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G E O L O G Y

The rise and demise of the Paleogene Central  
Tibetan Valley
Zhongyu Xiong1†, Xiaohui Liu1†, Lin Ding1,2*, Alex Farnsworth1,3, Robert A. Spicer4,5, Qiang Xu1, 
Paul Valdes3, Songlin He1,2, Deng Zeng1,2, Chao Wang1,2, Zhenyu Li1, Xudong Guo1,2, Tao Su4, 
Chenyuan Zhao1,2, Houqi Wang1, Yahui Yue1

Reconstructing the Paleogene topography and climate of central Tibet informs understanding of collisional tec-
tonic mechanisms and their links to climate and biodiversity. Radiometric dates of volcanic/sedimentary rocks 
and paleotemperatures based on clumped isotopes within ancient soil carbonate nodules from the Lunpola 
Basin, part of an east-west trending band of basins in central Tibet and now at 4.7 km, suggest that the basin 
rose from <2.0 km at 50 to 38 million years (Ma) to >4.0 km by 29 Ma. The height change is quantified using the 
rates at which wet-bulb temperatures (Tw) decline at land surfaces as those surface rise. In this case, Tw fell from 
~8°C at ~38 Ma to ~1°C at 29 Ma, suggesting at least ~2.0 km of surface uplift in ~10 Ma under warm Eocene to 
Oligocene conditions. These results confirm that a Paleogene Central Tibetan Valley transformed to a plateau 
before the Neogene.

INTRODUCTION
Accurate quantification of how the modern Himalaya and Tibetan 
Plateau came to form Earth’s most notable elevated feature is 
critical to assess its influence on atmospheric (e.g., monsoons and 
large-scale circulation) and land surface processes (e.g., vegetation 
characteristics, sedimentation, and erosion rates) (1–4). Ideas con-
cerning the growth of this complex orogenic system have evolved 
from considering a simultaneous rise of the entire Tibetan region 
as a single entity through to differential surface height changes (5–9), 
but the exact patterns and related geodynamic processes of topographic 
development remain in debate. Past concepts suggested that the 
first parts of the region to reach high elevations were in southern 
Tibet and that they did so in the Eocene. Subsequently, this rise prop-
agated northward as India indented deep into Asia (9–12). Another 
view envisaged that the Eocene central Tibet was the most elevated 
part of the region, which formed a high proto-Tibetan Plateau that 
then expanded southward to form the Himalaya and northward 
to elevate northern Tibet, primarily from the Miocene onward 
(8, 13, 14).

Recent studies point to a complex Paleogene topography predat-
ing plateau formation, with two high mountain systems (the Gangdese 
and Central Watershed mountains, the latter including the Tanghula or 
Tanghla Mountains) sandwiching central Tibetan lowlands (7, 15–17), 
and we term these lowlands the “Central Tibetan Valley.” We argue that 
this valley extended along most of the length of the ancient junction 
between two of the major allochthonous tectonic blocks, the Lhasa 
and Qiangtang terranes, that collided in the Mesozoic and today form 
the core of the plateau (18–20). This topographic depression along 
the Banggong (Bangong)-Nujiang Suture Zone (BNSZ) is today ter-
minated by a series of V-shaped conjugate strike-slip faults where, 

in surface view, triangular extensional basins are visible [Fig. 1A; 
(21, 22)]. The present high-elevation low-relief landform extends 
east-west over a distance of ~1500 km and is 20 to 100 km wide in a 
north-south direction (Fig. 1A), but ample geological evidence 
points to significant (>50%) South to North (S-N) shortening through-
out its length during the Paleogene (14, 23). Given the progressive 
compression from India, this remnant of the ancient Central Tibet-
an Valley undoubtedly narrowed over time, but how it changed 
in width and depth throughout the Paleogene is not yet quantified. 
The history of the valley is now archived in a line of sedimentary 
basins within the BNSZ, with the Dingqing Basin in the east; the 
Bangor, Lunpola, and Nima Basins in the middle; and the Gerze 
Basin in the west (Fig. 1A).

Several paleoaltimetric approaches based on carbon, hydrogen, 
and oxygen isotopes, as well as animal and plant fossils, have been 
used to explore changes in the heights of the basins along the Central 
Tibetan Valley (16, 17, 24–30), but the outcomes lack consensus. 
Foraminifera found in the Gerze Basin toward the western end of 
the ancient valley suggest that the basin was near the sea level in the 
Eocene (24), whereas, in the Lunpola Basin, oxygen isotopes from 
paleosol carbonate and hydrogen isotopes from lipid biomarkers 
within the Niubao and Dingqing formations have been interpreted 
to suggest that the Lunpola area has maintained a high elevation 
(~4.5 km) since the Late Eocene (25, 26). However, estimates from 
palynological and mammalian fossils preserved within the Dingqing 
Formation suggest an elevation of ~3.0 km during Late Oligocene- 
Miocene interval (27, 28), which is consistent with a leaf wax lipid 
carbon-oxygen isotopes estimate (29). Megafossils, including leaf and 
fish fossils, were previously reported to be from the Dingqing For-
mation and thought to have been deposited at ~25 million years (Ma) 
(17, 30), but recent dating of what appears to be a primary tuff asso-
ciated with the fossils shows that they are Late Eocene in age (~38 Ma) 
and belong to the Niubao Formation (31). Consequently, the earlier 
paleoelevation estimate based on them, which limited the basin ele-
vation to lower than 2.3 km before the Late Oligocene (17), could be 
too low. This is because the Late Eocene was warmer than the Late 
Oligocene (32) and so the temperature-sensitive palm fossils upon 
which the height estimate was based might have survived at greater 
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elevations. Underlying fossil assemblages from the Middle Niubao 
Formation in the nearby Bangor Basin are dated to the Middle Eocene 
(but no older than 47 Ma) based on zircons in tuffaceous units and, 
using moist enthalpy and conservation of energy principles, quantify 
the elevation of the basin floor to have been 1.5 ± 0.9 km (16).

The lack of an absolute chronological framework throughout the 
Cenozoic stratigraphy of the Central Tibetan Valley and the diver-
sity of paleoelevation estimations have become important factors at 
the heart of the arguments surrounding the Paleogene topography 
of Tibet and exactly when it transformed into the high, but low re-
lief, surface that we see today.

The Lunpola Basin sedimentary record, at a present elevation of 
~4.7 km, has the potential to address dating and paleoelevation issues. 
The basin is one of the several remnant depositional centers that 

accumulated Cenozoic sediments along the BNSZ (Fig. 1) (18) and 
hosts the most complete Cenozoic sedimentary succession in central 
Tibet with a total thickness of 3 to 4 km, comprising the Niubao and 
Dingqing formations (Figs. 1B and 2).

To help resolve the elevation history of the Central Tibetan Valley, 
we first provide a more secure chronostratigraphy than has hitherto 
been available. This age regime is based on radiometric dating 
throughout the Cenozoic succession in the Lunpola Basin. Recent 
magnetostratigraphic dating of the upper part of the Lunpola suc-
cession exposed in the Dayu section (31) is questioned here because 
it is contradicted by our radiometric dates. Second, we introduce a 
new method of translating soil temperatures, as measured by 
carbonate-clumped isotopes, into surface elevation. We do this by using 
model-generated estimates of how past temperature changed with 

Fig. 1. Geomorphological and geological maps showing the location of the Lunpola region and the measured sections. (A) Topography of the Tibetan Plateau and 
neighboring regions illustrating the main tectonic boundaries, the extent of the Central Tibetan Valley (white shaded area), V-shaped conjugate strike-slip faults (22–23), 
the location of the Lunpola Basin (yellow star), and other Cenozoic basins (yellow circles). (B) Geologic map of the Lunpola Basin. The blue line indicates the position of 
the seismic profile (A-A′) in Fig. 2. The sample locations for U-Pb dating near Chebuli and Lunpori sections are shown with pink circles. The blue rectangle indicates the 
mapped Dayu area in Fig. 3, and the sample locations and U-Pb dating results at the Dayu section are detailed in Figs. 3 and 4. BG, Bangor Basin; DQ, Dingqing Basin; GZ, 
Gerze Basin; IYSZ, Indus-Yarlung Suture Zone; JSSZ, Jinsha Suture Zone; LP, Lunpola Basin; NM, Nima Basin; SH, Shuanghu Basin; TYC; Tangra Yum Co Basin.
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height at Earth's surface (known as terrestrial thermal lapse rates) 
and not, as is usually used, vertically in the free atmosphere (free air 
or so called “environmental,” thermal lapse rates). We explore un-
certainties in this approach by using a range of different topographic 
scenarios (33). Moreover, we use wet-bulb instead of the more con-
ventional dry-bulb temperatures because wet-bulb temperatures 
accommodate inevitable changes in humidity within a parcel of air 
as it passes over land surfaces of varying heights (33).

RESULTS
Stratigraphic geochronology and structural evolution
Field mapping indicates that the Cenozoic strata of the Lunpola Basin 
are bounded by several east-west trending, basin-scale thrust faults 
(Fig. 1B) that demonstrate S-N crustal shortening or compression 
processes. The southern boundary of the basin is marked by the 
regionally extensive, southward-dipping Changshan thrust with a 
Jurassic-Cretaceous complex in the hanging wall, while the Dingqing 
Formation is in the foot wall (Fig. 1B). The northern boundary is 
deformed by the northward-dipping Dayu thrust with the Jurassic 
complex and Cretaceous volcanics in the hanging walls, while the 
Niubao Formation occurs in the foot wall (Fig. 1B).

The Hongxingliang thrust passes through the basin center and 
places the Niubao Formation onto the younger Dingqing Formation 
near the Dayu section (Fig. 1B). Seismic profiles (Fig. 2) and high- 
resolution remote sensing satellite imagery (Landsat 8; Fig. 3) show 
that the Niubao Formation was deformed as eastward plunging fault- 
propagation folds in the hanging wall, while the Dingqing For-
mation was deformed as several subdued wavelength folds in the 
footwall. Because of the southward thrusting of the Hongxingliang 
thrust, the upper member of the Niubao Formation is eroded and 
not exposed in the southern limb of the Dayu anticline, while the 
middle member of the Niubao Formation is exposed on both limbs 
of the anticline (Fig. 3). The thrusting and folding in the Niubao 
Formation resulted in close contact of the middle member of the 
Niubao Formation with the upper member of the Dingqing Forma-
tion (Figs. 2 and 3). The similar colors and lithofacies of the middle 

member of the Niubao Formation with the upper member of the 
Dingqing Formation (Fig. 3) become an obstacle in differentiating 
these two units correctly in the field.

With a clear structural background for the Lunpola Basin, we 
measured four stratigraphic sections (Chebuli, Dayu, Dawei, and 
Lunpori) (figs. S1and S2; see details in the Supplementary Materials) 
and combined their stratigraphies with U-Pb geochronology to show 
that the Niubao Formation, with thickness of 2 to 3 km in the central 
basin (Fig. 2), unconformably overlies the Late Cretaceous Madeng 
volcanics (73 Ma; Fig. 4A and figs. S2A and S3A) and can be divided 
into three (lower, middle, and upper) members.

The lower member of the Niubao Formation is characterized by 
purple-red to yellow clastic deposits, comprising mostly conglom-
erates and sandstones with several paleosols developed in situ (fig. 
S3, A and B). For any given sandstone, the three youngest detrital 
zircon grains yielding 206Pb/238U ages that overlap with their mean 
at 2 constrain the maximum depositional age of that sandstone 
(34). The youngest three zircons of sandstone (2013TX53) from the 
lower member of the Niubao Formation at the Chebuli section yield 
a weighted mean age of 48.8 ± 2.6 Ma (2; figs. S2A and S4A), while 
sandstones (2015TL31-32) from the Dayu section yield weighted 
mean ages of 52.2 ± 2.6 Ma and 52.3 ± 2.7 Ma (2; figs. S4, B and C), 
respectively. Therefore, the maximum depositional age of the lower 
member of the Niubao Formation is constrained to ~50 Ma. One tuff 
sample (2017TX15) found in the upper part of this member, and ex-
posed in the same section, defines the youngest age of the unit and 
yields a Concordia age of 40.0 ± 0.4 Ma (2, n = 41; Fig. 4B). Given 
the stratigraphic relationships and zircon ages of the tuff layers and 
sandstones, the depositional age of the lower member of the Niubao 
Formation is constrained to ~50 to 40 Ma.

The middle member of the Niubao Formation consists of alter-
nating grayish-green to grayish-white mudstones, marls, tuffs, and 
sandstones with leaf and fish fossils (Fig. 3 and figs. S2, B and C, and S3, 
C to G) previously attributed to the lower member of the Dingqing 
Formation (17, 30). Three tuff samples (2017TX17, 2017TX19, and 
2017TX20; fig. S3, C to F) have been found within the middle mem-
ber in the Dayu section and yield Concordia ages of 38.5 ± 0.2 Ma 

Fig. 2. Stratigraphic geochronology of the Lunpola Basin. Interpretation of the seismic profile along the section A-A′ (57) shown in Fig. 1B. The classification of 
strata, thrusts, and U-Pb ages (denoted by filled red circles) of the Niubao and Dingqing formations in the Dayu section are expressed along the profile. Three wells used 
for layer calibration are denoted as W1 to W3. HXLT, Hongxingliang thrust.
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(2, n = 36; Fig. 4C), 38.4 ± 0.2 Ma (2, n = 33; Fig. 4D), and 
38.6 ± 0.2 Ma (2, n = 44; Fig. 4E), respectively. The youngest zircon 
age from the sandstones in the upper part of the member is 38.2 ± 
1.2 Ma (2; figs. S2C, S3G, and S4D) and found at the Dawei sec-
tion. The middle member of the Niubao Formation is therefore con-
strained to range in age from 40 to 38 Ma.

The upper member of the Niubao Formation is composed of red- 
brown clastic deposits, mainly including conglomerates and sand-
stones with several in situ developed paleosols (figs. S2, B and C, 
and S5, A to C). The youngest zircon age from sandstones found in 
the uppermost part of the paleosol is 37.3 ± 1.6 Ma (2; figs. S4E and 
S5A), which limits the maximum depositional age of the member, 
and the upper limit of the member is conservatively constrained by 
the zircon weighted average age (28.6 ± 0.6 Ma, 2, n = 14; Fig. 4F) 
from an overlying tuff layer (fig. S5D) in the lower member of the 
Dingqing Formation at the Chebuli section. Therefore, the deposi-
tional age range of the upper member of the Niubao Formation is 
constrained to 37 to 29 Ma.

The Dingqing Formation, with a thickness of ~1 km in the central 
basin, overlies the Niubao Formation and is also divided into the 
lower, middle, and upper members (Fig. 2). The lower member of 
the Dingqing Formation consists of gray to yellowish-gray mud-
stones, shales, marls, and fine-grained sandstones with tuffite layers 
(fig. S5D). Combined with a previously U-Pb–dated bentonite with 
an age of 23.6 ± 0.2 Ma (35) from the upper part of the lower mem-
ber of the Dingqing Formation, the depositional age is constrained 
to 29 to 24 Ma. The middle member of the Dingqing Formation 

consists of gray mudstones, shales, and oil shales interbedded with 
siltstones and fine-grained sandstones with tuffite layers (fig. S5E). 
The age of this member is constrained to be ~24 to 22 Ma by the 
U-Pb Concordia age of 22.1 ± 0.3 Ma (2, n = 27; Fig. 4G) from a 
tuff layer found at the Lunbori section. The upper member of the 
Dingqing Formation consists of gray mudstones and shales, maroon 
mudstone interbedded with siltstones, and tuffite layers (fig. S5F). The 
age of the upper member is constrained to be ~22 to 20 Ma by U-Pb 
Concordia ages (20.5 ± 0.1 Ma, 2, n = 21; Fig. 4H) and 20.4 ± 0.1 Ma, 2, 
n = 18; Fig. 4I) from two tuff samples found near the Dayu section.

Our detailed field mapping, seismic interpretation, and nine U-Pb 
Concordia ages from tuff zircons here establish an absolute chrono-
logical framework for the Cenozoic strata (the Niubao and Dingqing 
formations) in the Lunpola Basin and confirm the ~38 Ma age of the 
Dayu fossil assemblage reported previously (17, 30, 31). The depo-
sitional age range of the upper member of the Niubao Formation 
is here determined to be 37 to 29 Ma and the lower member of the 
Dingqing Formation to be 29 to 24 Ma. These absolute dates and 
seismic data lead us to reject the paleomagnetostratigraphic frame-
work as proposed in (31) because (i) the age of the overlying lower 
member of the Dingqing Formation (29 to 24 Ma) constrained by 
our radiometric dates overlaps the inferred age (27 to 23 Ma) in (31) 
for the upper member of the Niubao Formation; (ii) the true thick-
ness of the middle member of the Niubao Formation is ~0.7 km as 
evidenced by seismic profile (Fig. 2), while the paleomagneto-
stratigraphic column of (31) shows 1.3 km and thus may indicate re-
peat measurements; and (iii) several erosion surfaces at the bases of 

Fig. 3. Map of the Dayu area. Strata classification, structure, U-Pb ages, carbonate oxygen isotope (18Oc), and clumped isotope–derived temperature [T (∆47)] informa-
tion superimposed on a high-resolution satellite picture from Landsat 8.
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conglomerates, and periods of nondeposition in the form of pa-
leosols, are evident in the upper member of the Niubao Formation.

Eocene to Oligocene topographic rise of central Tibet
A combined proxy approach for determining past elevations is more 
robust than any based on a single line of evidence. Surface temperature 
and oxygen isotope values (18O) of paleosol carbonates and of paleo- 
precipitation decrease systematically with elevation and, within an 
accurate chronology, make them potentially useful paleoaltimeters 
(25, 36, 37). Here, we provide two independent constraints on surface 
heights by (i) converting carbonate formation temperatures [T (∆47)] 
in soil to wet-bulb land surface air temperatures and then estimat-
ing elevation using model-derived wet-bulb terrestrial lapse rates 
and (ii) measuring the decrease in oxygen isotope of paleo-surface 
water (18Op) derived from precipitation.

The 47 value of six carbonate nodules from the lower member of 
the Niubao Formation ranges from 0.669 to 0.705 per mil (‰) with 
an average value of 0.694 ± 0.019‰ (1; Fig. 5A), and four carbon-
ate nodules from the upper member of the Niubao Formation have 
47 values that range from 0.731 to 0.737‰, with an average value of 

0.734 ± 0.010‰ (1; Fig. 5A). Two lacustrine marls from the lower and 
upper part of the middle member of the Niubao Formation have 47 
values of 0.653 ± 0.010‰ (1) and 0.717 ± 0.012‰ (1; Fig. 5A), respec-
tively. The 47 is converted into temperature via the empirical thermometer 
in (38). The calibrated T (∆47)s from the lower member of the Niubao 
Formation range from 20.5° to 32°C with an average value of 23.9° ± 
5.9°C (1; Fig. 5A). The T (∆47) from the upper member of the Niubao 
Formation ranges from 10.1° to 12.9°C with an average value of 11.9° ± 
2.8°C (1; Fig. 5A). Two lacustrine marls have T (∆47)s of 37.4° ± 
2.8°C and 17.0° ± 3.4°C (Fig. 5A). The transformation of the T (∆47) 
of marls to lake summer temperatures using an empirical relationship 
derived from modern lacustrine authigenic carbonates in Western China 
(39) suggests a decrease by 15°C from 31.2° to 15.3°C (Fig. 5A), which 
is comparable with the T (∆47) difference from the lower to upper 
members of the Niubao Formation.

The oxygen isotope (18O) values of the paleosol carbonates from 
the lower and upper members of the Niubao Formation yield an aver-
age value of −13.2 ± 0.5‰ (1; Fig. 5B) and −17.0 ± 1.1‰ (1; Fig. 5B), 
respectively, and thus show a −4‰ decrease moving upsection. The 
marls from the middle member of the Niubao Formation show 

Fig. 4. Zircon U-Pb ages of volcanic tuffs from the Lunpola Basin. Light blue circles indicate the Concordia ages of each sample. (A) Volcanic rock from the Cretaceous Madeng 
Formation. (B) Tuff from the upper part of the lower member of the Niubao Formation. (C to E) Tuffs from the middle member of the Niubao Formation. (F) Tuff from the 
lower member of the Dingqing Formation. MSWD, mean square weighted deviation. (G) Tuff from the middle member of the Dingqing Formation. (H and I) Tuffs from 
the upper member of the Dingqing Formation.
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scattered 18O values, varying from −13.2 to −5.2‰ (Fig. 5B), which 
indicate lake evaporation effects (40).

Interpreting soil temperatures
Transforming T (∆47) into a surface height is not straightforward. 
Soil depth and texture, vegetation, the seasonal precipitation pat-
tern, and pCO2 will all influence the formation of paleosol nodules 
and result in seasonal biases in T (∆47) values (41–44). The time(s) 
of the year when the carbonate nodules form in paleosols is critical in 
the interpretation of T (∆47), and the relationship between T (∆47) 
and surface air temperature will further influence the extended ap-
plication of T (∆47) as a paleoclimate and paleoelevation archive. 
Prior work has made empirical assumptions that soil carbonate forma-
tion will be biased toward the summer season when soils are drying 
[but not dry; (42)], and temperatures have been interpreted accord-
ingly with scant regard to the actual precipitation and soil drying 
regimes that existed in the past. Here, we use the model-predicted 
climate, including soil moisture, to better constrain times of poten-
tial soil carbonate formation (Fig. 6).

The soil carbonates were collected from paleosols with a silt to 
sand matrix component (fig. S6) and so likely dehydrated soon after 
precipitation events (41). The sampling depth of nodules was below 
40 cm from the top of the paleosols, but we recognize that this depth 
does not accommodate compaction and erosion after the initial soil 
formation, so the actual formation depth may have been below this. 
At such a depth, it is reasonable to assume nodule formation will be 
biased toward soil drying following large precipitation events typi-
cal of the rainy season rather than immediately after small frequent 
precipitation events throughout the year (43). Figure 6 shows the dry-
ing regime for the model soils at 10 to 20 cm depth (soil layer 2) and 
20 to 65 cm depth (soil layer 3), respectively. At shallower depths, 
soil moisture responds more rapidly to precipitation events but also 
dries more quickly.

To determine when in the year nodule formation was most like-
ly, we examined model-generated precipitation, propensity for dry-
ing (precipitation minus evaporation), and soil moisture at two soil 
depth ranges (10 to 20 cm and 20 to 65 cm), which encompasses 
our sampling depth within the paleosols. We did this for valley and 

plateau scenarios for Lutetian and Chattian boundary conditions 
(fig. S7).

Figure 6A shows that, for a central Tibet Lutetian valley floor set 
at 1.5 km and 1120-ppm (parts per million) pCO2 levels, carbonate 
nodules were most likely to form during March to June and again in 
September. Note that the annual precipitation is bimodal with peak 
precipitation in the winter and lesser amounts in summer, but that 
drying conditions become established quickly at shallow soil depths 
(soil layer 2) as precipitation declines and evaporation exceeds pre-
cipitation toward the end of January (Fig. 6, A1 to A3). By April, soil 
moisture also starts to decline deeper in the soil profile (layer 3), but, 
as indicated by conditions in layer 2, drying near the top of layer 3 
would have been established sooner than at 65 cm (Fig. 6A3). At 
nodule sampling depth (~40 cm or greater), drying would have begun 
in March, and summer rains only lessened the drying rate but did 
not halt it. Nevertheless, the additional water percolating through 
the soil profile in the summer rainy season may have curtailed car-
bonate formation and may even have resulted in dissolution, so we 
assume the bulk of carbonate formation only extended through June 
(Fig. 6A4). At nodule depth, a second minor episode of carbonate 
formation may have occurred in September as the soil dried after the 
summer rains, but the most significant carbonate formation took 
place in the late spring to early summer (March to June) based on a 
combination of winter wet-season precipitation, drying duration, 
and drying rate (Fig. 6A4 and Table 1). On the basis of soil biomarker 
calibrations, soil temperature closely reflects dry-bulb tempera-
ture near surface, particularly in moist soils (forest, woodland, and 
grassland) that are more thermally conductive than dry soils, and 
radiative heating on the soil surface is moderated by shading by veg-
etation and evaporation (43, 45). The modeled dry-bulb surface air 
temperature (Td) for the major March to June formation period 
is ~28°C (Fig. 6A4), which is within the error range of our measured 
T (∆47) in the lower member of the Niubao Formation.

For a Lutetian Tibetan plateau scenario set at 4.0 km and 1120-ppm 
pCO2 levels (Fig. 6B), there is again a bimodal precipitation regime, 
but now most precipitation occurs in the summer (Fig. 6B1). How-
ever, significant surface evaporation under warm summer air tempera-
tures means soil drying at depth extends from April right through 
to February (Fig. 6, B2 and B3). There is no clear period before the 
summer precipitation peak when nodules could form due to signif-
icant soil wetting between February and March (Fig. 6B3), with pre-
cipitation rising again from April to July (Fig. 6B1). The most likely 
time of nodule formation is September when the modeled Td is ~18°C 
(Fig. 6B4), and because this falls outside the range of our measured 
T (∆47), we regard this model scenario as not representing past reality.

In a Chattian valley scenario (2.5-km valley floor) with 560-ppm 
pCO2 levels, summer precipitation (~20%), like in the Lutetian, is much 
less than that in the winter (~70%; Fig. 4C1). The drying in soil layer 
2 precedes that at depth by 2 months and begins in February, imme-
diately precipitation declines (Fig. 4, C1 to C3). Drying conditions 
return for the month of September, although the upper soil layers 
remain dry for most of the summer (Fig. 4C3). This regime indicates 
two possible periods of nodule formation at our sampling depth: in 
April to May and in September (Fig. 4C1). However, the modeled 
average Td during these times are 24° and 22°C, respectively, and so 
much warmer than the T(∆47) of 11.9° ± 2.8°C. Again, this disparity sug-
gests that the modeled scenario is unlikely to reflect past conditions.

By contrast, a Chattian plateau (4.5 km) with 560-ppm pCO2 
levels (Fig. 6, D1 to D4) results in two possible periods of nodule 

Fig. 5. Clumped, carbon, and oxygen isotope results from the Lunpola Basin. 
(A) T (47) of samples from the three members of the Niubao Formation. The T (47) 
decreases ~12°C from the lower (E2n1) to the upper (E2n3) part of the Niubao For-
mation. Filled light purple circles denote the calculated lake summer temperature. 
ARF, absolute reference frame (63). (B) Carbon and oxygen isotopes from carbon-
ates in the Niubao Formation. The 18O from the upper member of the Niubao 
Formation shows −4‰ decrease when compared with the lower member of the 
Niubao Formation, while the middle member of the Niubao Formation shows scat-
tered 18O values ranging from −13.2 to −5.2%.
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formation: during May to June and again in September, the only un-
certainty being the duration of the early summer nodule formation 
episode given the extended period when evaporation exceeds precip-
itation despite summer precipitation beginning in June (Fig. 6, D1 and 
D2). This would mean that summer meteoric water would not have pen-
etrated far into the soil allowing nodule formation to continue at depth. 
For this reason, we extend the nodule-forming period into June when 
the soil was still drying rapidly. We do not extend beyond June be-
cause field evidence indicates that the Oligocene soil was more porous 
and less moisture retentive than the soil simulated in the model. The 

model soil is a modern standard global average type known as a 
medium loam and is used because we cannot yet characterize local soils 
accurately in the water isotope–enabled climate model. The mean 
Tds during these intervals are between 11° and 14°C and so similar 
to the T (∆47).

Converting soil temperatures to elevations
Temperatures used in terrestrial thermal lapse rates can be mea-
sured in a variety of ways (e.g., dry-bulb or wet-bulb) and averaged 
over different time intervals (e.g., mean annual, seasonal, or even 

Fig. 6. Modeled precipitation, precipitation-evaporation, soil moisture, and temperature regimes (note different scales) for central Tibet for different 
orographic scenarios and atmospheric compositions. Evaporation is controlled by the canopy conductance term, which in turn is calculated by the temperature, 
humidity deficit, incident radiation, soil moisture availability, and vegetation type in the model. Soil drying is a function of both evaporative processes and transpiration 
from model-generated vegetation. The plots are primarily for soil layer 3 (between 20 and 65 cm depth), but, for soil moisture, we have shown results for the soil layer 2 
(10- to 20-cm depth). Layer 2 shows more dynamic wetting and drying than at greater depths and informs interpreting when carbonate nodule form may have occurred in 
soil layer 3. (A) Lutetian valley sets at 1.5 km bounded by the Gangdese and Central Watershed mountains set at 4.5 and 4.0 km, respectively, and kept stable in scenario 2. 
Atmospheric CO2 set at 1120 ppm. Drying conditions are shown by yellow, pink, and orange shading, while blue shading represents periods of increasing precipitation 
(A1 to A4). The different intensities of shading in the dry-bulb temperature plots (A4) indicate the overlaps of shading shown in the precipitation (A1), evaporation (A2), and 
soil moisture (A3) plots. The most likely carbonate-forming periods (in monthly units) are indicated on the temperature plots with red rectangles, with less likely periods 
shown by rectangles with dotted margins (see text for detailed reasoning). Red-filled circles indicate monthly average dry-bulb temperatures (Td) near surface during 
those nodule-forming periods as predicted by the water isotope–enabled climate model. The same explanations apply to (B) to (D). (B) Lutetian plateau is set at 4.0 km 
and CO2 is set as in scenario 1. (C) Chattian valley floor is set at 2.5 km, the Gangdese and Central Watershed mountains are at 5.0 km. CO2 concentration is set at 560 ppm. 
(D) Chattian plateau is set at 4.5 km.
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monthly means) (33). These terrestrial lapse rates are location and 
time dependent, and recent work has demonstrated that the use of 
thermal lapse rates is far more complex than previously appreciated, 
so here, we adopt a new approach that overcomes past shortcomings 
(33). Wet-bulb temperature (Tw) is the temperature of an air mass 
that would result if cooled adiabatically to saturation (no further 
evaporation and thus cooling can occur). Unlike previous thermal 
lapse rate approaches that have all used dry-bulb temperatures, those 
based on Tw accommodate changes in moisture content as an air 
parcel traverses a land surface, and in the annual seasonal cycle that 
controls when soil carbonates form (33).

The dry-bulb temperatures (Td) derived from the clumped iso-
topes [T (∆47)] were converted to wet-bulb surface air temperatures 
(Tw) using modeled humidity data and the Davies-Jones formulation 
applicable to warm climates (see Materials and Methods for details). 
We then use geologically consistent terrestrial wet-bulb lapse rates 
derived from water isotope–enabled climate models for the Eocene and 
Oligocene that take into account the impact of both moist processes 

and the period of carbonate formation (see Materials and Methods 
for details) to reconstruct the height of the Lunpola Basin based on 
these wet-bulb temperatures. We then apply the same sets of simula-
tions with oxygen-isotope tracking enabled to investigate the relative 
change in 18O of meteoric water (18Om) that results from chang-
ing the elevation of the Central Tibetan Valley from low to high in 
either the Lutetian or Chattian. This provides a check on our soil 
carbonate elevation outcomes.

To obtain elevation estimates, we used model-derived mean sea 
level wet-bulb temperatures (Tw msl) and terrestrial lapse rates for 
the same times of the year as the inferred nodule formation. Note 
that Tw msl values (Table 1) for the Lutetian are similar to those for 
the Oligocene, which is seemingly counterintuitive in the context of 
secular climate change inferred from deep-sea isotopes (32). This is 
because Tw msl is dependent on evaporative processes, and summer 
vapor pressure deficit at the closest sea level reference sites in northern 
India derived from the Climate Leaf Analysis Multivariate Program 
(CLAMP) (46) was higher in the Eocene (the air was drier) than in the 

Table 1. Measured stable and clumped isotope results from the Lunpola Basin versus model-predicted carbonate formation periods and 
paleoelevations under four topographic scenarios for central Tibet during Lutetian and Chattian. Bold italic text indicates most likely scenarios and 
predicted elevations. Uncertainties are those arising from isotope measurements only. E2n1, lower member of the Niubao Formation; E2n3, upper member of the 
Niubao Formation; 18Oc, oxygen isotope of carbonates; T (47), carbonate formation temperature derived from clumped isotopes; 18Op, oxygen isotope in 
paleosurface water; 18Om, modeled oxygen isotope in precipitation; Td, modeled dry-bulb air temperatures during the carbonate formation period; Tw, 
modeled wet-bulb surface air temperature during the carbonate formation period; Tw msl, modeled wet-bulb surface air temperature at mean sea level during 
the carbonate formation period. 

Strata 
name Age (Ma) 18Oc 

(‰)
T(∆47) 

(°C)
18Op 
(‰)

Topography 
scenario

18Om 
(‰)

Td 
(°C)

Tw 
(°C)

Tw msl 
(°C)

Carbonate 
formation 

period

Wet bulb 
lapse rate 

(°C/km)
Predicted 

elevation (km)

E2n1 50–40
−13.2 23.9 −11.4

Central Valley 
(1.5 km) 

Gangdese 
(4.5 km)

−5.1 28 8.3 17.7 March–June 3.79 1.7 + 0.9/−0.8

Central 
watershed 

(4.0 km)
−6.4 36 8.0 18.6 September 4.6 2.3 ± 0.7

± 0.5 ± 5.9 ± 0.5 Central 
plateau  
(4.0 km) 

Gangdese 
(4.5 km)

−9.0 12 6.7 13.5 March–May 3.29 2.1 ± 1.0

Central 
watershed 

(4.0 km)
−5.7 18 8.0 19.8 September 4.03 2.9 ± 1.0/0–7

E2n3 37–29
−17.0 11.9 −17.4

Central Valley 
(2.5 km) 

Gangdese 
(5.0 km)

−9.7 24 0.7 15.8 April–June 3.9 3.9 ± 0.4

Central 
watershed 

(5.0 km)
−9.5 22 0.6 16.7 September 2.78 5.8 ± 0.4/−0.8

± 1.0 ± 2.8 ± 0.9 Central 
plateau  
(4.5 km) 

Gangdese 
(5.0 km)

−7.7 14 0.4 18.1 May–June 4.29 4.1 ± 0.4

Central 
watershed 

(5.0 km)
−11.6 10 1.1 18.8 September 4.02 4.4. ± 0.5/−0.4
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Oligocene. The drier Eocene conditions will have induced more evapo-
rative cooling and reduced the Tw msl for the Eocene to near those 
of the Oligocene. The difference between the surface Tw derived from 
the proxy T (47) and the model-derived Tw msl divided by the mod-
eled local Tw terrestrial lapse rate (again for the specific nodule- 
forming periods) provides the surface height.

The reconstructed Lutetian elevation based on results for late 
spring–early summer carbonate formation is 1.7 + 0.9/−0.8 km, and 
using the much less likely September nodule formation period is 
2.3 + 0.7/−0.7 km (Table 1). The uncertainty estimates are based 
solely on analytical error associated with clumped isotope measure-
ments. This is because uncertainty arising from not knowing pre-
cisely the conditions under which the ancient soil carbonates formed, 
and the uncertainty from water isotope–enabled climate modeling, 
cannot be fully quantified. Instead, we used four topography sensi-
tivity tests to evaluate whether our elevation results are likely to be 
realistic. Our low elevation results are almost the same as the 1.5 ± 
0.9 km derived by (16) for the Early Eocene in the nearby Bangor 
Basin using conservation of energy principles and moist enthalpy 
derived from fossil leaf form. If we assume that most soil carbonate 
precipitation was in March to June as discussed previously, then the 
clumped isotopes and plant reconstructed elevations are identical 
within uncertainties, and the isotope dry-bulb temperatures are com-
patible with those of the model scenarios.

This congruency does not exist for a model set with a Lutetian 
plateau at 4.0 km where no significant early summer nodule forma-
tion is indicated and the September period of formation indicates a 
surface height of just 2.9 + 1.0/−0.7 km (1; Table 1). In this case, both 
the elevations reconstructed using the wet-bulb lapse rate and surface 
dry-bulb temperatures are incompatible with the model conditions.

A similar inconsistent outcome is evident for a Chattian valley 
set at 2.5 km. The T (∆47) values translate into height estimates of 
3.9 ± 0.4 km (1) for April to June nodule formation and 5.8 + 
0.4/−0.8 km (1) for September (Table 1). Notably, the modeled Td and 
clumped isotope dry-bulb temperatures [T (47)] differ by ~11°C, 
indicating that the model prescribed elevation conditions are in-
compatible with clumped isotope–derived dry-bulb temperatures.

When a model is run with a Chattian plateau at 4.5 km, the esti-
mated surface heights are 4.1 ± 0.4 km (1) for May to June nodule for-
mation and 4.4 + 0.5/−0.4 km (1) for September formation (Table 1). 
We regard both these times of formation to be equally likely based 
on soil drying and the precipitation/evaporation regimes (Fig. 6D). 
These elevations are close to those used in the model, and soil car-
bonate dry-bulb temperatures are similar, providing confidence in 
this outcome.

Further validation of modeling scenarios and interpretations 
comes from a comparison of 18O measurements. The 18O of pa-
leosurface water (18Op) is calculated using the calcite fractionation 
equation in (47) with 18O and T (47) from carbonates. The 18Op 
from the lower member of the Niubao Formation has an average 
value of −11.0 ± 0.5‰ (1), which is comparable with the average 
18Op value from the negative cluster of the middle member of the 
Niubao Formation. The upper member of the Niubao Formation 
has an average 18Op value of −17.4 ± 0.9‰ (1), shows a −6.4 ± 
0.9‰ (1) decrease when compared with the lower member of the 
Niubao Formation, and matches best with the modeled 18O value 
of precipitation (18Om) for March to June in the Lutetian valley and 
to September in the Chattian plateau scenarios, with a −6.5‰ de-
crease (Table 1 and fig. S8).

The elevations reconstructed from proxies for the Lutetian plateau 
and Chattian valley scenarios differ markedly from those prescribed 
in the model (Table 1). In these cases, the model topography is not 
unduly influencing the outcome of the analysis and suggests that 
model topography has minimal impact on determining the elevations 
derived from T (47). The timing of nodule formation has a much 
greater impact on the surface height reconstructions, particularly in the 
case of a hypothetical Chattian valley where there is a difference of 
almost 2 km in the predicted height depending on whether nodule 
formation is primarily in late spring–early summer or late summer 
(Table 1).

It is clear that uncertainties in surface air Tw and the resultant 
surface height reconstructions are determined largely by when car-
bonate precipitation takes place. While not ideal, our somewhat 
subjective assessment of when nodule formation was likely to have taken 
place is an improvement over simplistic assumptions that T (47) rep-
resents summertime dry-bulb temperatures, particularly given the 
bimodal precipitation and drying regimes in the ancient central Tibet 
(Fig. 6). Lack of knowledge of the exact conditions under which soil 
carbonates may form makes quantifying uncertainties problematic. 
Nevertheless, our modeling scenarios quantify bounds on what the 
carbonate nodules translate to in terms of Tw values and thus eleva-
tion. Our end member topography scenarios also help expose those 
boundary conditions that are incompatible with proxy data and 
demonstrate that model Tibetan topography alone does not deter-
mine the reconstructed elevations.

DISCUSSION
Implications of the revised dating and elevation 
change scenarios
A robust dating framework is key to documenting any changes in 
surface height over time. Fang et al. (31) reported two tuffaceous sand-
stones from the upper member of the Niubao Formation near the 
Dayu section, one from below the paleosols dated as 32 Ma and one at 
the top of the paleosol succession with a 23 Ma age, but they do not 
provide detailed information for the samples, and the 23-Ma tuffite 
is the same age as one recorded (36) from the overlying Dingqing 
Formation at Chebuli section. This would suggest either that the lower 
member of the Dingqing Formation is age-equivalent to parts of the 
upper member of the Niubao Formation or that the dates in (31) are 
erroneous. The distance between the Chebuli and Dayu sections is 
merely 15 km in the Lunpola Basin, so the presumption that deposi-
tion was diachronous spanning 29 to 23 Ma seems implausible, par-
ticularly as evidence for diachronous deposition is lacking in outcrop. 
We have examined at least 10 targeted dating samples within the upper 
member of the Niubao Formation at the Dayu section and cannot 
replicate the 23 Ma result (table S1); the youngest zircon age recov-
ered is 37 Ma (fig. S4E). Moreover, seismic evidence shows that the 
true thickness of the middle member of the Niubao Formation is 
~0.7 km near Dayu area, while the paleomagnetostratigraphic col-
umn of (31) showed it to be 1.3 km, and so it indicates repeat mea-
surements within the section in outcrop. Last, the upper member of 
the Niubao Formation contains numerous conglomerates and ero-
sion surfaces as well as the soil-forming episodes that host the car-
bonate nodules. The unquantified missing time indicated by the 
erosion surfaces and nondeposition during subaerial soil formation 
means that the age can only be broadly constrained and also makes 
the magnetostratigraphic study problematic.
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Our lithological and structural analyses of the Dayu section confirm 
that the palm and fish fossils previously assigned to the younger 
Dingqing Formation belong to the middle member of the Niubao 
Formation with an age of no older than ~40 Ma, but no younger 
than 38 Ma. This is notably older than the 25.5 ± 0.5 Ma assumed in 
(17) and is in agreement with the age assigned to them in (31) based on 
their radiometric dating. This age revision requires a recalculation 
of the paleoelevation and because the Late Eocene was warmer than the 
Late Oligocene, as indicated by global proxies (32) and in the models, 
such a reanalysis raises the upper bound of palm survivability from 
2.3 to 2.8 km, which is within the surface height bounds based on 
clumped isotopes presented here. Samples from the upper member 
of the Niubao Formation have previously yielded high (>4.0 km) 
Late Eocene paleoelevation estimates based on oxygen and hydro-
gen isotopes (25, 26), but these estimates need to be re-examined in 
the context of them now being dated as Early Oligocene.

As well as the effect of dating revisions, the use of clumped isotopes 
requires knowledge of when in the year the ancient soil carbonates 
actually formed. In the past, this has been the source of greatest un-
certainty (unquantified) and simply assuming that the temperature 
of formation that reflects mean annual or summer temperatures is 
clearly not adequate in winter-wet or bimodal precipitation regimes 
(44). By integrating the modeled thermal and moisture regimes to 
predict when the soil carbonates were most likely to have formed, 
we reduce such an uncertainty, but even this approach is not yet 
fully quantifiable.

The bimodal precipitation and surface winds suggesting the mix-
ing of different moisture sources also render previous isotope paleo-
altimetry in this region insecure (Fig. 6 and fig. S10). Our new clumped 
isotope paleoelevations exploit wet-bulb lapse rates derived from mod-
eling, and these show that the Lunpola Basin floor rose from being 
relatively low (<2 km) during 55 to 38 Ma to more than 4.0 km by 
29 Ma. However, the high elevation by the Early Oligocene chal-
lenges the leaf wax lipid n-alkanes and palynological evidence from 
the lower member of the Dingqing Formation, which have been in-
terpreted to record an elevation of ~3 km (27, 29). The difference 
between our results and those using leaf wax lipid dual isotopes can be 
explained by the lack of accurate quantification of the apparent frac-
tionation factor in leaf water and paleo-isotopic lapse rates (17, 48). 
The elevations based on pollen are unlikely to be reliable due to 
mixing of palynomorphs from different sources at unknown eleva-
tions as evidenced by mixture of northwest and southwest surface 
winds in central Tibet (fig. S9), and the use of an inappropriate dry-
bulb free air lapse rate, when such rates are poor at reconstructing 
past surface heights (33).

For the Lutetian valley scenario, our clumped isotope and wet-bulb 
lapse rate elevations match those of the moist enthalpy results of 
(16) and is below the palm-derived upper limit for the valley floor 
elevation (17) both before and after taking into consideration the re-
vised age determination.

Combined with paleoelevation data from the Gangdese and Central 
Watershed mountains, this suggests that, during Early to Middle 
Eocene time, the topography of what now is the central Tibetan Plateau 
presented as Gangdese and Central Watershed highlands sandwiching 
a Central Tibetan Valley [Fig. 7A; (8, 14–16)]. The valley floor rose 
rapidly by ~2.4 to 2.7 km during the Late Eocene to Early Oligocene 
at a rate of 0.24 to 0.27 mm/year, and central Tibet likely reached its 
near-present elevation in the Late Oligocene (Fig. 7B) and thus just 
before the Neogene.

Valley demise mechanisms
Alternative explanations involving mantle upwelling and crustal short-
ening (2, 6, 18) can be advanced to explain the 2.4- to2.7-km, or more, 
surface uplift of the Central Tibetan Valley during the Paleogene.

Mantle upwelling predicts surface elevation could rise more than 
2 km through removal of mantle lithosphere and further melting of 
lower crust (2, 6). Seismic evidence suggests an upper-mantle rem-
nant from earlier lithospheric foundering in central Tibet (49) and 
implies that mantle upwelling could have played an important role 
in the uplift of the Central Tibetan Valley. The basaltic underplating 
coupled with mantle upwelling through melting of lower crust has 
been shown to play a comparable role in 15-km crustal thickening 
of northern Tibet (50), while the east-west trending Na-rich calc- 
alkaline lavas produced during 38 to 27 Ma in the southern Qiangtang 
terrane are indicative of syn-collisional mantle melting processes (51).

Crustal shortening follows the rule of isostasy compensation, so 
the >2-km surface rise in the Lunpola Basin during 40 to 30 Ma re-
quires at least ~15-km crustal thickening. The Central Tibetan Valley 
has been deformed strongly by the N-dipping Shiquanhe-Gaize-Amdo 
thrust and S-dipping Gaize-Siling Co thrust, and structural restoration 
suggests a minimum of ~28% shortening in the Middle Eocene to 
Late Oligocene (43 to 26 Ma) (14, 23, 52). Paleomagnetic evidence 
from central Tibet also suggests that more than 1000 km of intra-
continental convergence took place during the Eocene to Early Oli-
gocene (53). Therefore, regional uplift of the Central Tibetan Valley 
during the Paleogene could result from substantial upper crustal 
shortening within the region during this period (14, 23, 52, 53).

The synchronous calc-alkaline magmatism and crustal shorten-
ing in the Central Tibetan Valley (14, 23, 52, 53), and their interac-
tion with mantle melting, enhanced thermal weakening specifically 
in the southern Qiangtang terrane (51) and lead us to propose that 
mantle upwelling and crustal shortening together contributed to the 
>2-km Late Paleogene rise of the Central Tibetan Valley.

Our concept of the processes driving the demise of the Central 
Tibetan Valley is summarized as follows and in Fig. 7. Between ~55 
and 38 Ma, the Central Tibetan Valley was a broad lowland <2.0 km 
above mean sea level and ~200-km wide. Indentation of the Indian 
mantle reactivated the intracontinental subduction of the Lhasa and 
Songpan-Ganzi terranes underneath the Qiangtang terrane, which 
resulted in East to West Na-rich calc-alkaline volcanics in the 
southern Qiangtang terrane (Fig. 7A). Between 38 and 29 Ma, the 
ongoing indentation of the Indian mantle lastly caused detachment 
of the subducted Lhasa mantle. The upwelling of mantle and rapid 
basaltic underplating caused magmatism and crustal shortening 
within the thermally weakened lower crust. The magmatic heating 
in turn promoted upper crustal shortening within the valley. The 
interactions between mantle upwelling and crustal shortening re-
sulted in the rapid rise of the Central Tibetan Valley floor to more 
than 4.0 km before the Neogene (Fig. 7B).

Asian climate and biodiversity implications
The present dry-bulb mean annual air temperature (MAAT) of the 
Lunpola Basin is ~−1°C, and the annual precipitation ranges from 
300 to 500 mm with summer rainfall dominating the precipitation 
regime. The bimodal precipitation pattern evident in the Lutetian 
valley and Chattian plateau scenarios (Fig. 6) indicates a complex 
hydroclimate within the central Tibetan region during the Paleogene 
(Fig. 7), which challenges the idea of a South Asian monsoonal regime 
penetrating into Tibet as at present, and suggests multiple moisture 
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sources. To further refine future isotope paleoaltimetry, it will be nec-
essary to use isotope-enabled GCMs to track moisture trajectories 
(54). While these models are not perfect, they offer a more objective 
way forward than the “educated guesses” often used in many isotope 
studies at present (55).

Our modeling results indicate that the dry-bulb MAAT of the 
central Tibet during the Lutetian was ~20°C and thus consistent 
with CLAMP results from the Middle Eocene Jianglang flora in the 
nearby Bangor Basin (16), while the MAAT during Oligocene time, 
for which there are as yet no leaf–based proxy temperature data, 

was likely to have been close to 0°C (fig. S10), which is comparable with 
the present MAAT in the Lunpola Basin. The decrease in MAAT 
from the Middle Eocene through the Oligocene implies a significant 
drop in winter temperatures and an increase in the frequency and 
duration of freezing conditions that would have exerted a radical 
change in biodiversity within central Tibet (16, 17, 27, 28, 30). During 
the Middle Eocene, the Central Tibetan Valley system hosted a subtrop-
ical ecosystem as indicated by CLAMP analysis of leaf form, and the 
recovered plant assemblages include palms such as Sabalites (17) and 
taxa-like Lagokarpos (16). The biota also includes climbing perches 

Fig. 7. Block models illustrating the topographic evolution of the Central Tibetan Valley and underlying geodynamic processes. The moisture within the valley 
was sourced by a mix of Westerlies (blue arrows) from the west and monsoonal climate (black arrows) from the southeast. The vertical axis is not to scale. GT, Gandese 
thrust; TGLT, Tanghula thrust. (A) Between ~55 and 38 Ma, the Central Tibetan Valley was a wide lowland with a width of ~200 km sandwiched between the high 
Gangdese and Central Watershed mountains. A subtropical flora flourished within the valley (16). Indentation of the Indian mantle triggered the reactivation of intra-
continental subduction of the Lhasa and Songpan-Ganzi terranes, which resulted in E-W Na-rich calc-alkaline volcanics (51). (B) During 38 to 29 Ma, the ongoing indentation 
of the Indian mantle lastly caused the detachment of the subducted Lhasa lithospheric mantle. The upwelling of the mantle and immediate basaltic underplating caused 
lower crustal shortening within the valley, while the heating effect from magmatism in turn promoted upper crustal shortening and deformation. These coupled processes 
all contributed to rapid surface uplift within the Central Tibetan Valley to raise the surface to over 4.0 km. Forest vegetation diminished and herbaceous vegetation, 
including grasses, thrived (56).
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whose physiology is intolerant of lake surface freezing (30). However, 
by the Early Oligocene, central Tibet had transformed into a cold 
high plateau (27, 56) and the role of central Tibet as a biodiversity 
exchange route and nursery for lowland taxa withered (56). We note 
that there is an apparent gap in the plant fossil record during depo-
sition of the upper member of the Niubao Formation and before the 
Late Oligocene warming. This may reflect sparse vegetation or a com-
parative lack of paleobotanical exploration. As Tibetan temperatures 
recovered in the Late Oligocene, the region became repopulated by 
plants adapted to a cool temperate climate as evidenced by pollen 
records from the lower member of the Dingqing Formation, which 
points to the presence of a mostly deciduous broadleaved cool tem-
perate woodland (27, 56).

MATERIALS AND METHODS
General approach
Within a rigorous chronostratigraphic framework constructed from 
detailed field mapping, stratigraphic and sedimentological analysis 
at four sections (Figs. 1 and 3 and figs. S1 to S3 and S5), seismic data 
(Fig. 2), and radiometric dating (Fig. 4 and fig. S4), we use water 
isotope–enabled climate models to predict when in the year soil car-
bonates were likely to form under end-member topographic sce-
narios encompassing a low Central Tibetan Valley or a high plateau. 
Each end-member topographic simulation creates a different ther-
mal and hydrological regime at the land surface and within the soil 
(Fig. 6). These different topographies modify the local and regional 
atmospheric circulation, land surface–atmosphere interactions, and 
in turn temperature and precipitation patterns at the surface and 
soil subsurface. We then determine near-surface dry-bulb air tem-
peratures (Td) from carbonate-clumped isotopes (38) and then wet-bulb 
surface air temperatures (Tw) using model-derived atmospheric 
conditions (33). Last, we derive surface heights using local wet-bulb 
thermal lapse rates at Earth’s surface for the time(s) in the year, when 
carbonate was likely to form calculated from geologic stage–specific 
climatic simulations (Fig. 6 and figs. S7 to S10).

Seismic data interpretation
The analyses of the structural style and the calibration of sedimen-
tary strata within the Dayu section are primarily based on seismic 
data provided by Sinopec Southern Branch (China) (56). We selected 
two-dimensional (2D) seismic profiles that cover most structures 
and strata in the central region of the Lunpola Basin (Fig. 2 and fig. S11). 
The original seismic data, pre-stack time-migration SEG-Y (Society 
of Exploration Geophysicists) files, were integrated into and inter-
preted by the commercial software, King-dom (HIS). This 2D stack- 
migration seismic profile (57) is converted from time to depth with 
an average speed of ~3000 m/s to facilitate intuitive interpretation.

The seismic reflection boundaries between the sedimentary cover 
and basement, and between Cenozoic and Mesozoic strata, are clear. 
Cenozoic strata are present throughout the entire basin and are rec-
ognized as the lower, middle, and upper members of the Niubao 
Formation and the lower, middle, and upper members of the Dingqing 
Formation (from bottom to top) (Fig. 2 and fig. S11). In our work, 
the calibration of each seismic stratigraphic layer was constrained 
precisely by synthetic seismograms and substantiated by logging and 
borehole records from three wells [W1 to W3, (57)], followed by lat-
eral comparison and tracking. The depiction of the faults was strictly 
based on the offset of seismic layers in the sedimentary cover, surface 

outcrop fault spread and was inferred near the basement. The geo-
logical map of the Lunpola Basin is used to calibrate the surface of 
the seismic profile, so that the surface structure along the survey line 
is evident (Fig. 1B), and the location and occurrence of the main 
faults can be controlled.

Zircon U-Pb geochronology
Zircon grains were prepared using standard separation techniques, 
mounted in epoxy, and then polished to expose grain interiors. The 
polished zircons were examined in cathodoluminescence mode at 
the State Key Laboratory of Tibetan Plateau Earth System, Environment 
and Resources (TPESER), Institute of Tibetan Plateau Research, 
Chinese Academy of Sciences (ITPCAS) using a JEOL JXA-8100 Super 
Probe scanning electron microscope for characterizing potential com-
plexities. U-Pb dating was performed in situ with a New Wave UP 
193FX Excimer laser (New Wave Instrument, USA) coupled to an 
Agilent 7500a inductively coupled plasma mass spectrometer [laser 
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)] 
installed at ITPCAS. Zircon ablation used a 35-m spot diameter, 
8-Hz repetition, and ~5 to 8 J/cm2 energy. Standard zircons used for 
calibration were Plešovice (337 Ma) and 91500 (1064 Ma) (58). 
Offline isotope ratios and trace element concentrations were calculated 
using GLITTER 4.0 (59). The U-Pb isotope results of volcanic sam-
ples are placed on the Wetherill-type Concordia diagram with 1, 
and the weighted Concordia ages are calculated with 2 presented 
in Fig. 4. The U-Pb isotope results of sandstones are shown with 
probability density, and the youngest zircon ages in fig. S4. All U-Pb 
data are provided in table S1.

Carbonate stable isotope analysis
The paleosol nodules and lacustrine carbonate samples collected for 
stable and clumped isotope analysis were all from the Niubao For-
mation. All paleosol nodules were sampled from a depth of >40 cm 
below the upper horizon of the paleosol to reduce the uncertainties 
arising from postformation alteration and CO2 exchange (60). The 
collected samples were powdered using a microdrill with a tungsten bur 
at low speed to avoid overheating and potential C-O redistribution.

The carbon and oxygen isotopic analyses were conducted on an 
IsoPrime100 gas source stable isotope ratio MS (IRMS) equipped with 
a MultiPrep system at the Speleothem Laboratory, Institute of Earth 
Environment, Chinese Academy of Science. The stable isotope results 
are normalized to NBS-19 in conventional delta notation (13Cc and 18Oc) 
and reported relative to the Vienna Peedee Belemnite (61). The uncer-
tainties (2) are better than 0.08 and 0.06‰ for carbon and oxygen 
isotopes, respectively. All stable isotope data are provided in table S2.

Carbonate clumped isotope analysis
Clumped isotope paleothermometry is based on the principle that 
the formation temperature of carbonate is proportional to the rela-
tive enrichment of isotopologue 13C18O16O (i.e., 47) in carbonates 
(62). 47 is independent of the isotopic compositions of water from 
which the carbonate grew, thus providing a temperature-dependent 
approach to determine the paleoelevation (62).

Twelve paleosol carbonates checked for diagenesis (see details in 
the Supplementary Materials) from the Niubao Formation were chosen 
for clumped isotope analysis. Six nodules were collected from the 
interbedded paleosols of the lower member of the Niubao Forma-
tion (2015TL28, 2015TL108, 2021TL01, 2021TL02, 2021TL03, and 
2021TL04; fig. S2), four nodules were collected from the upper 
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member of the Niubao Formation (2015TL33, 2015TL86, 2015TL119, and 
2017TX27; fig. S2), and two marls were collected from the middle 
member of the Niubao Formation (2015TL74 and 2015TL76; fig. S2).

Clumped isotope analyses were conducted in the Department of 
the Geophysical Sciences at the University of Chicago and TPESER 
at ITPCAS. At the University of Chicago, the powdered carbonate 
samples were digested in ~9 ml of anhydrous phosphoric acid (den-
sity, 1.92 to 1.94 g/ml) at 26°C overnight. All the acid-released CO2 
samples were extracted through a liquid nitrogen trap and then puri-
fied on a vacuum line to remove potential contaminants including 
water vapor, hydrocarbons, and halocarbons by passing through 
three cryogenically traps in sequence, namely, a water trap (glass tube 
immersed in liquid nitrogen-ethanol slurry at −80°C), a packed static 
trap (glass trap filled with PoraPak Q hold at −10°C), and another 
water trap (glass tube immersed in liquid nitrogen-ethanol slurry at 
−80°C). The purified CO2 samples were measured on a Finnigan MAT 
253 gas source IRMS configured to simultaneously collect mass/
charge ratio 44 to 49 ion beams to obtain the raw 47 data. All ac-
quired raw 47 data were corrected for nonlinearity and pressure base-
line background effects of MS through laboratory empirical calibration 
and then standardized to an absolute reference frame (63).

The methodology in the ITPCAS is similar to that of the University 
of Chicago, except that the powdered carbonate samples were reacted 
with 1 to 2 ml of anhydrous phosphoric acid ( = ~1.93 g/cm3) at 90°C 
for 15 min and that the measurement of 47 is conducted on a 235 
Plus IRMS. We further construct a standard transfer function to 
standardize our samples and the effect of acid digestion at 90°C (64).

The precision of individual analysis was better than 0.013‰ (1) 
and the analytical temperature uncertainties of temperatures were 
propagated through the calibration equation in (38). All the data are 
provided in tables S3 and S5.

Model simulations
General circulation models (GCMs) have long been used to forecast 
weather and climate conditions with skill; however, their application 
to geological time periods is problematic due to uncertainties in model 
boundary conditions, some of which are well constrained (solar lu-
minosity) and some are not (precise atmospheric composition).

The topographic height and structure of Tibet (a boundary con-
dition supplied to the model) is the largest source of uncertainty in 
regard to atmospheric circulation and land surface processes in our 
study. This is because of the different responses of the atmosphere 
(including mass, momentum, and energy fluxes; regional tempera-
ture; and hydrological response) to a plateau versus a twin mountain 
ranges bounding a central valley system. By running climate models 
with different topographic boundary conditions, we are able to better 
constrain this source of uncertainty for predicted local dry- and wet- 
bulb lapse rates and provide uncertainty bounds for our analyses.

Four topographic scenarios were devised based on existing end- 
member topographic reconstructions reviewed in (56). The first is 
that the core of Tibet was already high (≥4.5 km) by 40 Ma (Eocene) 
and that further uplift subsequently occurred both to the north and 
to the south, an idea first proposed by Wang et al. (8). Our second 
configuration, a complex dual mountain system with a central low- 
lying valley, was proposed by Ding et al. (7) and Su et al. (17) and 
theorized to have existed and spanned the Eocene–Early Miocene.

We used a fully coupled atmosphere-ocean GCM (HadCM3BL- 
M2.1aD) (65) with a spatial resolution of 2.5 × 3.75 latitude by lon-
gitude and comprising 19 vertical levels in the atmosphere and 

20 vertical levels in the ocean. HadCM3BL-M2.1aD has shown skill 
in reproducing both modern Quaternary and deep-time climates com-
pared to observations and has seen continual development to 
improve simulation skill since its inception [see (65) for details]. 
Carbon dioxide concentrations were chosen based on proxy-CO2 re-
constructions from (66) and, in general, bracket both the high and 
low end of the reconstructions (95% confidence level) so that the 
full impact of variable pCO2 can be assessed.

Four model simulations with Lutetian and Chattian stage–specific 
boundary conditions [topography, bathymetry, solar luminosity, and 
continental ice; see (67) for further details] at 2× preindustrial CO2 
and 4× preindustrial CO2 using a base state Getech paleogeography 
were performed. Although the date has been revised to the Rupelian, 
we use a Chattian paleogeography due to both time periods being 
very similar in terms of their respective configuration (ice sheets, 
topography, and bathymetry) (67, 68). The Chattian represents the 
upper bound of the Rupelian scenario. Oligocene modeled tempera-
tures were almost identical (difference in MAAT for Rupelian and 
Chattian conditions was just 1.2°C) for a plateau scenario and be-
cause we had already explored a range of Oligocene topographies and 
their effects (17). Each simulation was run for 10,422 model years to 
ensure full climate equilibrium and no trend in temperatures in the 
atmosphere and deep ocean, as well as energy balance at the top of 
the atmosphere (1). Initialized from these simulations, four ideal-
ized topographies were constructed (fig. S7) and implemented in an 
isotope-enabled version of HadCM3BL-M2.1aD (69) that has been 
shown to successfully simulate both modern and past Eocene 18O 
distribution of seawater and carbonate proxy data.

Climate simulations for Lutetian and Chattian Tibet are carried 
out in four scenarios (summarized in table S4) to determine the 
consequence of the surface air temperature and 18O change in pre-
cipitation (18Om), so as to verify the paleoelevation results. Scenario 1 
sees a Lutetian (~44 Ma) Tibet with a central low valley at 1.5 km 
surrounded by the 4.5-km Gangdese mountains to the south and the 
4.0-km Central Watershed mountains to the north (fig. S7A). Sce-
nario 2 is for a Lutetian (~44 Ma) Tibet, where the central part is 
elevated to 4.0 km (fig. S7B), the Gangdese mountains to 4.5 km to 
the South, and the Central Watershed mountains to 4.0 km to the 
North; that is to say, the same as in scenario 1. Both scenarios 1 and 
2 were run at 1120-ppm pCO2. Scenario 3 (fig. S7C) envisages a 
Chattian (~25 Ma) Tibet with a low central valley at 2.5 km, between 
5-km high Gangdese and Central Watershed mountains to the south 
and north, respectively. Last, scenario 4 (fig. S7D) is a Chattian (~25 Ma) 
Tibet with a high elevated central landform at 4.5 km, bounded by 
5-km high Gangdese and Central Watershed mountains to the south 
and north, respectively. Both scenarios 3 and 4 were run at 560-ppm 
pCO2. Each water isotope–enabled climate model scenario was run 
for an additional 60 model years with the last 30 years used to gen-
erate the mean isotopic signal.

It is not yet possible to reconstruct ancient soil types with any 
accuracy on a global scale, so the soil characteristics used in our 
model reflect those of a midlatitude loam with perhaps higher or-
ganic content than the ancient low latitude and coarser Tibetan soils. 
The use of a loam involves higher water retention capacity than was the 
case for our Paleogene soils, but by using criteria other than simple 
soil moisture to define when nodule formation was most likely to 
have taken place at depth within the soil, we argue that we better de-
fine the relationship between T (47) and seasonal air temperatures 
than in previous studies (41–42).
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To evaluate the relationship between topographic rise, tempera-
ture decrease, and 18Op changes in central Tibet, we further exam-
ined four isotope fractionation and transport scenarios using an 
isotope-enabled GCM under the four scenarios above. The isotope- 
enabled HadCM3L GCM has shown prior skill in both reproducing 
modern and Early Eocene 18O distributions from modern observa-
tions and geologic proxies (69). This approach also helps exclude 
scenarios incompatible with proxy data.

Wet-bulb GCM-derived lapse rates
A recent assessment of thermal lapse rate paleoaltimetry techniques 
has shown that conventional dry-bulb temperatures (Td), which ig-
nore moist processes, lead to large uncertainties in height estimates, 
whereas wet-bulb temperatures (Tw) and lapse rates, irrespective of 
season, show considerable skill at reproducing prescribed landscapes 
(33). Moreover, unlike many previous attempts at deriving surface 
height through thermal lapse rates, we do not use temperature changes 
in a nonconvecting column of free air (an environmental lapse rate), 
but rather the change in temperature with changing elevation near 
Earth’s surface (a terrestrial lapse rate) where proxy records form. 
Here, we apply wet-bulb–derived terrestrial lapse rates to ascertain 
height estimates for central Tibet.

Wet-bulb temperatures were calculated through the Davies-Jones 
formulation that is more accurate for warm climate of the past using 
climate model derived Td, relative humidity and surface pressure 
(70; equation 38). Full derivation of the wet-bulb formulation can be 
found in (71; equation 3.8). To obtain the paleoelevations from the 
difference in the Tw at sea level (Tw msl) and Tw values at our re-
search site, we used water isotope–enabled climate model–derived 
Lutetian and Oligocene local terrestrial lapse rates for central Tibet 
appropriate for the times of the year when nodules formed (to a 
temporal resolution of 1 month). Because orography is only known 
approximately and is what we are trying to better quantify, we use a 
sensitivity study approach where we explore end-member condi-
tions. These provide bounds for surface height estimates and elimi-
nate unrealistic reconstructions.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj0944
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