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Abstract
There is no agreement regarding the processes that have governed the birth and vanish of ice masses on
Earth during Cenozoic, as well as the possible existence of unipolar vs bipolar glaciations which remain
controversial. Although it is generally accepted that Cenozoic cryosphere was characterized by a unipolar
Antarctic glaciation at the Eocene-Oligocene Transition (~ 34 Ma), recent investigations suggest
synchronous cryospheric processes at both hemispheres at this time. Here we present the �rst worldwide
evidence of ice-related structures in Eocene-Oligocene sediments from the mid-latitude Lunpola Basin of
central Tibet. The lacustrine deposits contain two intervals dated 37.8–35.6 and 34.0-32.5 Ma,
respectively, which preserve seasonal frost events, glendonites and ice-rafted debris. These cryospheric
processes were synchronous with two recorded stratigraphic intervals containing ice-rafted debris along
offshore Greenland and in the Arctic region. Our results provide robust continental evidence of Eocene-
Oligocene bipolar glaciation and a direct evidence for an already uplifted central Tibet during late Eocene.
This �nding brings into debate the timing and magnitude of inherited elevation of the vast proto-Tibetan
Plateau before the continental collision between India and Eurasia.

Main
Widespread mountain glaciations on Earth are thought to have occurred no earlier than the Miocene and
Pliocene1, and the Eocene-Oligocene Transition (EOT) is thought to have only been characterized by
unipolar Antarctic glaciation1,2. However, increasing evidence indicates that Eocene-Oligocene polar ice
existed in the Northern Hemisphere (e.g. ref. 3–5). These Cenozoic glaciations are largely inferred from
marine sediments, whereas continental sedimentary archives of glaciations are relatively rare5.
Identi�cation of continental sediments that preserve seasonal frost events and contain glendonite and
ice-rafted debris during the EOT in the central Tibet is challenging. The almost constant occurrence of
frost marks has a late Eocene to early Oligocene age of between 37.8–32.5 Ma (Priabonian to Rupelian),
based on our zircon U-Pb age and fossil data, magnetostratigraphic and chemostratigraphic and
lithostratigraphic correlations (Supplementary Information). Thus, the ice-related structures in the studied
succession record terrestrial cryospheric processes during the EOT.

The recognition of ice-related structures, cryospheric processes, and cold-water authigenic minerals in
lacustrine deposits from plateau settings provides key paleoclimate evidence for past ice-related
processes6. Determining the onset of glaciations is widely based on direct paleoclimate proxies, including
the occurrence and geochemistry of ice-rafted debris (IRD)7–9, oxygen isotope data2,10−11, and
identi�cation of microfossil species that live close to sea ice9,12. Other proxies are based on major
element geochemistry that are affected by chemical weathering13,14. Thus, we used the chemical index of
alteration (CIA) along with the oxygen isotope data and clay mineralogy from these Eocene-Oligocene
lacustrine deposits to reconstruct the intensity of chemical weathering and related climate state at this
time. The study area lies in the Lunpola Basin, which is a Cenozoic continental basin in central Tibet,
southwestern China, and is situated in the Bangong-Nujiang suture zone formed by the Mesozoic
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collision of the Lhasa and Qiangtang blocks (Fig. 1a)16. During the EOT, the central Tibet was located in a
transitional semi-arid setting and was sensitive to the Asian winter and summer monsoons and
Westerlies6,16,17,18.

Here, we provide the �rst report of frost marks, glendonite, and IRD in upper Eocene to lower Oligocene
lacustrine rocks from the Lunpola Basin. This evidence demonstrates the occurrence of persistent
freezing waters during lacustrine sedimentation, and enables comparisons with Eocene-Oligocene glacial
features in the Arctic and offshore Greenland. Our results have global implications for terrestrial Eocene-
Oligocene cryospheric processes. In addition, the timing and magnitude of the uplift of the Tibetan
Plateau related to the India-Eurasia collision controlled the initiation and evolution of several Cenozoic
global events, including late Eocene Asian climate cooling17,19−21 and the onset of the Asian monsoonal
system22,23. Our results provide a more direct spatial-temporal constraint for regional climate system and
its possible response to Tibetan landscape evolution.

Ice-related Structures In Central Tibet
Three key ice-related structures are found in the Niubao Formation of Sect. 382 along the Zhajia Zangbo
River in the western Lunpola Basin (Fig. 1-b and Supplementary Fig. 1-a,b). The �rst ice-related structure
is the most common and occur on bedding planes, which are characterized by radiating, lace-like,
dendritic, and feather-like shapes typical of ice crystals (Fig. 2a-b, f-g). These marks are straight limits
and lineation diverting from a sharp lineation and radial patterns from nuclei, exhibiting geometrical
a�nities typical of modern frost structures (Fig. 2a-g). Some marks are slightly curved and elongate.
They are typically 2–5 cm across (up to 50 cm), 2–5 mm in width, often linked and branch into each
other under a recurrent pattern, with a uniform angle (< 30˚) between branches. The intermittent
occurrence of these frost casts on bedding planes indicates that the Lunpola lake basin experienced
strong seasonal temperature variations, and that winter was characterized by water temperatures below
0˚C.

The second ice-related feature is stellate displacive structure that is characterized by euhedral blocky
carbonate crystals showing a displacive growth in the laminated sediments (Fig. 2h-l). Stellate displacive
structures are usually interpreted as glendonite pseudomorphs of ikaite (CaCO3.6H2O), a common

cryogenic mineral indicative of freezing temperatures24. Glendonite is one the most common indicators
of near-freezing settings and is widely used in paleoclimate reconstructions25. The glendonite occurs as
stellate clusters or aggregates with pyramidal crystal faces that are 0.1–1.5 mm in size and occasionally
have interior voids (Figs. 2j and Supplementary Fig. 5-c). In cross-section the crystals are block- or rhomb-
shaped (Fig. 2k). Penetrative star-shaped twins are also common and characterized by obtuse angles
(95–125˚; Fig. 2l). Based on the sedimentary laminae that are warped around the glendonite (Fig. 2i-j and
l), we speculate that precursor minerals were converted to glendonite during early diagenesis, and prior to
sediment compaction and cementation and that these minerals grew displacive in the host laminated
sediments.
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Ikaite pseudomorph morphologies include square prismatic and pyramidal habits, and multiple crystals
can form a sigmoidal shape25. Ikaite is metastable near Earth’s surface, and is thermodynamically stable
at near-freezing temperatures. Ikaite crystals often occur as aggregates of bipyramidal crystals after the
transformation of ikaite to aragonite, calcite, or vaterite by rapid dehydration with increased ambient
temperatures24,26. Glendonite and its pseudomorphs have been widely reported in the sedimentary record
from relatively deep marine to tidal and lacustrine environments26,27. Glendonite has been also
documented in modern marine sediments deposited at low temperatures (-1.9 to + 3.0˚C), such as in the
circum-Arctic and Antarctic regions26,27. Therefore, the repeated occurrence of glendonite, consistent with
other ice-related structures, supporting a short-lived sharp plunge in temperatures to frozen and/or cold
setting during deposition of the Niubao Formation.

Angular and sub-rounded dropstones and outsized clasts (coarse to �ne sand) encased in laminated
sediments of the Niubao Formation are another ice-related structures (Fig. 2m-p). They have deformed
the underlying and overlying sediments, including bending (Fig. 2n), rupture, and penetration structures at
their base (Fig. 2m), and drape and onlapping structures on their upper surfaces. They are widely
scattered in the laminated sediments and are associated with glendonite (Fig. 2o-p). Their occurrence
disrupted the lower contact and onlapping geometries of lamination, suggesting that the clasts sunk to
the lake bottom from a certain water depth, deformed the underlying sediments, and were then covered by
laminated carbonate28. The outsized clasts are interpreted as IRD formed by gravitational sinking of
debris originally attached to the bottom of lacustrine ice �oes, which sunk when the ice melted and thus
formed dropstones in the lake sediments29,30. The Eocene dropstones have inclined penetrative
geometries in the underlying deformed sediments, similar to IRD reported in Proterozoic rocks from
India30.

Geochemical And Mineralogical Proxies Of Paleoclimate
Our �eldwork revealed that ice-related structures are largely restricted to the gray dolomite and
argillaceous dolomite strata (Fig. 3). These observations suggest that the formation of gray dolomite
with freeze-related sedimentary structures was controlled by intermittent glaciations, whereas the
dolomitic siltstone was mainly deposited in non-freezing and/or warming conditions. This is in
agreement with the CIA values, which exhibit signi�cant stratigraphic variations throughout the studied
section, with the lowest values at the EOT-1 and Oi-1(Fig. 3; for more details, see SI). During the EOT, CIA
values varied between 55–60 in most of the (argillaceous) dolostones and 65–70 in the dolomitic
siltstones, suggestive of a weak to moderate weathering intensity in the source areas, respectively13,14.
Thus, the lower CIA values (< 60) in the Niubao Fm. are consistent with multiple cooling events and semi-
arid climate conditions, whereas higher values (> 60) re�ect warmer and semi-humid climate conditions.
Further insights into the climate at this time can be gleaned from the clay mineralogy, whereby illite and
chlorite are predominant under low-weathering, cool, and/or arid climate conditions, and smectite and
kaolinite contents increase during periods of enhanced weathering intensity and temperate-humid climate
conditions37. In the studied section, illite and illite/smectite mixed layers (I/S) are very prevalent and
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smectite and kaolinite are absent in most samples. The (smectite + I/S)/illite ratio can be used to trace
the silicate weathering index38. Here, low values of (smectite + I/S)/illite ratio were recorded at most of
the studied succession except for some samples from the EOT that have higher values, which are
signi�cantly consistent with the CIA.

The δ18O values are signi�cantly negative throughout the studied section (-2.05‰ to -11.15‰, with an
average of -5.72‰) and exhibit a similar pattern as the CIA values and (smectite + I/S)/illite ratios
(Fig. 3). During the EOT, δ18O values exhibit a large positive excursion from − 10.3‰ to -1.80‰ at ca.
33.6 Ma. This positive δ18O excursion was accompanied by a major decrease in atmospheric CO2 from

1050 to 700 ppmv31–35. It also correlates with changes in benthic foraminiferal δ18O records, and broadly
corresponds to the Oi-1 event that was likely triggered by strong pCO2 drawdown39. Therefore, this δ18O
excursion records a relative decrease in lake water temperature and the formation of ice-related structures
in the Lunpola Basin. Although the obtained δ18O pro�le is similar to other published records, the extreme
negative δ18O values were likely due to a diagenetic overprint during dolomitization40.

Eocene-oligocene Bipolar Glaciation
The EOT (ca. 34.0-33.5 Ma) was characterized by a major environmental and climatic change that lasted
for ca. 790 kyr, leading to the �rst major glaciation in Antarctica and global cooling from a largely ice-free
greenhouse to icehouse climate1. This climatic transition involved several pulses of glaciations or cold
events, including the globally recognized EOT-1 and Oi-12,39,41. These two periods of ice sheet formation
have been recognized during East Antarctic ice growth, including the EOT-1 cooling event at 33.9 Ma that
triggered the expansion of ice sheets in elevated areas, and the Oi-1 cooling event at 33.7 Ma that led to
the development of ice sheets over a wide continental region1,28. However, an increasing number of
studies have inferred that Eocene-Oligocene polar ice existed in the Northern Hemisphere, and thus
proposed that bipolar glaciation existed at this time3–5. Our inferences from the Niubao Formation are
consistent with the latest results of bipolar glaciation. Our results are based on 19 stratigraphic
occurrences of ice-related structures (e.g., frost marks and IRD) and cold water-related authigenic
minerals (i.e., glendonite after ikaite) recovered from the 100-m-thick interval that accumulated in 4.4 Myr
(36.9–32.5 Ma). Freezing conditions prevailed at least seasonally, leading to an exceptional record of
seasonal ice-related structures produced by melting ice �oes that drifted on the lake surface and growth
of ikaite in the lacustrine sediments. Most of the ice-related structures occur in two intervals dated 37.8–
35.6 and 34.0-32.5 Ma respectively, which are in the middle Priabonian and early Rupelian, and are
synchronous with two intervals of bipolar glaciation and IRD in the Greenland and Arctic regions3–5

(Fig. 3). Therefore, our terrestrial sedimentary record, along with marine archives of Greenland and Arctic
sea ice, support the hypothesis of bipolar Earth glaciations during EOT.

An Already Uplifted Central Tibet
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The timing and magnitude of central Tibet uplift remain controversial. The paleoelevation of the Lunpola
Basin has been estimated from pedogenic carbonate δ18O values, which indicate it was elevated to ~4.5
km at >35 Ma ago42. Between 45 and 30 Ma, central Tibet was at an elevation of ~3 km, and
paleoelevation data support the existence of a Paleogene proto-Tibetan Plateau20,43. Our previous study
indicates that a Cretaceous desert was developed in the eastern Tibetan Plateau that had already been
uplifted to high altitudes and cooled, resulting in ice �oe formation and dropstone accumulations in
desert oases44. Therefore, the palaeoelevation invoked for the Tibetan plateau at this time could be, in
part, inherited from the Cretaceous period, whereby the Lunpola Basin might have palaeoelevation of 4.5
km in the early Eocene43. In contrast, revised magnetostratigraphic data38 and paleontological data45

from the Lunpola Basin suggest that the basin �oor was <2.3 km and bounded by high mountain
systems (>4 km) at ca. 39.5-37.0 Ma. While the former high elevations of ~4.5 km42 at >35 Ma ago based
on paleosol carbonate δ18O are reconstrained to the interval of ~26.5 to 21.5 Ma38. This result is
consistent with the late Oligocene to Miocene paleoelevation estimates (~3.0-4.5 km) for the
Lunpola/Nima basins (for more details, see SI). As such, based on these previous studies, Lunpola Basin
would have been at a lower elevation (<2.3 km) before the EOT and a relatively higher elevation (~3.0-4.5
km) during the Miocene (Fig. 4). 

We �nd that the Lunpola Basin experienced freezing conditions on a regular occurrence, probably
seasonally between 37.8-32.5 Ma, although such processes are occurring today in the Badain Jaran
desert at altitudes of 1200-1700 m44, and have even been reported from altitudes 86 m below sea level in
the Dead Valley playas46. However, the occurrence of glacial dropstones and glendonite indicates that
freezing temperatures had to be maintained in the lake not only on a seasonal basis, but for multiple
years. This suggests that the Lunpola Basin was at a higher elevation than the ~2.3 km inferred from late
Eocene paleo-botanical constraints. Otherwise, the exceptional low temperatures (e.g., cold snap/snaps,
or both) were not prevalent at this time. In this regard, high mountains in present-day Asia
have permanent glacier ice (>4 km) and permafrost (3-6 km)47. Thus, if the paleoelevation was >2.3
km in the late Eocene, then the development of seasonal frost structures, glendonite, and IRD would be
expected. 

An elevated plateau implies that the EOT global glaciation affected (i.e., decreased) the
regional temperatures of these already glaciated high-altitude mountains surrounding the basin. This
promoted the expansion of both the permafrost and glacier fronts in the surrounding areas
and cooled the lacustrine waters. This is consistent with preserved plant-bearing horizons at different
stratigraphic levels in the Lunpola/Nima basins (e.g. ref. 45, 48, 49). The timing of the cryospheric
processes discussed here and paleoecological changes inferred from these plants appear to be
diachronous. Palm-bearing strata have been reported from horizons dated to 39.5
Ma45, and tropical �sh48, insects48, and plant fossils48,49 have been dated to 37 Ma38, whereas most of
the ice-related structures were developed at 36.9-32.5 Ma, along with one short cold event at 37.8-36.9
Ma. In addition, the EOT glaciation only lasted for ca. 790 kyr1, which is insu�cient to explain the ice-
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related structures that formed for ca. 5.3 Myr in the Lunpola Basin. Therefore, since 37.8 Ma, the high
elevation basin �oor (probably >3 km) may be an underlying cause of the emergence of these cryospheric
processes. It is clear that the Tibetan Plateau was not a vast plain at sea level in the Paleogene, but
displayed considerable topographic relief, perhaps like the modern Andes50, with deep valleys between
mountain ranges. The interval in the Lunpola Basin characterized by ice-related structures was likely a
critical period of transition from an intramontane basin surrounded by prominent mountain ranges to the
vast proto-Tibetan Plateau.

Methods
A total of 67 samples were collected and subjected to XRD analysis to determine their bulk
mineralogical composition (Supplementary Fig. 3; Supplementary Table 1). 

The clay mineralogy of the same samples was investigated after standard preparation techniques51. XRD
and clay mineralogy analyses were conducted with a Rigaku Ultima IV diffractometer at the Chengdu
Land Micro Structure Quality Testing Technology Service Co. Ltd, Sichuan, China. Petrographic and
scanning electron microscopy observations were conducted of the ice-related structures in thin-section.
Whole-rock geochemical analyses, including major and trace elements, were undertaken in the Wuhan
Sample Solution Analytical Technology Co. Ltd., Wuhan, China (Supplementary Table 1 and 2).

Stable carbon and oxygen isotope analyses were carried out on 67 samples (Supplementary Fig. 9;
Supplementary Table 3) using a 100-400 μg aliquot of each sample. Stable isotope analyses were
conducted with a Thermo-Finnigan MAT-253 mass spectrometer at the Nanjing Institute of Geology and
Paleontology, Chinese Academy of Sciences, Nanjing, China. The long-term reproducibility of these
analyses is <±0.1‰ (1σ). The analytical precisions for δ13Ccarb and δ18Ocarb are ±0.04‰ and ±0.08‰,

respectively. The lack of a correlation between δ13C and δ18O (r2 = 0.0679) is indicative of a diagenetic
overprint (Supplementary Table 3).

Youngest detrital zircon U-Pb ages were used to obtain precise maximum depositional ages of the
studied section. Two hundred and eight randomly selected zircon grains were dated at the Wuhan
Sample Solution Analytical Technology Co. Ltd., Wuhan, China (Supplementary Table 4). The operating
conditions for the laser ablation system and inductively coupled plasma mass spectrometer, as well as
the data reduction procedures, are the same as those described by Ref. 52.

In addition, 14 rock samples were subjected to palynological analysis after the standard preparation
techniques of Ref. 53. Slides were prepared by mounting the resulting residue in glycerin jelly, and then
counted under a microscope at ×20 magni�cation (Supplementary Fig. 9). Palynological analyses and
microscopic observations were conducted at the Nanjing Institute of Geology and Paleontology, Chinese
Academy of Sciences, Nanjing, China.
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Figure 1

Location of the study area, Lunpola basin in central Tibet, southwestern China. a, Major terranes of the
Tibetan Plateau. b, Geological map of the western Lunpola basin (modi�ed from ref. 15).
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Figure 2

Ice-related structures in the Nuibao Formation of the Lunpola Basin and their similar modern ice crystal
and frost marks. a-b, Eocene Frost marks. c-d, Modern ice crystal marks. e, Modern frost structures. f-g,
Eocene frost marks. h-l, Eocene glendonite exhibiting displacive, stellate, and rhombic features. m-p,
Eocene ice-rafted debris. More details for the source of Figs. 2 c-e can be seen in SI.
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Figure 3

Summary of various paleoclimate proxies in the Eocene-Oligocene. a, Lithostratigraphy and stratigraphic
range of the ice-related structures in the studied section. b-d, δ18O data, chemical index of alteration
values, and clay mineralogy of the Niubao Formation, Lunpola Basin, respectively. e, Global δ18O record
from benthic foraminifera2. f, Atmospheric CO2 content during the late Eocene-early Oligocene31-35. g,
Correlation of ice-related structures in the Nuibao Formation on the Tibetan Plateau (blue) with those
from Greenland and the Arctic region3-5, showing their signi�cant correlation in two main intervals. The
geological timescale follows that of GTS202036.
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Figure 4

Plot showing the inferred elevation changes of the Lunpola-Nima basins over time, based on
geochemical, isotopic, and fossil data (Ref. see SI).
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