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GEOLOGY

No high Tibetan Plateau until the Neogene

T. Su’?*, A. Farnsworth?, R. A. Spicer"?, J. Huang’, F.-X. Wu®, J. Liu’, S.-F. Li', Y.-W. Xing’,
Y.-J. Huang®, W.-Y.-D. Deng"?, H. Tang'?, C.-L. Xu'?, F. Zhao'?, G. Srivastava’, P. J. Valdes?,

T. Deng®, Z.-K. Zhou"°*

The Late Paleogene surface height and paleoenvironment for the core area of the Qinghai-Tibetan Plateau (QTP)
remain critically unresolved. Here, we report the discovery of the youngest well-preserved fossil palm leaves from
Tibet. They were recovered from the Late Paleogene (Chattian), ca. 25.5 + 0.5 million years, paleolake sediments
within the Lunpola Basin (32.033°N, 89.767°E), central QTP at a present elevation of 4655 m. The anatomy of palms

Copyright © 2019

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NCQ).

renders them intrinsically susceptible to freezing, imposing upper bounds on their latitudinal and altitudinal
distribution. Combined with model-determined paleoterrestrial lapse rates, this shows that a high plateau cannot
have existed in the core of Tibet in the Paleogene. Instead, a deep paleovalley, whose floor was <2.3 km above mean
sea level bounded by (>4 km) high mountain systems, formed a topographically highly varied landscape. This finding
challenges prevailing views on tectonic processes, monsoon dynamics, and the evolution of Asian biodiversity.

INTRODUCTION

The collision between the Indian and Eurasian plates changed the to-
pography of southern Asia and led to the reshaping of regional and
even global atmospheric circulation and climate (I, 2). However,
the topographic evolution and paleoclimate history of the Qinghai-
Tibetan Plateau (QTP) before and soon after the collision is very poor-
ly constrained (3-7).

The Lunpola Basin is a large Cenozoic sedimentary basin on the
QTP and is situated in the Bangong-Nujiang suture zone formed by
the Mesozoic collision of the Lhasa and Qiangtang blocks (Fig. 1)
(8, 9). The basin has been the focus of several paleoaltimetric studies
(3, 5-7, 10, 11) because it offers considerable potential for understand-
ing Tibetan landscape evolution and testing geodynamic models of the
QTP formation. The Paleogene Lunpola sediment depocenter is located
between the paleo-Gangdese (Eocene elevation, ~4.5 km) (12) and the
paleo-Qiangtang (Tangulha) mountain ranges (Middle Oligocene ele-
vation, >5.0 km) (13) to the south and north of the basin, respectively.
Unexpectedly, Late Paleogene paleoelevation estimates for this core of
Tibet diverge by as much as 4000 m, with some isotope studies suggest-
ing a high (4 to 5 km) Lunpola Basin floor (3, 7), while paleontological
data point to much lower elevations of between ~1 and ~3 km (4-6, 11).

Stable isotope quantitative paleoaltimetric proxies are widely used but
rely heavily on assumptions regarding the composition of moisture
sources, spatially and temporally varying isotopic lapse rates, evapo-
transpiration, and air parcel trajectories that can change seasonally
(14-16). Isotope paleoaltimetry works best where prevailing winds rise
normal to a single mountain ridge and where Rayleigh distillation occurs,
whereas evaporation/precipitation recycling over plateaus or multiple
mountain ranges generates large, poorly quantifiable, uncertainties (17).

Similarly, fossil-based paleoelevations based on organismal tem-
perature constraints and thermal lapse rates can be unreliable because
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these lapse rates are highly variable in time and space (18), requiring
prior knowledge of the topography under investigation. Moreover, all
previous fossil-based surface height estimates for the core area of the
QTP have used global (4) or regional (5) free-air thermal lapse rates
instead of the more appropriate local paleoterrestrial thermal lapse rates
(19), which incorporate the surface processes that strongly influence
surface temperatures and land-atmosphere energy fluxes.

Plant megafossils are important indicators for paleoenvironmental
reconstruction because their morphologies and spatial distributions are
environmentally restricted and are seldom preserved far from their
growth site (20). However, they are rarely recovered from the QTP be-
cause of logistical constraints. Here, we describe newly discovered palm
fossil (Fig. 2 and fig. S1) leaves from the Lunpola Basin. The leaves are
~1 m in length, with leaf blades radiating from the distal ends of
~70-cm-long petioles. Because the unique anatomical and physio-
logical features of palms render them inherently frost sensitive (21),
we can constrain quantitatively, with confidence, the maximum pos-
sible elevation of the floor of the Lunpola Basin at the end of the Pa-
leogene and before the rise of Himalaya (22). To do this, we determine
paleotemperatures at sea level using coeval proxy data, and, combined
with climate model-generated local terrestrial thermal paleo-lapse
rates for a range of topographic scenarios, paleoelevations are esti-
mated using the coldest month mean temperature (CMMT) and the
following expression

Z= (Tmsl - Th)/'Y

where Z is the elevation, Ty, is the CMMT at mean sea level, Tj, is the
CMMT at elevation, and v is the local terrestrial thermal (CMMT) lapse
rate (19).

RESULTS

Fossil material and geological context

Palms (family Arecaceae) are diverse with ca. 2585 living species and
ca. 188 extant genera. Today, they are all restricted to tropical and
subtropical regions and are important environmental indicators
because in natural populations, they are highly susceptible to freez-
ing, particularly as seedlings (21). Moreover, the thermophilic re-
quirements of palms have remained relatively stable throughout the
Cenozoic (23, 24).
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Fig. 1. The palm fossil locality at Dayu, Lunpola Basin, Shuanghu County, central Tibet, China. (A) Main terranes of the Tibetan Plateau and the Himalaya. The star
marks the palm fossil location, while the circle marks the Tirap mine site. (B) Fossil sites in Lunpola Basin, both site DY1 and site DY2 bear palm fossils and belong to the
same depositional horizon on the limbs of an anticline. (C) Geological map near the fossil locality in Lunpola Basin. J,.3, Middle-Upper Jurassic Jienu Group; K;, Lower
Cretaceous volcanics; E;.3, Paleocene-Oligocene Niubao Fm.; Es-N;, Oligocene-Miocene Dingqing Fm.; Q, Quaternary. Photo credit: T. Su, Xishuangbanna Tropical Botanical

Garden (XTBG), Chinese Academy of Sciences (CAS).

Newly discovered well-preserved fossil palm leaves, here assigned to
a new species Sabalites tibetensis T. Su et Z.K. Zhou sp. nov. (Fig. 2),
occur in the Lunpola Basin (32.033°N, 89.767°E) within Late Paleogene
lake sediments of the lower Dingqing Formation. Ground and drone
surveys locate this horizon ~120 m below a U-Pb dated bentonite
[23.6 + 0.2 million years (Ma)] (Fig. 1 and fig. S2) (10). Magnetostrati-
graphic constraints (5) point to the palm layer forming at ~25.5 + 0.5 Ma
(Chattian). This finding, coupled with well-constrained paleoterrestrial
lapse rates, allows us to quantify with a high degree of certainty the Late
Oligocene elevation of the basin floor.

Numerous palm fossils have been reported worldwide (table S1), and
fossils in this study can be assigned to the subfamily Coryphoideae,
which, although it includes the most cold-tolerant tribe Trachycarpeae,
also encompasses the tribe Sabaleae. Sabaleae contains genera to which
Sabalites, in having costapalmate leaves (25), are most similar. Fossils
from the Lunpola Basin are characterized by their prominent spine-like
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structures at the bases of the leaf blades (Fig. 2 and table S2), which are
different from any other previously reported palm fossils.

S. tibetensis is morphologically most similar to living palms that be-
long to the tribe Sabaleae, which can tolerate CMMTs no lower than
5.2°C (21), while our own survey of the morphologically closest extant
relatives suggests that S. tibetensis may not have tolerated a CMMT low-
er than 7.7°C and a mean annual temperature (MAT) below 14.2°C
(table S3). However, MAT is not a meaningful measure of cold toler-
ance because any given MAT can reflect a wide range of growth-limiting
thermal extremes, depending on the annual thermal range. Most critical
is the lowest temperature reached and the duration of freezing
encapsulated as the CMMT and the frequency of freezing conditions.
For a conservative approach that yields the highest possible paleoeleva-
tions of the Lunpola Basin floor, we use the lowest CMMT that can be
tolerated by all living palms (5.2°C) (21), rather than that of the mor-
phologically nearest living genera (7.7°C).
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Fig. 2. S. tibetensis T. Su et Z.K. Zhou sp. nov. (A) Holotype, specimen no.
XZDY2-0200. (B) Enlargement of the basal part of leaf blade. co, costa; sp, spine-like
structures. (C and D) Specimen no. XZDY1-0071, venation pattern. mi, mid-vein; 2°,
secondary vein; 3°, tertiary vein; tr, transverse vein. Scale bars, 10 cm (A), 3 cm (B),
1 cm (C), and 1 cm (D). Photo credit: T. Su, XTBG, CAS.

To obtain the maximum paleoelevation at which S. tibetensis could
have grown requires knowledge of paleothermal lapse rates at the
growth location and the temperature regime at sea level at that location.
Past attempts to quantify paleosurface height using this approach have
used global (4) or regional (5) free-air thermal lapse rates, but these are
highly variable in time and space, particularly inland, over plateaus and
in mountainous landscapes (18). Moreover, free-air thermal lapse rates
are very different from those that plants experience within a few meters
of the land surface (terrestrial thermal lapse rates) (18) and are therefore
inappropriate for phytopaleoaltimetry (19). Because terrestrial lapse
rates are highly dependent on local climate and, thus, topography, jus-
tifying any particular lapse rate for Tibetan paleolocations without in-
tegrating climate modeling is problematic and unconstrained.

Experimental design

To determine surface paleoelevation from our palm fossils, we
modeled Late Paleogene local terrestrial thermal lapse rates (LTTLRs)
at the Lunpola paleolocation (31.73°N, 83.11°E) using the HadCM3L
(specifically HidCM3LB-M2.1) General Circulation Model, a version
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of the UK. Met Office HadCM3 v. 4.5 family (26) with a resolution of
3.75° x 2.5° longitude x latitude for both atmosphere and ocean.

Thirteen topographic sensitivity studies (scenarios V1 to V8 and
PO to P4) for Tibet were performed (fig. S3). Scenarios V1, V3, V5,
and V7 comprise a topographic valley system where a Gangdese
mountain range is set to 4.5 km, the Qiangtang mountain range is
set to 4 km, and a valley floor height of 2 km is set between them. Sce-
narios V2, V4, V6, and V8 comprise a 3.3-km valley floor between the
Gangdese and Qiangtang mountain system, each set to 4 km. Because
the paleorotated proxy site (31.73°N, 83.11°E) is located on the bound-
ary between two model grid cells, each valley topographic
configuration was run for two model latitudinal locations: 32.5°N
(V1 to V4) and 30.0°N (V5 to V8). These valley systems were further
modified by opening (V1, V2, V5, and V6) and closing the eastern end
of the valley into Yunnan (V3, V4, V7, and V8) based on recent data
showing an elevated eastern Tibet at 33 Ma (27). Scenarios PO to P4
represent Tibet as a series of simple plateaus at elevations of 0 to 4 km,
respectively, with no mountain ranges.

Because pCO, is uncertain for the Late Paleogene, with proxy esti-
mates ranging from 280 parts per million (ppm) to as high as 1120 ppm
(although likely not >840 ppm) (28), we also performed two CO, sensi-
tivity studies to assess the influence of CO, on lapse rates. Our modeling
automatically accounts for secular climate change. The Lunpola Late
Paleogene LTTLRs vary, depending on topography ranging from 4.1° to
7.64°C/km (Table 1), but doubling CO, made a little difference (+0.1° +
0.159°C/km). These LTTLRs differed markedly from the Late Paleogene
global average terrestrial lapse rates (4.61° to 4.73°C/km).

An essential component of the surface paleoelevation estimates
using thermal lapse rates is knowledge of terrestrial temperatures at
mean sea level (T,q) proximal to the location whose elevation is being
sought. Model-derived T,,q values are topographically dependent
(Table 1), so here, we use real-world proxy data to estimate conservative
(warm) Tp,q values for the Lunpola site. The closest coeval terrestrial
proxy data is a Climate-Leaf Analysis Multivariate Program (CLAMP)-
derived CMMT of 20.4° + 3.6°C from Tirap, Assam, Northeast India
(27.289°N, 95.771°E) (29). Inconsistencies between proxy temperatures
at Tirap (MAT and CMMT) and model predictions for that location
highlight poorly performing model scenarios (Table 1).

The use of the lowest CMMT threshold for most extant palms (5.2°C)
and the Late Paleogene local LTTLR at the palm locality shows in all
but two scenarios (V5 and V7) that the fossil palm could not have
lived higher than ~2.3 km above sea level (Table 1). This elevation
bound rises by only 400 m if we use the CMMT threshold (2.2°C) of
the most cold-tolerant extant palms belonging to the Trachycarpeae,
to which our fossil material shows only superficial resemblance and
to which it is unlikely to be related.

Scenarios V1 to V4 all fail because the predicted CMMTs are too low
at the prescribed land surface, as do scenarios V2, V4, V6, and V8,
which also fail because the maximum survivable elevation (~2.1 km)
is below the model land surface (3.2 km). Model failure to reproduce
the Tirap proxy conditions contributes to the failure of scenarios V2
and V6.

All plateau scenarios fail because either the CMMT is below the
minimum 5.2°C for palm survivorship (P3 and P4), the predicted
MAT at the Tirap site does not match the proxy data (PO to P2), or
the maximum elevation for palm survivorship is below the prescribed
land surface (P3 and P4).

The only scenarios compatible with both the sea level proxy con-
straint and palm survivorship above model land surface elevation are
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Table 1. Model-predicted climate and maximum survivable paleoelevations for an array of topographic scenarios (V1 to V8 and PO to P4) for Tibet in
the Late Paleogene. Thermal regimes regarded as fatal to palms (27) or failing to reproduce proxy values or occurring below prescribed land surfaces are shown
in red. Blue shading indicates unconstrained (by proxy data) model-predicted CMMTs fatal to palms, and gray shading indicates model failure to reproduce proxy
thermal conditions. Green shading indicates palm-survivable scenarios. The total number of frost days, number of 5-day cold events <0°C, and number of 5-day
cold events <—5°C during a 30-year period are shown. These indicate that above 2 km, the frequency of potentially fatal frost periods increases markedly. The
highest survivable paleoelevations of the palm fossil locality are based on the model-derived cold month mean temperature terrestrial lapse rate y, a conservative
proxy-based CMMT at mean sea level T, obtained from the Tirap site (20.4°C) using the PhysgAsia2 and HiResGridMetAsia2 calibration (47) and a minimum
palm-survivable CMMT of 5.2°C. Note that because Tirap is to the south of Lunpola, and Lunpola is not coastal, the theoretical CMMT at the Lunpola site may
have been slightly cooler than this value. Asterisk (*) values indicate elevations lower than the prescribed land surface, indicating that no palm could live on that
surface. Because of the uncertainty in paleopositioning of the Lunpola Basin, we ran a latitude sensitivity test (scenarios V5 to V8) where the location of the
valley topography was moved one grid cell to the south. None of the plateau scenarios (PO to P4) produce survivable conditions. The most plausible scenarios
(green fill) are those consisting of a deep valley system with the valley floor set at 2 km above mean sea level (AMSL) at paleolatitude ~30°N bounded by high
(at least 4 km) mountain systems.

No. 5-da No. 5-da Tirap MAT Tirap CMMT Lunpola Predicted
Topography MAT CMMT Total frost - O-cay - O-cay (°C) msl (°C) msl CMMT highest
. o o o events events d
scenario (°Q) (°Q) days (<0°C) <0°C <_5°C (proxy, (proxy, lapse rate survivable
26.2° £ 2.3°C) 20.4° +3.6°C) (y) (°C/km) elevation (m)
v elEy @i SR o 4.0 2504 161 68 28 193 53 2867
uplands, open
v VElErE ml o lanns B 3662 165 140 265 166 7.1 2132*
uplands, open
Valley (2 km), 4 km
V3 uplands, 21.2 1.2 2854 160 91 27.8 19.1 4.1 3719
closed
iy, VElETIEZ ) S lan e B 3695 185 146 278 19.1 68 2233+

uplands, closed

P4 4-km plateau 8.9

those with a valley floor at a height of 2 km bounded by mountains (V1,
V3,V5,and V7), with either an open or closed eastern end. However, if the
eastern end is closed (elevated) and the valley is deep (2-km valley floor) as
in scenarios V3 and V7, this leads to lower lapse rates where palms can
potentially survive to slightly higher elevations (52 m; Table 1), but eastern
closure can make conditions in the valley highly susceptible to wind
directions, resulting in slightly higher frequencies of potentially seedling-
fatal frost days (Table 1).

Not all 2-km valley scenarios are plausible if model surface CMMT
values are accepted. Model predictions independent of the Tirap proxy
data (Table 1) show that all the more northerly valley scenarios (V1 to
V4, valley located at 32.5°N) yield a CMMT at the valley floor surface
below the 5.2°C palm-survivable threshold. The more southerly loca-
tion of the Lunpola valley (30.0°N) with a 2-km valley floor and a closed
eastern end (scenario V7) yields the most benign conditions in terms of
potential survivability to well above the valley floor, and the second
fewest frost days (Table 1), but even then, survivable elevations do

Su et al., Sci. Adv. 2019;5:eaav2189 6 March 2019

not exceed 2.3 km. Newly dated plant fossil evidence suggests just such
a highland in eastern Tibet in the Paleogene (27).

DISCUSSION
Our finding that the Lunpola paleovalley floor was at an elevation of no
more than 2.3 km at ~25 Ma supports other low elevations derived from
paleontological data (4-6) that have largely been overlooked or dismissed
possibly because the surface height estimates were based on organisms
less well environmentally constrained than palms, the inappropriate
use of free-air lapse rates, and the loosely constrained adjustments for sec-
ular climate change. These approaches have led to surface height esti-
mates ranging from ~1 km (6) to ~3.5 km (5), of which the ~1-km
elevation is the most compatible with the outcome of our work.

Our result contrasts with an earlier pollen-derived surface height
estimate of 3090 to 3290 m (5), but this difference can be explained
by (i) downslope transport of pollen from taxa living on the bounding
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Fig. 3. Schematics representing south (left) to north (right) transects of the topography of the Lhasa and Qiangtang terranes, Tibet, and the Himalaya from

the Paleocene to the present. Data sources: Paleocene-Eocene—Liuqu (22), Linzhou

(72), Lunpola (3, 13), Heihuling (73), and Markam (27); Oligocene—Qiabulin (22, 42),

Nima (6, 43), Lunpola (6, 43), and Markam (27); Miocene—Qiabulin (22, 42), Kailas (33), Everest (44), Namling (45), Qiyug (46), and Lunpola (4, 5). Note that Markam is located

in eastern Tibet.

mountain slopes and (ii) lapse rate values. First, pollen representing
montane conifers (Pinuspollenites, Piceapollenites, and Abiespollenites)
and temperate broad-leaved species (Betulaepollenites, Quercoidites,
and Ulmipollenites) occur within the Dingging sediments admixed with
typically subtropical evergreen pollen types (Castanopsispollenites
and Meliaceoidites) (5) that presumably represent the valley floor
paleovegetation. This mixing of high and low elevation taxa would
falsely raise the height estimate for the valley floor by an indeterminate
amount, but it does point to a pronounced topographic relief surround-
ing the Dingqing lake catchment. Second, the pollen study (5) used a
regional free-air thermal lapse rate of 5.79°C/km rather than the more

Su et al., Sci. Adv. 2019;5:eaav2189 6 March 2019

appropriate (18, 19) within-valley terrestrial thermal lapse rates of
6.74° t0 6.9°C/km derived and applied here (Table 1). This difference
in lapse rates alone raises the pollen-based valley floor elevation esti-
mate by 308 to 367 m compared with ours. If only the subtropical com-
ponents of the pollen flora were used, in combination with a more
appropriate terrestrial lapse rate, the estimated valley floor elevation
would be much lower than 3 km.

Free-air lapse rate and organismal tolerance issues apart, the
estimate of ~3 km derived from rhinocerid remains (4) may not be
entirely incompatible with our result in that the deposits yielding the
rhinocerid are dated as 18 to 16 Ma and so are several million years
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younger than the palm-bearing layer. There is some evidence to sug-
gest that regional uplift and drying began at 23.7 Ma (11), although
the rate and duration of this uplift require further investigation.

The valley system that we envisage is not the one produced by river
incision, but a foreland basin-like depression resulting from the
Mesozoic-Paleogene underthrusting of the Lhasa Terrane beneath the
Qiangtang Terrane (30, 31) and, as such, must have extended along
the length of the Bangong-Nujiang suture zone. Within this depression,
a series of long-lasting interconnected deep and shallow lakes formed
fed by inflowing streams and rivers (11, 30, 32), but with little evi-
dence of significant fluvial outflows. In the Nima Basin, also within the
Bangong-Nujiang suture zone, the Late Oligocene sedimentological
evidence for gravity flows reaching the lake shoreline indicates that
relief was relatively steep and that the source terrane was within a
few kilometers (30). Moreover, the Lunpola lake system seems to have
been saline and hyper stratified (32), which indicates strongly a closed
lake system, even though it had inflows from the south and the nearby
freshwater Baingoin Basin (32). The existence of a large accommoda-
tion space and lack of significant drainage from the valley system is
evidenced by the accumulation of ~4000 m of Cenozoic sediments
within several Bangong-Nujiang suture zone basins (11, 30, 33, 34).
The documented lacustrine deposits of the Dingqing Formation alone
are at least 1100 m thick based on borehole data (11).

The disparity between the isotope-derived paleoelevations and those
based on fossils is likely due to downslope groundwater/stream trans-
port of high-altitude meteoric isotope signatures. By contrast, leaves and
animals have minimal capacity for downslope transport unscathed, and
their environmental adaptations and tolerances reflect conditions close
to their depositional location, i.e., surrounding the valley bottom lake
margins. Together, the isotopic and biotic paleoaltimeters provide in-
sights into the landscape diversity that are missed using only one form
of elevation proxy.

Our discovery of S. tibetensis challenges the concept of a “proto-
Tibetan Plateau,” a term that suggests that the central part of Tibet was
flat, if not as high as today (3, 7), or with moderate topographic lows of
just 1 to 1.5 km below the adjacent Gangdese and Qiangtang highlands
(5). Instead, we infer that a large valley system with a floor lower than
2.3 km AMSL existed in central Tibet as late as 25 Ma and that the topog-
raphy of Tibet during the Late Paleogene was far more complex than
often envisaged (Fig. 3), a complexity that may be fundamental to the
evolution of modern Asian biodiversity “hot spots” (35). The deep paleo-
valley system between the Gangdese and Qiangtang highlands now ac-
commodates ~4000 m of Cenozoic sediments (5) and suggests that a
combination of valley fill and predominantly compressional tectonics
raised the surface elevation after ~25 Ma to form the present high plateau.

MATERIALS AND METHODS

Morphological description

Family: Arecaceae Schultz Sch.

Subfamily: Coryphoideae Burnett

Genus: Sabalites G. Saporta emended Read and Hickey

Species: S. tibetensis T. Su et Z.K. Zhou sp. nov.

Holotype: XZDY2-0200 (designated here) (Fig. 2A)

Paratypes: XZDY1-0071, XZDY2-0201, XZDY2-0202, and
XZDY3-0001 (designated here) (fig. S1)

Repository: Palaeoecology Collections, XTBG, CAS

Type locality: Dayu Village, Lunpola Basin, central Tibetan Plateau
Age: Late Oligocene (Chattian)

Su et al., Sci. Adv. 2019;5:eaav2189 6 March 2019

Etymology: The specific epithet “tibetensis” refers to the fossils
being found in central Tibet.

Diagnosis: Leaves costapalmate. Costa/petiole thick at the base and
gradually tapers toward apex, petiole robust, unarmed; longitudinal
striations present on the petiole/costa. One pair of spine-like structures
at the base of leaf blade. Leaf segment plicate, emerging from the costa
an acute angle; fused at emerging point. Each leaf segment bears mid-
veins; two order of veins present on either side of the mid-vein, trans-
verse vein present either perpendicularly or oblique.

Description: The description is based on two specimens, which are
part (Fig. 2A) and counterpart. Leaves are costapalmate (Fig. 2A and fig.
S1); maximum preserved length of the leaf blade is ~310 mm, and max-
imum preserved width of the leaf blade is ~325 mmy; leaf blade slightly
asymmetrical at base; petiole present, unarmed, maximum preserved
length is ~703 mm (including costa), maximum preserved width is
~30 mm, flattened, nearly same width from proximal to distal end; costa
maximum length is 53 mm, wide at base (~34 mm) and gradually tapers
distally; distinct spine-like structure present on the base of the costa,
which is ~12 mm in length having a broad base and tapers gradually
at the distal end; leaf segment plicate, fused only on the lower portion
of the leaf blade; each leaf segment bears a mid-vein in the middle, nu-
merous 2° veins run parallel on either side of the mid-vein, 3° veins pre-
sent, running parallel in between 2° veins, three to five in number;
transverse veins present either perpendicularly or oblique to 3° veins
(Fig. 2, C and D).

Remarks: The characteristic features of the fossil leaf include
palmate, plicate leaves with costa (costapalmate), and an unarmed long
petiole. These characters suggest that the fossil leaves have affinities with
the subfamily Coryphoideae in the Arecaceae. A large number of mod-
ern palm leaves were observed using herbaria at XTBG and the Kunming
Institute of Botany, Kunming, the website of the Royal Botanic Garden,
Kew, and Palmweb (www.palmweb.org).

As Read and Hickey (25) stated that “Since it is very difficult to iden-
tify specimens of modern palms accurately from their leaves alone, no
attempt should be made to place fossil palm fragments in genera of
modern palms unless unquestionably identifiable with them.” Under
these circumstances, the fossils were placed in the organ genus Sabalites
G. Saporta proposed for costapalmate fossil leaves (36).

Numerous palm leaf fossils have been reported from various parts of
the world, and it is not possible to compare all of them with the present
fossil; however, we compared those that are most similar. In China, sev-
eral costapalmate leaves have been described from Eocene sediments,
such as Sabalites asymmetricus, Sabalites robustus, Sabalites tenuifolius,
Sabalites szei, and Sabalites changchangensis (37), and Oligocene sedi-
ments, namely, Chuniophoenix slenderifolia, Livistona rotundifolia, and
Trachycarpus formosa (38), based on some morphological features and
preserved cuticular structures. In all the aforesaid fossils, the leaf blades
are incomplete, the leaf segments are fused, and the preserved petioles
are very short. These features are significantly different from those of the
Tibetan fossils.

Similarly, a coryphoid palm leaf named Sabalites longirachis has
been described from the early Campanian of Austria and Maastrichtian
of the Pyrénées (23), and although it looks similar to our fossil, it has
fused leaf segments, which is a major difference. Srivastava et al. (39)
reported a similar type of coryphoid palm from the late Maastrichtian-
Danian sediments of Deccan Intertrappean beds of central India, but
their fossil bears a long costa and fused leaf segments as distinct from
our Tibetan fossil leaf. Therefore, in the absence of any similar leaves, we
proposed the new species S. tibetensis T. Su et ZK. Zhou sp. nov.
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Climate model

HadCMS3L is a fully coupled atmosphere-ocean model consisting of
19 vertical levels in the atmosphere and 20 ocean depth levels and has
an integrative vegetation model. We ran HadCM3L until ocean cir-
culation equilibrated fully with no trend in the integrated ocean tem-
perature. HadAM3, the atmospheric model of HadCM3L using the
equilibrated sea surface temperatures (SSTs) from HadCM3L simu-
lation, was used to perform the topography sensitivity studies. The
HadCM3 family has seen extensive use as a principal model of the
Inter-governmental Panel on Climate Change (IPCC) AR3-5 experi-
ments. Crucially, the HadCM3 family shows skill in representing not
only the mean climate state compared with observations globally (26)
but also the monsoon climate of East Asia (40), where it outperforms
most other models.

Simulations of the Chattian paleogeography use the Getech Plc.
palaeogeographic reconstructions (0.5° x 0.5° longitude x latitude)
(40) upscaled to the HadCM3L resolution (41). An ice sheet over
Antarctica is also prescribed in these sets of simulations. Each simu-
lation was run >6000 model years to achieve a steady state in the deep
ocean as well as a radiative balance in the atmosphere.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/3/eaav2189/DC1

Fig. S1. S. tibetensis T. Su et Z.K. Zhou sp. nov.

Fig. S2. Stratigraphy of the Dingqing Formation at Dayu, Lunpola Basin.

Fig. S3. Late Paleogene model elevations (meters) showing the different topographic scenarios
for the QTP region.

Table S1. Fossil records of palms around the world.

Table S2. Morphological comparisons between fossils from Lunpola Basin and modern palm genera.
Table S3. Climate ranges of 12 living genera that show the closest morphological similarity to
S. tibetensis T. Su et Z.K. Zhou sp. nov.
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