16); TAR, ratio of terrestrial and aquatic-sourced n-alkanes
(n=14); C:N (mol), molar ratio of TOC/TN (n=16). *Zircon U-Pb age (45.5 million
years (Myr)) (n=1).Inferred ages are based on palynomorph biostratigraphy for
the mudstone and U-Pb ages of apatite and zircon grains for the sandstone (see
the main text).

widerift zone between Zealandia and West Antarctica, just before the
initiation of continental break-up**'. In a previous study**,amean pal-
aeomagnetic pole position at 100 Ma of 75.7°Sand 135.9° W with a 95%
confidenceradius of 3.8° for Marie Byrd Land was determined from 19
rock sample sites. By accounting for the great-circle distance of 7.84°
toour drill site and rotating points on the East Antarctic polar wander
path* into the Marie Byrd Land reference frame, we derive a core site
palaeolatitude of 81.9° S at 90 Ma. The uncertainty in this position is
estimated to be not larger than the maximum 95% confidence radius
of 5.9° of the respective part of the polar wander path®*.

Palaeoenvironment

The indurated lignite layer as well as the laminated to stratified car-
bonaceous mudstone comprising the fossil plant roots in cores 10R
and lower 9R at site PS104_20-2 contain a highly diverse and entirely
terrestrial palynomorph assemblage of more than 62 pollenand spore
taxa (Fig. 2; Extended Data Figs. 2, 3; Extended Data Table 3). The
absence of palynomorphs with different stratigraphic ranges or vary-
ing thermal maturity suggests that this purely terrestrial microfossil
assemblage has not been reworked. The assemblage is dominated by
pollen of the conifer tree families Podocarpaceae and Araucariaceae
with abundant ferns, including the tree ferns Cyathea, documenting
the initial stages of an austral temperate rainforest (Fig. 2; Extended
Data Fig. 2; Extended Data Table 2). The presence of the heterocyst
glycolipids HG;, triol and keto-diol (Extended Data Fig. 4; see Meth-
ods) also indicates that benthic cyanobacterial mats colonized fresh
water bodies within this temperate rainforest, providing additional
evidence for the development of a highly complex ecosystem in the
ASE during the Turonian-Santonian. In combination with published
palaeo-topographic and palaeo-tectonic information??*'32 the
different taxa and their bioclimatic importance (see Methods) were
combined and visualized to create Fig. 3. Members of the Proteaceae
family presumably formed a flowering shrub understorey in the tall
Late Cretaceous conifer rainforest of the ASE depicted in Fig. 3. The
lignite layer is rich in spores of Stereisporites antiquasporites (NLR:
Bryophyte, Sphagnum), which further suggest the temporary exist-
ence of apeatswampinthe diverse temperate lowland rainforest. This
coincides with increasing Peninsulapollis pollen, indicating increas-
ing humidity* towards the record’s top. Thin sections were carefully
prepared from resin-impregnated core samples selected from cores
9R and 10R (see Methods) to characterize the fossil roots. Although
cell structures were not sufficiently preserved for identification of the
plantthatgrew theroots, the presence of parenchyma cells within the
long and continuous roots makes it likely that the network comprises
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Fig.3|Reconstruction ofthe West Antarctic Turonian-Santonian
temperate rainforest. The paintingis based on palaeofloral and
environmental informationinferred from palynological, geochemical,
sedimentological and organic biomarker data obtained from cores 9R and 10R

vascular plant remains and thus confirms active plant growth at our
site (Extended Data Fig. 5b-e). Furthermore, the alignment of organic
and clastic material within the laminated to stratified mudstone matrix
(Extended Data Fig. 5a) suggests synchronous deposition of clastic
particles and organic fragments.

Our environmental reconstruction is further supported by geo-
chemical and biomarker data. In the mudstone between 29.80 and
27.03 mbsfand theindurated lignite interval (26.83-26.77 mbsf), zero
to very low halite and carbonate contents in the bulk sediment frac-
tion combined with low total organic carbon/total nitrogen (TOC/TN)
ratios and low ratios of land-plant-derived long-chain n-alkanes versus
aquatic-sourced short-chain n-alkanes (TAR), point to swampy aquatic
freshwater conditions (Fig.2). Thisinterpretationis supported by the
identification of cells that closely resemble aerenchyma (Extended
DataFig.5d), whichis usually responsible for intercellular gas exchange
under (semi-) permanent subaquatic growing conditions®. In mud-
stone samples taken from the core segment that contains a particularly
dense root network (27.03-26.83 mbsf), pollen and biomarkersindicate
the establishment of terrestrial forest-type vegetation, while elevated
pristane/n-C;; and pristane/phytane ratios point to a high abundance
of terrigenous plant material (Extended DataFig. 6; see also refs. >"*),
whichis in line with the pollen-based interpretation of a terrestrial
rainforest environment. TOC/TN ratios >20 (Fig. 2) are consistent with
thisinterpretation andindicate a primarily land-plant source of organic
matter® within this mudstone sequence.

The clay mineral assemblage in cores 9R and 10R is dominated by
kaolinite (67-72%) and smectite (26-29%), both indicating chemical
weathering activity under humid and (sub-) tropical climate condi-
tions*®. However, as this is not corroborated by our reconstructed
climatic setting, we attribute kaolinite formation in the mudstone to
the repeated establishment of swampy conditions, in which organic
acids altered silicate minerals to kaolinite (‘Moorverwitterung’)*.

The lithological successions in cores 9R and 10R resemble the
uppermost strata of the Turonian-Santonian Tupuangi Formation
on Pitt Island, New Zealand?. The Pitt Island strata are characterized
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atsite PS104_20-2. The creation of the painting was further complemented by
published palaeotopographic and palaeotectonic information??**32, Original
size of painting: 83.8 cm x 41.5cm. Alfred-Wegener-Institut/J. McKay; this
imageis available under Creative Commons licence CC-BY 4.0.

by interbedded carbonaceous siltstone, quartzofeldspathic sand-
stone, lignite and/or peat layers. Similar to the sediment sequence
described for the ASE, the Tupuangi Formation records a terrestrial,
densely vegetated and partly swampy fluviodeltaic environment™.
At around 90 Ma, the Tupuangi Formation was located in one of the
rift basins developing before Zealandia separated from West Antarc-
tica®**, ~736 km from Site PS104_20-2 (Fig. 1). A diverse conifer forest
surrounded by extensive river systems**** seems to have covered both
the Zealandian' and the West Antarctic conjugate continental margin
during this early break-up phase.

The sharp lithological change from the root-bearing fossiliferous
mudstone with the thinlayer of indurated lignite on top into the sand-
stone at 26.77 mbsfis marked by increased iron carbonate and halite
contents and decreased TOC/TN and TAR ratios within the sandstone
(Fig. 2), suggesting an estuarine and coastal environment. The maxi-
mum U-Pb dates of ~40 Ma obtained from the sandstone (see Extended
DataFig.1), whichis coarse-grained atits base, indicate a considerable
hiatus between the mudstone (including the lignite) and the sandstone.
Such a hiatus is consistent with neodymium (Nd) and strontium (Sr)
isotope data, which reflect both a change in sediment provenance
and a decrease in weathering intensity between the two lithologies
(Fig.2; seeMethods). The time window of the hiatus coincides with slow
erosion rates of a tectonically quiescent passive margin®**, whereas
Eocene-Oligocene tectonic activity of the West Antarctic Rift System
might have triggered renewed sedimentation of dominantly clastic
material***,

Palaeoclimate

Multi-proxy evidence from our mid-Cretaceous sedimentary record
reveals an environment at a palaeolatitude of ~82° S on the Antarc-
tic continental margin that was characterized by a regional temper-
ate climate warm enough to maintain a diverse temperate rainforest
(Fig. 3) only ~900 km from the palaeo-South Pole. Our palynomorph-
based climate reconstruction following the approach outlined in
ref. * returns amean annual temperature of 13 °C with precipitation of



a 280 b 560 c 1,120

30 25 20 -15 -10 -5 0 5 10 15
d 280 e 560 f 1,120

South Pole

Fig.4|Modernand mid-Cretaceous CO,sensitivity runs. a-f, Distribution of
warmest mean month temperatures (WMMT, colour scale) for present-day
(a-c) and mid-Cretaceous at 90 Ma (d-f) configurations under atmospheric
CO,levels0f280,560and 1,120 ppmv (representing 1x,2x and 4x PI CO,).
Theblack triangle indicates the approximate position of site PS104_20-2.
g,Modelled mid-Cretaceous WMMT (dashed lines) and zonal mean
temperatures (solid lines) for different atmospheric CO, concentrations. The

around 1,120 mmyr™. The average temperature of the warmest summer
monthwas18.5 °C. Previous quantitative climate analyses from Antarc-
ticrecords -2,500 km further north resulted in Coniacian-Santonian
(-89-84 Ma) mean annual air temperatures of 15-21 °C (refs. **8), sug-
gesting ashallow temperature gradient towards our site. Estimates of
the Late Cretaceous climate based on NLRs generally agree well with
other temperature proxies*. However, the approach assumes similarity
of climate requirements for fossil taxaand their NLRs. With increasing
age, the phylogenetic relationships of a fossil taxon become more dispa-
rate and the assumption thus becomes less robust. We therefore applied
anindependent geochemical palaeothermometer (HTI,,) based onthe
distribution of the heterocyst glycolipids (ref. *’), which corroborated
our bioclimatic reconstructions by indicating austral summer lake or
river-surface water temperatures of ~20 °C for the swampy rainforest
(Extended DataFig.4; see Methods). Our record contains, to our knowl-
edge, the hitherto southernmost evidence of Cretaceous terrestrial
environmental conditions and reveals amid-Cretaceous ‘greenhouse
climate’ that was capable of maintaining temperate conditions much
farther south than previously documented™.

Palaeoclimate modelling

Inlight of extremely limited mid-Cretaceous CO, proxy data®and widely
scattered existing data estimates®, and to identify some of the pivotal
driving mechanism of high-latitude mid-Cretaceous environmental
conditions reconstructed for our new record, we ran the global cli-
mate model COSMOS® in a coupled atmosphere-ocean configura-
tion with fixed vegetation. We did so under present-day (Fig. 4a-c)
and mid-Cretaceous configurations at 90 Ma (Fig. 4d-g) for 1x, 2x, 4x
and 6x pre-industrial (PI) CO, levels of 280 ppmv (280, 560, 1,120 and
1,680 ppmyv, respectively; see Methods). Although the model predictsa
mid-Cretaceous climate in West Antarctica thatis already warmer under
PICO, levels (Fig. 4d), summer surface air and water temperatures of
~20 °Cat~82°Scanonlybereproducedby forcing the climate with very
high atmospheric CO, levels between1,120 and 1,680 ppmv (Fig. 4f, g).
Ourreconstructed mean annual air temperature of 13 °C, however, still
remains strongly underestimated by the model (Fig. 4g).
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temperature estimates (data points), including their respective calibration
error (20), were derived from the following proxies referred toinref.:
terrestrial 5'%0 of vertebrate tooth enamel and/or pedogenic carbonate
(filled squares), palaeobotanical data (filled circles), fish enamel 8®0 (open
triangles), marine calcareous fossil §'®0 (open diamonds) and biomarkers
(cross). Temperature estimates from this study are indicated by ared filled
circle (palaeobotany) and red cross (HG palaeothermometry).

We conclude that a temperate climate at such a high latitude with
more than four months of complete polar night darkness requires
acombination of both strongly elevated atmospheric CO, concen-
trations and dense surface vegetation that generates a low plan-
etary albedowith an associated high radiant energy absorptionand
pronounced seasonality. This largely precludes the existence' of
any substantialice-sheet and sea-ice coverin and around Antarctica
during the Turonian to Santonian stages of the Late Cretaceous
epoch, an interpretation supported by palaeogeographic recon-
structions of that period*°. Conversely, the present Antarctic Ice
Sheet and its associated climate feedbacks, such as ice albedo,
would provide a stabilizing cooling effect in a future high-CO, world
(Fig. 4a-c).

Tofurther elaborate onthe importance of additional forcing mech-
anisms, to discover the interdependency of surface vegetation and
temperature sensitivity inmore detail and to explore the drivers of the
paradoxinthelate Cretaceous latitudinal temperature gradient visible
inFig. 4, future work should aim to run the model with various types of
vegetation cover coupled with other drivers such as palaeogeography*
or changes in cloudiness®.

Our findings highlight the importance of including land-ice
changes in long-term climate simulations to accurately estimate
climate sensitivity on these extended timescales®?. We provide key
data for constraining the response of polar terrestrial ecosystems
to very high atmospheric CO, concentrations and for assessing the
impact of Antarctic ice sheet presence under high-CO, scenarios—
both of which are essential for modelling past and future climate
change®.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41586-020-2148-5.
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Methods

Seafloor drill rig MARUM-MeBo70

MARUM-MeBo70 is a robotic drill rig that was deployed on the sea-
bed and remotely controlled from RV Polarstern during expedition
PS104%°. Detailed information about the drill rig and its operation is
published inref. .

X-ray CT

Whole rounds of MeBo core PS104_20-2 were scanned by a Toshiba
Aquilion 64 computer tomograph at the hospital Klinikum Bremen-
Mitte, with an X-ray source voltage of 120 kV and a current of 600 mA.
The CT scans have aresolution of 0.351 mminxand ydirections and
0.5 mm resolution in the z direction (resolution of scaled recon-
struction: 0.195 x 0.195 x 0.3 mm?). Images were reconstructed using
Toshiba’s patented helical cone beam reconstruction technique. The
obtained CT datawere processed using the ZIB edition of the Amira
software (version 2017.39)%. Within Amira, the CT scans of the core
sections were merged when necessary and core liners, including
about 2 mm of the core rims, were removed from the dataset until
all marginal artefacts from the coring process were removed. Sub-
sequently, all clasts larger than ~1 mm, root-traces (where present)
and matrix sediment were segmented with the (marker-based) water-
shed tool of the Segmentation Editor. Markers were predominantly
set with the threshold tool. For only rarely occurring clasts with an
X-ray attenuation close to the matrix sediment, the magix wand tool
was used to manually set additional markers. Holes within clasts
after the watershed segmentation were added to the clasts with the
selection fill tool.

Palynology

Between 2 and 6 g of dry-weight sediment per sample were processed
at Northumbria University following standard palynological tech-
niques, including sieving (10 um) and acid treatment with 10% HCI
(hydrochloricacid) and cold 38% HF (hydrofluoricacid). The processed
residue was transferred to microscope slides using glycerine jelly asa
mounting medium, and 2-3 slides were analysed per sample at 400x
magnification. Ofthe17 samples analysed for pollen and spores, 7 were
productive, and total counts range from 340 to 360 pollen grains and
spores per sample (Extended Data Figs. 2, 3; Extended Data Table 1).
Pollen concentrations increase from an average of ~6,500 grains per
gram of sediment in the lower three samples to 61,000-121,500 g at
the top. We could not identify any reworking of palynomorphs. Per-
centages were calculated on the basis of the sum total of pollen and
spores; 65 pollenand spore taxa were identified from the literature™
(Extended Data Table 3). All samples contained a high morphological
diversity of Podocarpus pollen, which we classified as Podocarpidites
undiff. as many of these grains were either folded or damaged and were
therefore unidentifiable beyond family level. Marine dinoflagellate
cysts were absent in all samples.

Palynomorph-based climate reconstructions (bioclimatic
analysis)

Wereconstructed terrestrial mean annual temperature (MAT), precipi-
tation (MAP) and WMMT using the NLR approach. The NLR approach
uses the climatic requirements of the NLR of fossil taxa to reconstruct
the past climatic range and assumes that the climatic requirements
of the fossil taxa are similar to those of their NLR (Extended Data
Table 2). NLR approaches use the presence or absence of individual
taxain afossil assemblage rather than relative abundance, which
reduces the likelihood of taphonomic biases. This facilitates, to some
extent, thereconstruction of past, non-modern analogue climates and
environments®®. NLR-based temperature estimates are generally in
good agreement with estimates from geochemical and other palaeo-
botanical methods, including the Climate Leaf Analysis Multivariate

Program (CLAMP) and leaf margin analysis®*, providing confidence
inthe utility of the method for the reconstruction of pre-Quaternary
climates.

However, quantitative climate estimates from the fossil plant record
of deep-time geological intervals are always accompanied by large
uncertainties. Incorrect use of outliers and fossil taxa with ambiguous
affinity can resultin erroneous climate estimates®®. One of the greatest
weaknesses that affects all NLR approaches is the assumption of
uniformitarianism—namely, that the climate tolerances of modern
species can be extended into the past. This assumptioninevitably intro-
duces uncertainty thatincreases with the age of the geological forma-
tion®. To statistically constrain the most likely climatic co-occurrence
envelope, we combined the NLR approach with the probability density
function (PDF) method**’*”, In contrast to other NLR methods, such
asthe coexistence approach, the PDF method has the advantage that it
statistically constrains the most likely climatic co-occurrence envelope,
thereby offering a solution that mathematically reduces the poten-
tial impact of wrongly defined climate tolerance on upper and lower
limits of palaeoclimatic estimates. To further reduce uncertainties
caused by potentially wrong identification of NLR, we removed fossil
taxa with potentially ambiguous affinity or very rare occurrence in the
fossil record (Extended Data Table 2). Thisincludes Microcachryidites
antarcticus, a taxon abundant and widespread in the Antarctic
fossil record, with the NLR Microcachrys tetragona (the sole species
ofthe genus Microcachrys thatis now endemic to Tasmania). Another
example is Peninsulapollis gillii with close links to the modern genus
Beauprea, and endemic to New Caledonia. In both cases we used the
family, Podocarpaceae and Proteaceae, respectively, rather than the
genus or species as the NLR.

To generate the paleoclimate estimate, we followed the procedure
described in refs. >*%, We first identified the bioclimatic envelope
for each NLR by cross-plotting their modern distribution from the
Global Biodiversity Information Facility (GBIF)”> with the gridded
WorldCLIM climate surface” using the dismo package™ in R. We then
filtered the dataset and removed redundant data, ‘exotic’ occur-
rences (such as garden plants) as well as multiple entries per climate
grid cell to avoid the climatic probability function becoming highly
slanted towards that location”. Before establishing the PDFs, boot-
strapping was applied to test the robustness of the dataset, which
is of particular interest for taxa with only few modern occurrences.
Following the bootstrapping, we calculated the likelihood (f) of a
taxon (t) occurring at value (x) for a certain climatic variable by using
the mean (i) and standard deviation (o) of the modern distribution
range of each taxa®"°,

1 )
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Because the separate reconstruction of climate ranges for each
variable canlead to bioclimatic envelopes thatincludeintervals, where
no modern-day occurrence of tis observed®, we calculated joint likeli-
hood PDFs for each combination of the climate variables MAT, MAP
and WMMT using the correlation coefficient p (x, y):
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After assessing whether all bioclimatic envelopes share a coexist-
enceinterval, the climate estimates of the NLR assemblage were recon-
structed by multiplying the individual joint likelihoods of taxaf(x,y) ...
fx,y)., with each other:

SO Ycombined = SO0 W X F O, Yep X oo X FX, P
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To constrain the core distribution of a group, we determined
the range of one (f(x, ¥),ciative = 0.157) and two standard deviations
(1%, Y)retative = 0.023) from the occurrence within a group with f(x, ¥) max
representing the most likely climate conditions™.

f(X, y)relative = %

For our bioclimatic analysis, we used all pollen and spore taxa that
couldberelated toanNLR (following ref.**, Extended Data Table 2). Cli-
maticranges are indicated with their 2o range. We calculated an MAT
0f12.8 +2.2°C, WMMT 0f18.4 +1.9 °Cand MAP 0f 1,120 £330 mmyr. It
shouldbe noted that the ranges of these values show the mathematical
error and not the real range, which might result from the uncertainties
inusing an NLR approach. To avoid misunderstandings, we therefore
indicated inthe main text the pollen-based climate estimates without
20ranges.

Organic geochemistry

Freeze-dried and homogenized sediment samples were extracted by
means of ultrasonication using a dichloromethane:methanol mix-
ture (2:1, v-v). After centrifugation, the total lipid extract was dried by
rotary evaporation. The extraction was repeated twice. The combined
total lipid extract was fractionated using silica open-column chroma-
tography and hexane as eluent to obtain apolar lipids. Hydrocarbons
were analysed using an HP gas chromatograph 6890 (30 m DB-5MS
column, 0.25 mmdiameter, 0.25 um film thickness). Theidentification
of n-alkanes, pristane and phytane was based on comparison of their
retention times with those of reference compounds that were run on
the same instrument. The TAR™ was calculated using peak areas of
long-chain (n-C,, n-C,,, n-C5)) against short-chain (n-Cys, n-Cy;, n-C,,)
alkanes. The carbon preferenceindex (CPI) was calculated as follows?®:

2 x (n-Cy3 + n-Cys+ n-Cyy +1n-Cyg)

Pl €,y + 2% (1-Cpy + 1-Cog + 1-Cog) + 1-Cag

(0))

Heterocyst glycolipid palaecothermometry

Sediment samples from the coastal sandstone (9R, 50-52 cm;
26.76 mbsf) and the carbonaceous mudstone (9R, 76.5-78 cm;
27.02 mbsf; 10R, 60-62 cm; 29.21 mbsf) were lyophilized and ground
to afine sediment powder using a solvent-cleaned agate pestle and
mortar. Between 20.1and 29.7 g of sediment were extracted using a
modified Bligh and Dyer procedure”. Briefly, sediment samples were
extracted ultrasonically (for 10 min.) three timesin a solvent mixture of
MeOH, DCM and phosphate buffer (2:1:0.8; v-v:v). After each sonication
step, the solvent mixture was centrifuged at 1,500g for 3 min and the
supernatant transferred to a centrifuge tube. The combined super-
natants were phase separated by adding DCM and phosphate buffer
to a final solvent ratio of 1:1:0.9 (v:v:v). The organic bottom layer was
collected in a round bottom flask and reduced under vacuum using a
rotary evaporator. Each Bligh and Dyer extract (BDE) was transferred to
apreweighed vial using DCM:MeOH (1:1, v-v) and dried under a gentle
stream of N,. Before analysis, all BDEs were redissolved in a solvent
mixture of n-hexane:2-propanol:H,0 (72:27:1; v-v:v) toa concentration
of 8 mg ml™’. A procedural blank was added to the sample batch and
treated as a regular sample to test for possible cross-contamination
during sample preparation.

High-performance liquid chromatograph coupled to electrospray
ionisation tandem mass spectrometry (HPLC/ESI-MS?) was performed
onthe BDEs following the analytical procedure given by ref. ”® to estab-
lish heterocyst glycolipid (HG) distribution patterns and determine
relative abundances. Separation of HGs was achieved using a Waters
Alliance 2690 HPLC system fitted with a Phenomenex Luna NH, col-
umn (150 x 2 mm?; 3 um particle size) and a guard column of the same

material. Both were maintained at a constant temperature of 30 °C.
The applied gradient profile was as follows: 95% A:5% B to 85% A:15% B
in 10 min. (isocratic for 7 min) at 0.5 ml min™, followed by back flush-
ing with30% A:70% B at 0.2 ml min™ for 25 min and re-equilibrating
the column with 95% A:5% B for 15 min. Solvent A was n-hexane:2-
propanol:HCO,H:14.8 MNH, aq. (79:20:0.12:0.04; v-v:v:v) and Solvent B
was 2-propanol:water:HCO,H:14.8 MNH; aq. (88:10:0.12:0.04; v-v:v:v).

HGs were detected using a Micromass Quattro LC triple quadruple
mass spectrometer equipped withan electrospray ionizationinterface
and operated in positive ionmode. Source conditions were as givenin
ref.”%. All BDEs were analysed in multiple reaction monitoring mode to
achieve maximum specificity. HGs were identified on the basis of acom-
parison of retention times with those of HGs in cultured cyanobacteria,
as well as published mass spectra® %, HGs were monitored using the
following transitions: m/z 547 > 415 (pentose HG,, diol), m/z 603 > 471
(pentose HG;, diol), m/z 619 - 487 (pentose HG,, triol), m/z 647 - 515
(pentose HG,, triol), m/z 561 - 415 (deoxyhexose HG, diol), m/z 575 >
413 (HG,, keto-ol), m/z577 > 415 (HG, diol), m/z 603 > 441 (HG,g keto-
ol), m/z605~> 443 (HG,diol), m/z 619 > 457 (HG,g keto-diol), m/z 621 >
459 (HGygtriol), m/z 635> 459 (methylated hexose HG,g triol), m/z 647
> 485 (HG;, keto-diol), m/z 649 > 487 (HG,, triol), m/z 675 > 513 (HG,,
keto-diol), m/z677 - 515 (HG,, triol) and quantified by integrating peak
areas using the QuanLynx application software (version 4.1 SCN856).

Surface water temperatures (SWTs) during the deposition of the
coastal Eocene sandstone were reconstructed using the HDI,4 (het-
erocyst diol index of 26 carbon atoms) and HDI,; (HDI of 28 carbon
atoms) lipid palaeothermometers as described in ref. *°. As the HG
content of the swampy palaeoenvironment exclusively consisted of
HG;, triols and HG;, keto-diol (Extended Data Fig. 4), which are specific
to cyanobacteria that form benthic microbial mats®?, we here applied
the HTI,, (heterocyst triol index of 30 carbon atoms) to the mudstone
sequence. Thisindex is defined as follows:

HTISO = HG30 tl‘lOl/(HG3OtriO| + HG30 ketO—dIO|)

The HTI,, was transferred to absolute temperatures using asurface
sediment calibration obtained from a large set of East African lakes
(n=47) located on an altitudinal transect from 615 to 4,504 m above
sealevelwith SWTsranging from 5.7t027.9 °C.Inthissetting, the HT,,
showed astronglinear correlation with SWT, whichis expressedin the
equation below (T.B., unpublished data):

SWT = (HTl;,/0.0249) - (0.2609/0.0249)

Independent confirmation for the robustness of the HG-based tem-
peraturereconstructionis obtained by comparing HG distribution pat-
terns and HTI,, values in the mudstone sequence with those reported
foranaxenic culture of the heterocystous cyanobacterium Scytonema
sp. PCC (Pasteur Culture collection of Cyanobacteria) 10023 (ref. 8.
This cyanobacterium exclusively contains HG;, triols and HG;, keto-
diols. The above transfer function yields an HTI,, value of ~0.88 for
the culture grown at an ambient temperature of 25 °C. This value is
identical to the HTI;, (0.88) calculated using the relative abundances
of the major HG;, triol and HG,, keto-diol isomers reported in ref. 5.

Grain-size analyses

Asetof discrete samples was wet sieved at 2mm and 63 pmto separate
the gravel, sand and mud grain-size classes. The <63 pm (mud) suspen-
sion was separated into silt (2-63 pm) and clay (<2 pm) using settling
velocity (Stokes’ Law) in Atterberg tubes.

Clay mineral analyses

Analiquotof the clay fraction was used to determine the relative con-
tents of the clay minerals smectite, illite, chlorite and kaolinite using
anautomated powder diffractometer system Rigaku MiniFlex with Co



Karadiation (30 kV,15mA) at the Institute for Geophysics and Geology
(University of Leipzig). The clay mineral identification and quantifica-
tion followed standard X-ray diffraction methods®.

Bulk sediment composition
Total carbon (TC) and total nitrogen (TN) contents were analysed with
an Elementar Vario EL IIl. The TOC contents were determined after
removal of the total inorganic carbon (carbonates) with HCl using an
ELTRA CS-2000. Carbonate content was calculated by subtracting
the TOC from the TC and multiplying the difference (total inorganic
carbon) by 8.33; that is, the ratio between the molecular weights of
CaCO;and C.The TOC:TN (C:N) ratio was calculated on a molar basis.
The mineralogical composition of the milled bulk sediment was ana-
lysed semiquantitatively with X-ray diffraction using peak intensities
and area ratios analysed with the MacDiff program (version 4.2.6.)%¢.
For the Fe(Ca) carbonates the peak intensities for ankerite (at 2.906 A)
and siderite (at 2.795 A) were used and summed up as percentages for
Fe(Ca) carbonates (ankerite and siderite) in relation to the absolute
percentage of other carbonates (calcite, Mg calcite and dolomite).

Thinsections

After drying the untreated soft sediment in the fridge for 2-3 days,
the sediment was dried at room temperature (20-22 °C) for another
2-3 days. During that time the sediment was checked daily for crack
formation. Under low pressure, the sediment was impregnated stepwise
inavacuum exicator with epoxy araldite 2020 resin until full coverage
of the sample was achieved. After complete hardening, the bottom of
the sample was ground by a Tegrapol with silicon carbid (SiC) paper
sizes from 80 to 800—depending on sediment characteristics—and a
maximum of 150 rotations per minute until the sediment surface was
reached. The glass slides for the thin sections, which were 3 mm thick
and 35 x 120 mm in area, were ground with a 9-um-fraction SiC paper
toachieveboth grip and aneven surface (alternative machine system:
Logitech LP50 auto). Then the sample was attached to the slide with
the sameresin used forimpregnation by a pressure block. Afterwards,
the surface of the glass was cleaned and labelled with a diamond pen.
Most samples were then cut by a WOCO 50 diamond saw to achieve
250-pum-thick sediment strips on the glass, before grinding with SiC
paper or the Logitech LP50 to reach a thickness of 30 pum. Only some
sections were covered with 150-um-thick glasses, for which an ultra-
violet resin (cyanacrylate) was used. Most sections remained uncov-
ered for Raman and SEM-EDX spectroscopy. Finally, all thin sections
were cleaned with ethanol. The set of thin sections was prepared by
MKfactory.

Palaeomagnetic measurements

Five discrete samples were taken at variable spacings from cores 9R
and 10R of core PS104_20-2 for palaeomagnetic investigations using
plastic boxes with inner dimensions of 2 x 2 x 2 cm?. The directions
and intensities of natural remanent magnetization were measured
on a cryogenic magnetometer (model 2G Enterprises 755 HR). Sub-
sequent alternating field (AF) demagnetization of natural remanent
magnetizationinvolved 15 steps to amaximum AF intensity of 100 mT.
Adetailed vector analysis®” was applied to the results to determine the
characteristicremanent magnetization of eachsample and to unravel
its magnetic polarity. Samples showing no systematic demagnetization
pattern were excluded from further interpretation.

Palaeoclimate modelling

We use the COSMOS model (see Code availability) ina coupled atmos-
phere-ocean configuration with fixed vegetation. The atmosphere
component ECHAMS is run in a T31/L19 resolution®, It consists of 19
vertical layers and has a horizontal resolution of ~3.75°. The ocean com-
ponent MPI-OM runs in a GR30/L40 configuration®. It has a formal
horizontal resolution of 3.0° x1.8° and consists of 40 unequal vertical

layers. The high-resolution hydrological discharge model is a part of
ECHAMS5°, while MPI-OM includes a dynamic-thermodynamic sea-ice
model using aviscous-plastic rheology®’. Climate simulations were run
for present-day and mid-Cretaceous configurations under different
CO, levelsin the atmosphere. Other greenhouse gases (such as CH,
and N,0) were set to Pl levels. In the mid-Cretaceous simulations, we
employed published paleogeography® and vegetation®aswell as noice
sheetsinbothhemispheres. The orbital configurationsinall Cretaceous
experiments were fixed at 800 common era (CE) and hence represent
values from the beginning of externally forced simulation from 800
t01800 CE (aso-called millennial run). The solar constant was reduced
by 1% for the mid-Cretaceous experimentsrelative to the present-day
value. The simulations with 1x and 2x PI CO, levels were run for 9,200
and 9,000 years, respectively, and 10,600 years for 4x PI CO, (ref. *).
All simulations reached equilibrium at the surface. The experiment
with a 6x PI CO, level had a slightly different atmospheric land-sea
mask than the other three simulations. It was run for ~500 years and
was not in a full equilibrium at the surface’. The Pl control simulation
was run for -7,500 years. The simulations with 2x and 4x PI CO, levels
were branched off from the 1x Pl simulation from model year 6,800
and were further run for 700 years. The simulations reach either full
or quasi-equilibrium at the surface. For the analyses the mean was
taken over the last 100 years of each simulation. The model has been
successfully applied previously for scientific questions focusing on the
Quaternary®?, Neogene®*°; Palaeogene'®®'™ and Late Cretaceous’,
as well as estimates of future climate®'®,

Srand Nd isotopic measurements

Atotal of seven samples were selected for processing from cores 9R and
10R at site PS104_20-2. A detailed method description that was applied
for determining their Srand Nd isotopic compositions is givenin ref. ',

Zircon and apatite U-Pb geochronology

The youngest detrital zircon and apatite U-Pb ages obtained from
the cores 2R (sample AWI-35 at 9.9 mbsf) and 9R (sample AWI-25 at
26.7 mbsf) were used for constraining maximum deposition ages of
the sandstone. The samples yielded Eocene apatite (n=2) and zircon
(n=1) ages. The single Eocene zircon grain yields a Concordia age of
45.5+2.0 Myr (Extended DataFig.1a). The apatite grains allyield analy-
sesdiscordantin U-Pbisotopic space due to the presence of common
Pb (Pb,; thatis, Pb incorporated during crystallization as opposed to
radiogenic Pb* generated in situ by radionuclide decay). For single-
grain ages, a terrestrial Pb isotope evolution model®* was used for an
initial estimate of 2’Pb./**°Pb,, followed by an iterative approach to
the 2’Pb-based corrected age calculation'®,

As only two Eocene single-grain apatite ages are reported, the cal-
culation of anarray age would not normally be appropriate. However,
comparison of the trace element chemistry (REE-Sr-Y) to an apatite
compositional reference library'®indicates that both Eocene grains are
chemically, as well as chronologically, indistinguishable (Extended Data
Fig.1b), increasingthe likelihood of acommon source. Therefore, the
two youngest apatite grains from AWI-35 were jointly regressed with the
range of ”Pb/?°°Pb, values (0.834 + 0.018) for West Antarctic crystal-
line basement'”” (Extended Data Fig. 1a) to obtain a lower-intercept age
0f 39.3 + 3.8 Myr (mean standard weighted deviation, MSWD = 0.99),
similar to the independently obtained single-grain Concordia age of
45.5+2.0 Myr determined from the youngest zircon from AWI-25. A
Lutetian maximum deposition age (approximately 43 Myr) for AWI-35
and AWI-25 is therefore indicated.

Pure apatite and zircon separates were hand-picked from the
non-magnetic heavy mineral 63-315 pumsize fraction, mounted in epoxy
resin, groundto revealinternal surfaces and polished. Almost no sample
biaswasintroduced by grain selection because in most cases all of the
observed mineral grains were picked as the amount of sample mate-
rial was very small. All U-Pb analyses were carried out using a Photon
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Machines Analyte Excite 193 nm ArF excimer laser-ablation system with
a HelEx 2-volume ablation cell coupled to an Agilent 7900 ICPMS at
the Department of Geology, Trinity College Dublin. Laser fluence was
2.5]) cm™?with a repetition rate of 15 Hz and an analysis time of 20 s,
followed by an 8 s pause to allow for signal wash-out and a subsequent
baseline measurement. Spot sizes of 47 um and 24 um were employed
for apatite and zircon respectively, in separate analytical sessions.

Datareduction employed the VizualAge and VizualAge_UComPbine
datareductionschemes (DRS) for lolite for zircon and apatite, respec-
tively’®™° Each DRS corrects for intrasession analytical drift, mass bias
and downhole fractionation using a user-specified fractionation model
based on measurements of the primary standard; VizualAge_UCom-
Pbine also permits the presence of a variable Pb.content in a primary
age standard that must be corrected using aknowninitial>’Pb /?°*Pb,
value. Final U-Pb age calculations were made using the Isoplot add-in
for Excel™.

Single-grain zircon U-Pb Concordia ages were calculated, and
analyses with a probability of concordance <0.001 were rejected™.
The primary standard was PleSovice zircon; the GZ7 and 91,500
zircons were used as secondary standards and treated as unknowns
during datareduction and age calculation?, yielding Concordia ages
0f530.1+3.7Myrand 1,060.4 + 6.8 Myr, respectively.

For apatite analyses, Madagascar apatite was employed as the
primary standard and McClure Mountain and Durango apatites were
employed as secondary standards™"*. The Pb. value in the secondary
standards was corrected using fixed initial ratios, yielding weighted
mean ages of 532.2 + 6.0 Myr and 32.3 + 0.7 Myr, respectively. Vari-
able Pb, contents in the detrital apatite unknowns were corrected by
using a terrestrial Pb evolution model' for the calculation of single-
grain ages followed by aniterative calculation to obtain single-analysis
207pp-corrected ages'®. Alternatively, the range of the 2’Pb_/*°°Pb,
values for West Antarctic basement'® can be used for the single-grain
age calculation: the resulting single-grain ages are within 1 Myr of the
single-grain ages obtained using the iterative calculation. Apatite
U-Pb age filtering' results in 20 errors of <50% for grains with ages
of 10-100 Myr and 20 errors of <25% for grains with ages >100 Myr.
For apatite trace-element analysis, the lolite Trace Elements DRS was
used. NIST612 glass and Madagascar apatite® were employed as the
primary and secondary reference materials respectively, with **Ca as
aninternal elemental standard™’.

Data availability

All data are available online via PANGAEA at https://doi.org/10.1594/
PANGAEA.906092.

Code availability

The standard model code of the ‘Community Earth System Models’
(COSMOS) version COSMOS-landveg r2413 (2009) is available upon
request from the Max Planck Institute for Meteorology (Reinhard.
Budich@mpimet.mpg.de). Analytical scripts are available via PANGAEA
at https://doi.org/10.1594/PANGAEA.910179).
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Extended DataFig.1|Tera-Wasserburg and PCA plots for U-Pb ages calculation. b, PCA plot showing trace-element data and single-grain ages (in
(intMa). a, Tera-Wasserburg diagram showing apatite (red; 9.9 mbsf) and Myr) for AWI-35 (9.9 mbsf) apatite, and lithological fields derived froma

zircon (blue; 26.7 mbsf) U-Pb data. The red bar at the upper array intercept for bedrockapatite reference library'®*. Eocene grains (labelled inred) are

Eocene apatiteis the range of crystalline basement >*’Pb/2°Pb,. values chemically and chronologically distinct from other detrital apatitein the same

reported by (ref.'*) for West Antarctica, which anchor the apatite age sample. Datapointerrorellipsesare 2¢.



Extended DataFig.2|Pollenabundance diagram. Percentages of the most abundant pollenand spores and their total countsin cores 9Rand 10R at site
PS104_20-2 areshown.
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Extended DataFig.3|Photomicrographsofselected pollen and spores. major.i, Trichotomosulcites hemisphaerius.j, Trichotomosulcites
a, Cyathidites australis.b, Osmundacidites wellmanii. ¢, Ruffordiaspora subgranulatus.k, Taxodiaceaepollenites hiatus.1, Equisetosporites sp.
australiensis. d, Ruffordiasporaludbrookiae. e, Cycadopitesfollicularis. m, Nyssapollenites chathamicus.n, Peninsulapollis gillii. o, Proteacidites

f, Microcachryidites antarcticus.g, Phyllocladidites mawsonii.h, Podocarpidites ~ subpalisadus.Scalebars,10 um.



Extended DataFig.4 |HG palaeothermometry. Presence of HGs at 27.03-27.04 mbsf at site PS104_20-2 (core 9R) and river or lake surface water temperature
(SWT) estimates from the HG-based molecular palaeothermometer (HT1,,).



Article

Extended DataFig. 5| Example microscopicimages from thinsections. The locations of detailed microscopicimages b-e. White arrows indicate the
sections are taken from afossil root fragment between 29.34 and 29.43 mbsfin locations of preserved parenchymastorage cells, including potential
corelORatsite PS104_20-2.a, Overviewscan of root fragment withindicated aerenchyma gas exchange cells (d). The scale barind appliestob-e.



Extended DataFig. 6 | Biomarker presence. a, Pristane/n-C,, versus toalowmaturity andland plant origin of the organic matter (CPI>1) deposited
phytane/n-C,gto infer organic matter type during sediment deposition (after inanaquatic environment (Pr/Ph <2) and a peat swamp environment (Pr/Ph>2),
refs. %), b, CPI (left) and pristane/phytane (Pr/Ph; right) ratios. The CPl points respectively.
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Extended Data Table 1| Percentages of the most abundant pollen and spore taxa



Extended Data Table 2 | Key pollen taxa and the NLRs used to derive quantitative climate estimates
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Extended Data Table 3 | Full list of identified pollen and spore taxa

All taxa identified during the current study are included. Question marks show uncertain taxon identifications that require further study. *Taxa described from the Tupuangi Formation on the
Chatham Islands?*®,
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