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1. Detailed sedimentology

We mapped Chebuli, Dayu, Dawei and Lunpori sections for detailed
sedimentology of the Niubao (E2n) and Dingqing (E3-N1d) formations (Fig. S2).

The Niubao Formation is divided into three members, the lower, middle and upper
members (i. e. Eon!, Ean?, Ean), respectively (72). The lower member of the Niubao
Formation (E»n') is measured at both Chebuli, Dayu and Dawei sections (Figs. S2A-
C), and is primarily composed of two subunits. The lower part of Eon' consists of red
conglomerates and sandstones with intercalations of paleosols and lenticular sandstones.
The conglomerates are generally ~50-100 cm thick, well sorted, clast-supported by
pebbly to cobbly metamorphic, mylonitic and volcanic clasts and show observable
imbrications. The sandstone beds are generally 10-120 cm thick and medium- to coarse-
grained with cross-bedding structure. Carbonate nodules were present within paleosols
(Figs. S3A-B; 72). The upper part of the Eon! consists of thick brown-red mudstones
interbedded with thin greyish green shale and yellow fined grained sandstones. In the
upper part of Eon!, we discovered one tuff layer (2017TX15, Fig. S3C), which
accurately constrain the upper limit of the Eon!, and the tuff layer is just in the lower
part of the fossil site DY1 in (/7). The lower member of Niubao Formation is
interpreted to have been deposited in fluvial environments (73).

The middle member of the Niubao Formation (E,n?) was measured at the Dayu
and Dawei sections (Figs. S2B-C), and is dominated by grey to greyish-green to

greyish-white mudstones, siltstones and marls, interbedded with several layers of shales



and sandstones. The mudstones are laminated calcareous mudstones usually about 3-
10 cm thick (72). Asymmetric ripple marks are sometimes preserved in the upper parts
of the sandstones. The marls and shales are laminated with thicknesses of 5-10 cm and
are laterally continuous for more than 500 m with prolific faunal and floral fossils
preserved in the shales (/7, 30). We found three tuff layers (2017TX17, 19, 20, Figs.
S3D-F) within Eon?, located in the upper part of the fossil site DY2 in (/7). Combined
with the tuff layers from the Exn!, the age of the fossil layers can be accurately
constrained. Based on the field-observed sedimentary succession, we interpret that Eon?
was deposited in a lacustrine system (73).

The upper member of the Niubao Formation (Ean®) was measured to the south of
the Dayu Thrust at Dayu and Dawei sections (Figs. S2B-C). The strata consist of
reddish conglomerates with pebbly to medium-grained sandstones and siltstones. Well-
developed calcic paleosols were found at the top of several silty-mudstones (Figs. S5A-
C). The strata show upward-fining rhythmicity from conglomerate to siltstone. The
conglomerate, with a thickness of 2-3 m, is usually interbedded with sandstones (Fig.
S5C). The sedimentary environment of Eon? is interpreted as fluvial (73).

The Dingqing Formation (E3-Nid) can also be further divided into lower, middle
and upper members (i. e. E3-Nid', E3-N1d?, E3-N1d*) according to the lithological
association at Chebuli and Lunpori sections (Figs. S2A, S2D; 72). E3-Nid! was
measured at the Chebuli section (Fig. S2A), containing 1-10 cm thick grey mudstones

and marls, intercalated with thin layers of grayish yellow sandstone and siltstones. A



tuff layer (2015TL45) was discovered in the lower part of the section (Fig. S5D). Es-
Nid? consists of grey mudstone, shale interbedded with oil shale, siltstone and fine-
grained sandstone (Fig. S2D). One tuff (2013TX76) was collected from E3-N1d” (Fig.
S5E) at the Lunpori section. E3-Nid® is dominated by grey mudstone, alternating with
shales, siltstones and marls (Fig. S2D). A mammalian fossil was collected from a
mudstone within E3-N;d* (28), and we discovered two tuff layers (2017TX59, 60; Fig.
S5F) in E3-Nid! near the Dayu area, which accurately constrains its sedimentary age.
The lithofacies associations of the Dingqing Formation indicate a depositional

environment of a medium/deep-water lake (73).

2. Diagenesis

Diagenesis after sedimentation will change the §'*0, signals of carbonates, and
thus render inaccurate the use of isotope proxies to reconstruct paleoelevation. We
employed detailed petrographic analysis and carbonate clumped isotope temperatures
of paleosol nodules and marls to evaluate the potential effects of diagenetic alteration.

Recrystallization to spar is the first clear sign of diagenesis, and the primary texture
of unaltered carbonate is mostly mictitic to micro-sparitic. Thin sections of carbonate
samples from the Chebuli and Dayu area reveal dominantly micritic to microsparitic
structure with rare penetrative calcite veins (Fig. S6), thus indicating that the carbonate
samples have not undergone visible recrystallization.

The carbonate clumped isotope thermometry results are used to further identify

microscale recrystallization and solid-state bond reordering on carbonate samples. All



the samples measured show T (A47)s below 40 °C, and so within the range of the T(A47)s

observed for the original modern/Holocene pedogenic carbonates in Tibet (42,74).

3. Figures S1 to S11
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Fig. S1. Geologic map of the Lunpola Basin with the locations of the four measured sections.

The exact localities are denoted as filled blue rectangles.
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Fig. S2. Stratigraphy of the four measured sections in the Lunpola Basin. Dashed lines show
lithologic correlation among these sections. Locations of carbonate samples used for isotope
analyses from the lower to upper members of the Niubao Formation are marked with light green,
pink and orange circles. U-Pb ages of volcanic rocks and sandstones are marked by blue diamonds.
(A) Chebuli section with mainly the lower member of the Niubao Formation and lower member of
the Dingqing Formation. (B) Dayu section with the Niubao Formation. (C) Dawei Section with the

Niubao Formation. (D) Lunpori section with mainly the Dingqing Formation.
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Fig. S3. Representative field photos of the lower and middle members of the Niubao Formation



(Ez2n' and E2n?). (A) The unconformity between the early Eocene Eon' and the Late Cretaceous Madeng
volcanics (Kom). (B) Paleosol nodules developed in Eon'. (C) The sedimentary boundary between Eon!
and Eon?. Volcanic tuff sample (2017TX15) collected from E;n' with a U-Pb age of 40 Ma, which is
located just below the palm and fish fossils site DY1 of (17). (D) The tuff sample (2017TX17)
collected from the lower part of Eon?. This sample site locates in the upper part of the palm and fish
fossils site DY2 of (17). (E) The tuff sample (2017TX17) collected from the lower part of Eon? with
a U-Pb age of 39 Ma. (F) Close view of the tuff sample 2017TX17. (G) Interbedded mudstones and
marls with several layers of sandstone from Eon?. The inserted photo indicates the collected fine-grained

sandstone samples (2015TL109) with the youngest age of 38 Ma. Photo Credit: L. Ding, ITPCAS.
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Fig. S4. Zircon U-Pb ages of sandstones from the Niubao Formation. Results are shown with
probability density and the youngest zircon ages. (A) Sandstone (2013TX53) from Eon' at the Chebuli
section. (B) Sandstone(2015TL31) from E;n' near the Dayu section. (C) Sandstone(2015TL32) from
Eon! near the Dayu section. (D) Sandstone(2015TL109) from E»n? at the Dawei section. (E) Sandstone
(2016TL20) from Eon? at the Dayu section.
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Fig. S5. Representative field photos of the upper member of the Niubao Formation (E:n®) and the
Dingqing Formation (E3-N1d). (A) Sandstone (2016TL20) with the youngest age of 37 Ma collected
from the upper most part of Eon®. (B) paleosol developed within E;n® with oxygen isotope values
showing in the picture. (C) Paleosol nodules collected from Eon?® with 7 (A47) and oxygen isotope
values showing in the picture. (D) The tuff layer (2015TL45) collected from E3-N;d! with U-Pb
Concordia age of 29 Ma. (E) Interbedded marls, mudstones and siltstones of E3-N1d?. The inserted
layer indicates the tuff layer (2017TX76) collected from E3-Nd?> with a U-Pb Concordia age of 22
Ma. (F) The tuff layer (2017TX59, 60) collected from E3-N;d? in the Dayu area with a U-Pb
Concordia age of 20 Ma. Photo Credit: L. Ding, ITPCAS.
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Fig. S6. Petrographic photos of the representative carbonate paleosol samples. The samples mainly
show micritic structure. (A) 2015TL33. (B) 2015TL86. (C) 2015TL108. (D) 2015TL119.
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Fig. S7. Four topographic scenarios (in m) used in climate modelling. (A) Lutetian (~44 Ma) Tibet

with a central valley at 1.5 km surrounded by 4.5 km Gangdese mountains to the south and the 4 km
Central Watershed mountains to the north. (B) Lutetian (~44 Ma) Tibet where the central part is elevated

to 4.0 km, the Gangdese mountains at 4.5 km to the south and the Central Watershed mountains of 4 km
to the north. (C) Chattian (~25 Ma) Tibet with a low central valley at 2.5 km, straddled by the 5 km
Gangdese and Central Watershed mountains to the south and north, respectively. (D) Chattian (~25 Ma)
Tibet with a high elevated central valley at 4.5 km, straddled by 5 km Gangdese and Central Watershed



mountains to the south and north, respectively.
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Fig. S8. 6'%0 values (in %) during carbonate formation periods in four different scenarios. (A)
0'80 value during March-June for a Lutetian valley system (topographic scenario 1; CO, concentration
1120 ppm ); (B) 6'%0 value during September for a Lutetian valley system (topographic scenario 1; CO»
concentration 1120 ppm); (C) 6'%0 value during March-May for a Lutetian plateau (topographic scenario
2; CO; concentration 1120 ppm); (D) 6'30 value during September for a Lutetian plateau (topographic
scenario 2; CO, concentration 1120 ppm); (E) 6'%0 value during April-June for a Chattian valley system
(topographic scenario 3; CO, concentration 560 ppm); (F) 6'%0 value during September for a Chattian
valley system (topographic scenario 3; CO, concentration 560 ppm); (G) 6'%0 value during May-June
for a Chattian plateau (topographic scenario 4; CO concentration 560 ppm); (H) 6'%0 value during

September for a Chattian plateau (topographic scenario 4; CO, concentration 560 ppm ).
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Fig S9. Surface winds at 10m (in m/s) for the four different scenarios. (A) Lutetian valley system
(topographic scenario 1; CO; concentration 1120 ppm); (B) Lutetian plateau (topographic scenario 2;
CO; concentration 1120 ppm); (C) Chattian valley system (topographic scenario 3; CO, concentration
560 ppm); (D) Chattian plateau (topographic scenario 4; CO; concentration 560 ppm).
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Fig. S10. 1.5 m mean annual surface air temperature results (in ° C) for the four different scenarios.
(A) Lutetian valley system (topographic scenario 1; CO, concentration 1120 ppm); (B) Lutetian plateau
(topographic scenario 2; CO; concentration 1120 ppm); (C) Chattian valley system (topographic scenario
3; CO;, concentration 560 ppm); (D) Chattian plateau (topographic scenario 4; CO, concentration 560

ppm).
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Fig. S11. Seismic profile with and without interpretations.

4. Legends for tables S1 to S5

Table S1. Zircon LA-ICP-MS U-Pb in-situ results for volcanic rocks and sandstones in the

Lunpola Basin.

Table S2. C-O isotope results.

Table S3. Carbonate clumped isotope results.

Table S4. Model setting of the four scenarios used in the study.

Table S5. Raw clumped isotope data used in the study.
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