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GEOLOGY

Revised chronology of central Tibet uplift (Lunpola Basin)

Xiaomin Fang"*3*, Guillaume Dupont-Nivet**, Chengshan Wang®, Chunhui Song’,
Qingquan Meng’, Weilin Zhang'?, Junsheng Nie?, Tao Zhang?, Zigiang Mao?, Yu Chen’

Knowledge of the topographic evolution of the Tibetan Plateau is essential for understanding its construction and
its influences on climate, environment, and biodiversity. Previous elevations estimated from stable isotope re-
cords from the Lunpola Basin in central Tibet, which indicate a high plateau since at least 35 Ma, are challenged by
recent discoveries of low-elevation tropical fossils apparently deposited at 25.5 Ma. Here, we use magnetostrati-
graphic and radiochronologic dating to revise the chronology of elevation estimates from the Lunpola Basin. The
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updated ages reconcile previous results and indicate that the elevations of central Tibet were generally low (<2.3 km)
at 39.5 Ma and high (3.5 to 4.5 km) at ~26 Ma. This supports the existence in the Eocene of low-elevation longitu-
dinally oriented narrow regions until their uplift in the early Miocene, with potential implications for the growth
mechanisms of the Tibetan Plateau, Asian atmospheric circulation, surface processes, and biotic evolution.

INTRODUCTION

Knowledge of the evolution of the elevation of the Tibetan Plateau
is crucial for understanding its growth mechanisms (1-4), as well as
of climatic, environmental, and biotic evolution during the Cenozoic
(5-9). End-member tectonic models predict different uplift histories
for different parts of the plateau [e.g., (I1-4)]. Tibetan Plateau uplift
is regarded as a primary driver of Cenozoic climatic cooling and
Asian monsoon evolution (1, 5, 6, 10, 11), and the Tibetan Plateau
is also well suited for studying the evolution of mountain ecosys-
tems [e.g., (9, 12-14)]. Thus, a comprehensive understanding of its
elevation history can potentially elucidate several important geological
and biological issues.

The Lunpola Basin is a prime location for determining the elevation
history of the Tibetan Plateau. It is located in the central part of the
plateau, and its sedimentary deposits are estimated to range in age
from Eocene to Late Miocene (15-18), spanning most of the interval
covering the collision of India and Asia and the resulting tectonic
deformation and plateau growth. Continuous fluviolacustrine sedi-
mentary outcrops contain rich and well-preserved fossil assemblages
as well as pristine pedogenic carbonate and organic-rich horizons
that have been used to infer paleoelevations (9, 19-24).

However, previous studies have reached contradictory conclu-
sions regarding the paleoelevation history of central Tibet (25). A
recent study of fossil palm leaves recovered from the strata of the
Lunpola Basin suggested that the elevation of central Tibet was low
(<2300 m above mean sea level) until the inferred 25.5-Ma age of
these strata (19). This challenges previous interpretations of high
elevations recovered from the Lunpola Basin strata estimated to be
of Eocene age (3, 20, 21). These findings, which have major implica-
tions for understanding the growth mechanisms of the plateau, rely
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on stratigraphic age interpretations that remain unexpectedly poor-
ly constrained despite the importance of the records (15-18).

Here, we report new stratigraphic age constraints from a thick
sedimentary sequence in the Lunpola Basin including the location
of the discovered fossil palm leaves. The results enable a substantial
revision of the ages of elevation estimates throughout the Lunpola
Basin stratigraphy. The recalibrated elevation history is compared
to a regional compilation of elevation records and used to reconsider
the growth history of the Tibetan Plateau.

Geological setting

The Lunpola Basin straddles the Bangong-Nujiang suture (BNS)
that separates the Lhasa terrane from the Qiantang terrane (26) and
is bounded by the Tanggula ranges to the north and the Gangdese
Arc ranges to the south. It was formed by the rejuvenation of the
BNS in response to far-field compression, possibly related to the
India-Asia collision and changes in the Neo-Tethyan slab subduc-
tion beneath Asia (26-28). The basin contains 4000- to 5000-m-thick
sequences of lacustrine to alluvial sediments generally interpreted
to have been deposited in a compressional tectonic setting initiated
in the Late Cretaceous—Early Eocene and reactivated by thrusting in
the Early Miocene (26, 27). Recent PetroChina seismic surveys and
drilling exploration for oil and gas in the basin [e.g., (28, 29)] sug-
gest some degree of local initial extension within the basin, followed
by a change to compression in the Neogene (Fig. 1A) (30) leading to
the thrusting and folding of these sediments along the northern and
southern basin margins, which have exposed continuous stratigraphic
sequences (Fig. 1B).

The Lunpola Cenozoic sedimentary sequences consist of the
Niubao (NB) Formation (estimated Paleocene to Oligocene in age)
that grades into the overlying Dingginghu (DQH) Formation (esti-
mated Oligocene to Early Miocene in age) (15, 16, 28-32). The NB
Formation, ~2000 to 3000 m thick, is generally deep red in color
and consists of three members: The lower member consists of
brownish red conglomerates, sandstones, and siltstone, interpreted
as an alluvial fan or a fan delta environment and is only exposed in
the western basin along the Zagya Zangbo (river) (fig. S1) and in
petroleum boreholes. The middle member consists of reddish to
brownish mudstones, intercalated with thin-bedded fine sandstone,
shale, and distinct belted white marlite in basin margins, as captured
in our measured section; it is interpreted mainly as a shallow lake
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Fig. 1. Tectonic, geological and geomorphological maps showing location of the studied region and sections. (A) Location of the Lunpola Basin within the Tibetan
Plateau terranes. (B) Locations of the studied stratigraphic sections at Dayu and Chebuli on a local geological map of the Lunpola Basin. (C) Unmanned aerial vehicle
photograph of the Dayu section. (D) Cross section showing the relationship between the measured section and the reversed anticline with propagation faults. (A) Paleoelevation
features (lowlands and mountains) in the Paleogene are schematically indicated, including numbered points locating the main paleoelevation study sites. 1, Liuqu; 2,
Qiabulin; 3, Linzhou; 4, Markam; 5, Nima; 6, Heihuling; 7, Fenghuoshan-Tuotuohe; 8, Nanggian; 9, Qaidam; LS, Lhasa terrane; QT, Qiangtang terrane; YZS, Yalu-Zangbo
suture; JS, Jinshajiang suture; DTFB, Dayushan thrust-fold belt. Note that sites DY1 and DY2 bearing fossil palms from the work of Su et al. (19) belong to the same horizon
repeated on either limbs of the Dayu anticline and lie at thicknesses of ~130 to 150 m in the measured Dayu section. In these stratigraphic horizons, we report fish and
insect fossils similar to those reported from sites DY1 to DY3. Other sites from which fossil fish, insects, megaplants, and pollen data published in (25-27), designated DY3,
lie at a thickness of ~450 m in the measured section for further age assignment. (B) 10 is the sampling site of Rowley and Currie (20). (D) Major faults recognized in the field
are a south-verging thrust F1 truncating the NB Fm and F2 placing the sequence upon the DQH Fm. Note that there are no faults affecting the stratigraphy in the
measured section.
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environment. In the basin center, the lithology changes to domi-
nantly brownish greenish siltstone, mudstone, and shale, intercalated
with thin sandstone beds and tuffs, interpreted as shallow to deep
lake environments. The upper member, in the basin margin, including
our measured section, consists of brownish grayish conglomerates,
sandstones, and brownish red mudstone, intercalated with markedly
reddish luvic paleosols. It is interpreted as a braided river or fan
delta. In the basin center, the lithology of this upper member is
characterized by brownish mudstone to fine sandstone intercalated
with marls and is interpreted as a shallow lake with a subaqueous
fan delta. The NB Formation grades into the DQH Formation; it is
~800 to 1000 m thick and is characterized by greenish to grayish
mudstones and shale, intercalated with some (~10%) reddish brown
mudstone in the upper part and in the basin margins. It is interpreted
mainly as deeper to shallower lake environments.

The NB Formation is well exposed in the northern part of the
Dayushan thrust-fold belt in the northern margin of the Lunpola
Basin where the fossil leaves, paleosols, and our sampling section
are located (the Dayu section; Fig. 1, B to D). The DQH Formation
crops out in the southern part of the Dayushan thrust-fold belt where
the previously studied Chebuli section is located in its western part
(Fig. 1B and fig. S1). Here, we focus on the stratigraphy of the NB
Formation, which despite being poorly dated is the key to under-
standing the history of Tibetan topography and uplift mechanisms
and thus has become a focus of attention (20-24).

RESULTS

Chronostratigraphy

Sampling for magnetostratigraphy and tephra was performed along
a continuous gully outcrop (called the Dayu section) cutting through
the northern limb of the Dayu anticline in the Dayushan thrust-fold
belt, where the fossil leaves and paleosols were found. The measured
strata in this section are 1890 m thick, continuous from the anti-
clinal core to the northern limb margin, and truncated by a south-
verging thrust; they contain the middle and upper members of the
NB Formation (Figs. 1C and 2). About 15 km west of the Dayu sec-
tion, we also investigated the Chebuli section where the previous
stratigraphic age control of the Lunpola Basin was determined
(Fig. 1C and fig. S1).

Zircon U-Pb ages were obtained from three volcaniclastic layers
from the Dayu section. A ~0.5-m-thick volcaniclastic layer was
identified at the 318-m stratigraphic level in the lower part of the
Dayu section (Fig. 2C). Its gray color and indurated lithology are
clearly distinguishable within a dominantly brownish mudstone
sequence. It is massive and contains visible muscovite and biotite
(Fig. 2C and fig. S2A). The petrography displays a porphyritic
structure where phenocrysts of pyroxene and plagioclase occur ran-
domly within the matrix with a distinct hyalopilitic texture. Some of
the volcanic glass has been altered to illite (fig. S2, B and C). Both
major and rare earth elements indicate trachyandesite compositions,
although there is alteration to K-bentonite (fig. S2D and table S1)
(33). These features suggest volcanic ash derived from a trachyandesitic
eruption. All of the zircon grains exhibit euhedral crystal morphol-
ogies with concentric rings indicative of a magmatic origin and with
similar ages, with one distinct peak, which yielded an average age of
38.2+ 0.5 Ma (20) (fig. S2, E to G, and table S2). The relatively large
age spread around the peak age may suggest reworking or older
zircons from the volcanic center that would require using only the
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youngest grains to constrain the maximum depositional age. How-
ever, within the zircon age spread, the following magnetostrati-
graphic analysis (see below) unequivocally indicates a depositional
age (38.1 to 38.4 Ma; C17n.3n) close to the average zircon age
(38.2 + 0.5 Ma), such that the oldest and youngest grains are inter-
preted as potentially spurious (34). At the 1045-m stratigraphic level,
in the middle part of the section (Fig. 2), a 0.8-m-thick volcaniclastic
layer was identified. It consists of massive brownish gray clayey silts
including mica and oxidation spots (fig. S3A). The petrography
shows mostly angular quartz, mica, and plagioclase in a silty matrix
with a massive and occasionally porous structure infilled with sec-
ondary sparry calcite. Illite or weathered mica occurs as convolutive
or oriented clumps and aggregates, probably altered from previous
glass and large mica grains (fig. S3, C to E). The zircon grains have
concentric rings indicative of a magmatic origin (fig. S3B) and have
a wide range of U-Pb ages, between 31 and 2760 Ma, with a distinct
youngest Oligocene peak yielding a concordant age of 32.4 + 1.1 Ma
(20) (fig. S3, F to I, and table S3). At the 1652-m stratigraphic level
in the upper part of the section (Fig. 2), another identified volcani-
clastic layer, ~0.3 m thick, consists of brownish gray, massive
siltstone. The petrography indicates mainly angular quartz grains
with larger mica and plagioclase phenocrysts randomly present
within a fine matrix (mostly finer quartz, feldspar and weathered
aggregated mica, glass, and illite; fig. S4, A to C). Zircon U-Pb
dating of this tuffite yielded a relatively wide age spectrum (22.5 to
2729 Ma) but with a well-defined youngest age group with a weighted
mean of 23.3 + 0.3 Ma (20) from zircon grains with original euhedral
and concentric-ringed crystals indicative of a magmatic origin (fig. 54,
D to H, and table S4). This age is consistent with the widespread
occurrence of the Early Miocene volcaniclastic layers over the basin
(17, 18, 35). It may correlate in age (Fig. 1C) to a tuffite in the
Chebuli section with reported concordant zircon U-Pb ages of
22.57 £ 0.48 Ma (18) and 23.6 + 0.2 Ma (17) and with our measured
tuff zircon U-Pb age of 23 + 0.4 Ma (20) (figs. S1 and S5 and table S5).

Detailed paleomagnetic sampling was performed at 2- to 5-m inter-
vals along the Dayu section (Figs. 1C and 2). Stepwise thermal de-
magnetization was applied to two sets of specimens (total of 915) from
the collected samples. Well-defined characteristic remanence magneti-
zation (ChRM) directions were recognized for most samples (fig. S6),
which pass the reversal test (fig. S7). On the basis of virtual geomagnetic
polarity (VGP) latitudes (Fig. 2), 26 pairs of normal (N1 to N26)
and reverse (R1 to R26) magnetic polarities are observed (Fig. 2).

Constrained by the three independent zircon U-Pb ages in the
lower, middle, and upper parts of the section, respectively, the
observed magnetic polarities are readily correlated with chrons
6Bn-19r of the geomagnetic polarity time scale (36), yielding the age
range of 41.8 to 21.5 Ma for the measured section (Fig. 2). The lower
lacustrine portion is especially reliably dated with unequivocal one-
to-one correlations of polarity zones R25 to R11 to chrons C18n.2n
to C8r (40 to 26 Ma ago). The upper fluvial to alluvial interval in-
cludes a few ambiguous correlations and implies that some short
chrons are missing, possibly associated with a depositional hiatus
typical of these environments, including erosion surfaces and
paleosol development; however, the general pattern is clear and
concurs with the maximum depositional age of the tuffite.

The resulting sediment accumulation rates are generally uniform
and relatively low during the lacustrine-dominated interval, until a
threefold increase at 25 Ma ago in the youngest part, characterized by
coarser braided river deposits (fig. S8). This pattern is consistent with
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Fig. 2. Correlation of the observed magnetic polarity zones of the measured Dayu section on the northern limb of the Dayu anticline with the geomagnetic
polarity time scale (36) based on tuff zircon U-Pb age constraints. This yields ages of ~42 to 22 Ma for the measured section, which reassign the age of the fossil palms
from the work of Su et al. (79) to ~39.5 Ma. Other fish, insect, and plant fossils from the works of Wu et al. (22), Cai et al. (23), and Jiang et al. (24) are reassigned an age of
~37 Ma, and the paleosols in the upper section are reassigned an age of ~26.5 to 22 Ma, according to our new age model. Sites DY1, DY2, and DY3 are shown on Fig. 1C.
Paleocurrent directions from clast imbrications. (A) Paleosol complexes developed on the top of each cycle of channel deposition (conglomerates): overbank deposits
(siltstones-mudstones) of a braided river environment. (B) Paleosol nodules in luvic paleosol complexes. (C) Tuff layer at the thickness of 318 m. (D) Tropical water striders and fish
(climbing perch) found in shales at the thickness of 150 m. (E) Tropical fish (climbing perch) found in grayish shale at the thickness 139 m. (F) Schematic lithologic log of the
composite section showing stratigraphic positions of paleo-current measurements, radiogenic dating samples and fossils within the Middle and Upper members of the
Niubao Formation. (G) Virtual Geomagnetic Pole latitudes from paleomagnetic samples throughout the section. Open (full) dots indicate reversed (normal) polarity direc-
tions. (H) Polarity zones (N for Normal and R for Reversed) inferred from VGP latitudes. Top and basal estimated ages are from correlations to the GPTS indicated by dashed
lines to the panel | on the right. (I) Geomagnetic Polarity Time Scale (36). GPTS, geomagnetic polarity time scale. Photo credit: Xiaomin Fang, ITP, CAS.

the previously inferred tectonic setting of slow subsidence in the
Eocene-Oligocene and distal deposition until 26 to 20 Ma ago when
basin reactivation and thrusting were associated with proximal facies
and regional compressive deformation (26, 27, 37, 38). Paleocur-
rents (fig. S8) from the north suggest uplift north of the Lunpola
Basin, probably related to the coeval south-verging Gaize-Amdo
thrust belt activity (18).

Fang et al., Sci. Adv. 2020; 6 : eaba7298 9 December 2020

Revision of the Lunpola Basin chronology

In contrast to our direct dating of the strata containing paleoele-
vation records (stable isotopes and fossil leaves), previous studies
[e.g., (19, 20)] had to infer depositional ages on the basis of micro-
fossils (ostracods and palynological assemblages) and an along-
strike correlation to the dated Chebuli section (~15 km west of
the site; Fig. 1B). For the Chebuli section, 25.5- to 19.8-Ma age
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constraints are provided by a dated tuff and magnetostratigraphy
from a smaller portion of the section (fig. S1, A to C) (17). However,
stratigraphic correlation from the Dayu to the Chebuli sections is
unreliable because the fossil-bearing strata disappear ~1.4 km west
of the fossil site at the Dayu section and cannot be traced to the
Chebuli section (Fig. 1 and fig. S9). In addition, at the Chebuli site,
the dating was performed on a 350-m interval of the lower DQH
Formation, but it cannot be extended to the underlying NB Forma-
tion (fig. S1) (17). Below this dated section, the stratigraphy is bur-
ied by Quaternary river sediments such that the contact with the
underlying NB Formation cannot be found. Above the dated sec-
tion, the DQH Formation is thrusted by the lower part of the NB
Formation; the middle and upper parts of the NB Formation, how-
ever, are not present, as they have been truncated by another thrust
(figs. S1 and S9). On the basis of these observations, it is clear that
the stratigraphic position of the NB Formation with respect to the
dated portion in the lower DQH Formation cannot be estimated
precisely at the Chebuli site. However, Su et al. (19) estimated that
the NB Formation should be stratigraphically correlated ~150 m
below the dated portion and therefore proposed an age of ~25.5 Ma.
Our results from the Dayu section indicate that the fossil site is
~1000 m stratigraphically below the dated portion and is therefore
much older. Furthermore, the age of the high-elevation paleosols
collected near the Dayu section (20) was based on the roughly esti-
mated Eocene age of the NB Formation, but we now recognize that
they are actually from the top of the NB Formation dated to the
earliest Miocene.

Our results require a revision of the depositional ages of the fossil
palm leaves in the Dayu section, as well as the ages of the subsequent
fossils from the Lunpola Basin that have been used to infer the
paleoelevations of central Tibet. Various animal and plant fossils
have previously been used to infer paleoelevations; they include fish
(climbing perch, Eoanabas thibetana gen. et sp. nov.), insects (water
striders, Aquarius lunpolaensis), plant megafossils (golden rain trees,
Koelreuteria lunpolaensis sp. nov. and Koelreuteria miointegrifoliola),
and diverse subtropical fossil flora (see site DY3 in Fig. 1C for loca-
tions) (22-24). All of these fossils indicate that tropical-subtropical
warm and humid conditions have been used to suggest low eleva-
tions (<2.3 km) in central Tibet at ~25 Ma ago using previous age
estimates (22-24). According to our new age model, these fossils are
now dated to ~37 to 39.5 Ma ago. In addition, paleoelevation esti-
mates based on paleosol carbonate 3'*0 from the Lunpola Basin
(20) also need to be revised. These results obtained near the Dayu
section indicated elevations of ~4.5 km at >35 Ma ago, based on
previous age estimates mainly from regional correlations. Accord-
ing to our new results, the depositional ages of the reported paleosol
carbonate 8'®0 data in the upper NB Formation are constrained to
the interval of ~26.5 to 21.5 Ma (Fig. 2), suggesting high elevations
in central Tibet at this time (Fig. 3). In summary, our new age con-
straints on this critical sedimentary sequence in the Lunpola Basin
enable us to propose a new elevation chronology for central Tibet:
low central Tibetan elevations (<2.3 km) during the Eocene (at least
since 39.5 Ma ago) but high elevations (~3.5 to 4.5 km) during the
latest Oligocene to Early Miocene (at least since ~26 Ma ago). Our
substantially revised age constraints, obtained directly from the site
containing the elevation proxies, necessitate the revision of several
key records that reconciles regional uplift patterns, hence signifi-
cantly affecting interpretations of regional plateau growth history
and its driving mechanisms.

Fang et al., Sci. Adv. 2020; 6 : eaba7298 9 December 2020

DISCUSSION
Regional pattern of Tibetan elevations since the
India-Asia collision
Our results from the Lunpola Basin enable the reconciliation of the
previously discrepant paleoelevation datasets from the Tibetan Plateau
region. In particular, the inferred high Eocene elevation in the Lunpola
Basin has been the most controversial and difficult to explain. Several
explanatory hypotheses have been proposed, including the resetting
of stable isotopic systems or the use of an alternative lapse rate pro-
vided by climate models (25, 39). However, our results show that the
discrepancy has arisen simply from poor age control, assigning older
ages to high elevations compared to low elevations. To place our results
within a regional chronological framework, we now compare them
to the growing number of paleoelevation datasets based on various
paleoelevation tools: mostly pedogenic carbonate stable isotopes (e.g.,
8'%0 and A47), biomarkers [e.g., plant wax n-alkane stable isotopes
3D and glycerol dialkyl glycerol tetraethers (GDGTs)], and fossils (e.g.,
floral and faunal assemblages, palynology, and leaf morphology). We
rely on recent exhaustive data compilations that critically address
these proxy limitations: Quade et al. (40) for stable isotopes explor-
ing tectonodiagenetic resetting, Spicer et al. (25) for providing a full
and critical assessment of fossil proxies, Kapp and Decelles (41) for
integrating tectonic and geologic constraints, and Botsyun et al. (39)
for integrating paleoclimate configurations affecting the proxies.
These studies indicate distinctive regions of low and high elevations
during different periods (Figs. 1A and 3). In the Paleocene-Eocene,
they now show a consistent pattern of low elevations in east-west
(E-W)-elongated regions within a generally high proto-plateau
inherited from previous deformation. At ~25 to 20 Ma ago, these
low-elevation regions were uplifted to form an exclusively high plateau
more similar to that of today. These studies distinguish three of
these E-W lowlands: (i) the South Tibetan lowland, running along
the Yalu-Zangbo suture (YZS) with the Gangdese Arc mountains to
the north and the Himalaya to the south, which emerged only in the
Miocene; (ii) the central Tibetan lowland, including the Lunpola
Basin, along the BNS, running between the highlands of the Gangdese
Arc and the Lhasa plano to the south and the Tanggula and Fenghuo
Shan mountains to the north [note that although the high elevations
of the Lhasa plano have been contested (25, 42), we follow the arguments
of Kapp and Decelles (41) for their existence]; and (iii) the north Tibetan
lowlands running along the Tanggula thrust fault and the Jinsha suture,
with the Tanggula and Fenghuo Shan mountains to the south and bound
to the north by the Kunlun mountains. This north Tibetan lowland region
was recently suggested to have been moderately low (~2 km) in the
Eocene (43-45) but was later uplifted to 4 km by at least 24 Ma ago
(21, 45). The broad region further north of the Hoh Xil Basin, the
Kunlun-Qaidam-Qilian, was probably also relatively low (<1.5 to 2 km)
in the Eocene-Oligocene (46, 47), although an Oligocene tectonic exhu-
mation and uplift of the Kunlun mountains (48) and a reconstructed
Oligocene higher elevation of the Qaidam Basin were reported (49). In
detail, the data are still sparse and often remain controversial, possibly
because of local variability. Increased tectonic and sedimentary evidence
and paleoaltimetry suggest that the northeastern Tibetan Plateau was
already high in some parts in the Eocene but that it was strongly
deformed and rapidly uplifted later, mainly since the Late Miocene
(50-53). We note that the central intermontane lowlands are relatively
narrow [<~50 to 100 km, accounting for post-Paleogene thrusting
and folding; (41) and references therein] compared to the surrounding
ranges. We therefore suggest that in the Eocene, central-southern Tibet
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was mostly at high elevations, possibly resembling topographically
the modern Qaidam to Altai regions with intermontane basins such
as the Turpan depression, albeit in a subtropical setting.

Implications for Tibetan plateau growth mechanisms

The Lunpola Basin was initiated as a series of latest Cretaceous to
Eocene narrow and partitioned basins along the BNS when the
Tanggula thrust belt and the Gangdese retroarc thrust belt were re-
activated, with large parts of the northern Lhasa and Qiangtang ter-
ranes experiencing rapid exhumation [(27, 41) and references
therein]. This far-field compressional deformation phase was also
expressed south of the Gangdese mountains, initiating basins along
the YZS and extending to the north of the Tanggula mountains,
which initiated the Hoh Xil Basin and beyond between the Kunlun
ranges bounding the Qaidam Basin [(41) and references therein].
Our results confirm that the Lunpola Basin was still at a low eleva-
tion in the Eocene and probably stayed low until ~25 Ma ago when
the relatively slow subsidence (100 m/Ma) with continuous lacus-

Fang et al., Sci. Adv. 2020; 6 : eaba7298 9 December 2020

trine environments were replaced by high sediment accumulation
rates and proximal alluvial environments. This suggests that the
deformation was limited from ca. 40 to 25 Ma ago; otherwise, such
a narrow intermontane basin would have been rapidly consumed.
This 15-Ma-long slow lacustrine accumulation is more consistent
with postorogenic thermal subsidence (54). The location of these
basins along the BNS zone led to suggestions of transcontinental
subduction or at least reactivation along these preexisting struc-
tures during the latest Cretaceous to Eocene (27, 55, 56). Thermal
relaxation of the associated lithospheric mantle thickening may
thus explain the Late Eocene-Early Miocene slow subsidence in
the Lunpola Basin and possibly at other low elevations and slowly
subsiding basins along the suture zones (57). Note that some of the
basins (e.g., the Kailas Basin) have experienced very rapid infill-
ing followed by uplift, which are recognized as related to different
tectonic settings (38, 58, 59). With respect to the India-Asia colli-
sion, this Late Eocene-Early Miocene interval with little deforma-
tion and relatively slow subsidence in central Tibet may suggest
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crustal decoupling from the subducting plate beneath the southern
margin of Asia.

The onset at 25 Ma ago of the accumulation of proximal deposits
from the north and the documented deformation in the Lunpola
Basin is related to the Shiquanhe-Gaize-Amdo thrust-fold system
and the Gaize-Seling Co back thrust system. These two systems
developed from the BNS and Gangdese back thrust, propagated
into the Lunpola and adjacent basins and thrusted and folded them,
effectively ending sediment deposition later in the Miocene (Figs. 2
and 3 and fig. S8) (18, 27). This time period corresponds to the
regional Early Miocene reactivation of BNS compressive structures
throughout the plateau and beyond, with the Himalayan exhuma-
tion to the south and extending to relatively distant regions to the
north [e.g., the Pamir, Tian Shan, and Qilian Shan; (41) and refer-
ences therein]. This is usually related to subduction of thick Indian
continental lithosphere after the Greater India slab break off since
the Early Miocene (60), as suggested, for example, by plate kinemat-
ics that imply that the northern edge of the Indian lithosphere was
located near the trench at this time [e.g., (61, 62)]. We can therefore
simply attribute the uplift of the low-elevation Tibetan basins to
their compressive deformation related to Indian continental sub-
duction. We note, however, that for the Hoh Xil Basin unconform-
ably overlain by flat-lying Miocene lacustrine deposits, there was no
important Miocene deformation, suggesting that the uplift more
likely relates to lower crustal flow or delamination, as previously
indicated [e.g., (63)]. Last, the elevation pattern clearly supports two
deformation stages that can be compared with models of the India-
Asia collision. The quiet Eocene period favors models involving ei-
ther oceanic subduction of a trans-Tethyan back arc (41, 64) or of a
Greater Indian Basin (65), with a preference for the latter involving
hard Indian collision since 25 to 20 Ma ago. However, we argue that
the uplift pattern does not appear to support lower crustal flow as
the main driving mechanism of topographic growth before 20 Ma
ago for the central lowlands including the Lunpola Basin (Fig. 3 and
fig. S8); otherwise, the valleys would have been raised by flow from
the surrounding high regions without structures (66). That struc-
tural deformation appears to have been minimal until the 25- to
20-Ma ago uplift is more likely related to compression, thrusting,
and folding rather than to passive uplift (Fig. 3) (27, 38, 41, 58, 59).

Impact on climate, surface processes, and life

Asian atmospheric patterns are well known to be affected by the
surface uplift of the Tibetan-Himalayan orogen, which can intensify
monsoonal circulation and deflect the westerly jet (67). However, we
argue that the existence of the narrow E-W lowlands in the Eocene
did not substantially affect monsoonal patterns that were likely primarily
driven by frontal mountain ranges rather than plateau heating (7);
these ranges already existed in the Eocene to generate monsoon-like
patterns [e.g., (68)]. However, climate modeling experiments have
yet to test the influence of rugged Eocene paleogeography (69). Re-
cent atmospheric modeling experiments (25) do not show resulting
atmospheric circulations but focus on precipitation stable isotopes
in a wide E-W lowland that appears to yield depleted values despite
being at low elevations; these depleted values are interpreted to re-
sult from a rain shadow effect from the high ranges to the north and
south. This provided a valid explanation for the apparently biased
Eocene stable isotope values from the Lunpola Basin, but we now
show that these values are consistent with high Miocene elevations.
Our results indicate that stable isotopic proxies remain generally

Fang et al., Sci. Adv. 2020; 6 : eaba7298 9 December 2020

valid, although climate simulations are needed to better constrain
them with realistic atmospheric circulation patterns (39). Depleted
stable isotope values from these E-W low-elevation regions remain
to be documented and would be at odds with fossil evidence and
depositional environments indicating moist and warm tropical to
subtropical conditions (25). We thus argue that substantial mois-
ture was brought to these Eocene E-W lowlands by the westerlies or
the East Asian monsoons but these moisture sources were later de-
flected and/or shielded by frontal ranges upon Early Miocene uplift.

The surface processes associated with these E-W Eocene low-
lands remain to be explored. In the Lunpola Basin, the depositional
environments are generally lacustrine with low sediment accumulation
rates, suggesting underfilled internally drained basins in agreement
with paleocurrent orientations (fig. S8) (18, 37, 38); this suggests no
outlet with a sediment contribution to the oceans and, thus, limited
drainage incision. However, a strong hydrological cycle may have
been promoted by intense evaporation, at least seasonally, which
would be expected at these paleolatitudes, and is indicated by the
distinctive evaporite/lignite alternations of these basins that are also
characteristic of the Eocene deposits in eastern China [e.g., (59, 69, 70)].
We acknowledge that there is still insufficient evidence to eliminate
the possibility that these Eocene drainages were connected to the
surrounding seas, either to the east (e.g., the China Seas and proto-
Bengal fan) or to the west (e.g., the proto-Paratethys and Neo-Tethys),
as suggested by Eocene marine fossils found in the Gerze Basin east
of the Lunpola Basin (71). Further provenance studies may elucidate
these connections to internal Tibetan sources and record their dis-
connection upon Early Miocene uplift [e.g., (72)].

Biotic communities documented by fossils in the Lunpola Basin
and other Eocene Tibetan lowlands yield highly diverse tropical-
subtropical taxa (22-24). These relatively isolated lowland habitats
surrounded by large elevation gradients were an ideal setting for the
development of a biodiverse habitat that may have served as a cradle
for specific Tibetan species [e.g., (9, 12, 14)]. These lowlands have
also provided ideal biotic interchange pathways for E-W migrations,
potentially promoting exchange between East China/Southeast Asia
and Central Asia/Western Asia (73, 74). The 25- to 20-Ma ago up-
lift of these lowlands must therefore have had a major influence on
the origin and evolution of species derived from the Tibetan region
that may be traceable in genomic signatures (9, 12-14).

The ongoing surge of paleoelevation data from in and around the
Tibetan region will enable to better constrain the general patterns and
explore other local variations. This is promising for resolving long-
standing controversies regarding the formation of the Tibetan Plateau,
and they should provide fundamental constraints on its tectonic driving
mechanisms and the interactions with surface processes, climate (re-
gional and global), and biotic evolution. Our study demonstrates
that reliable age control of these paleoelevation proxies is critical and
emphasizes that paleoelevation data integrated with geological, geo-
physical, and geochemical research, including sedimentological,
structural geology, and thermochronological data, are needed to
formulate realistic inferences about Tibetan Plateau growth and its
driving mechanisms and climatic impacts [(41) and references therein].

METHODS

Radiometric dating

Zircons extracted by conventional magnetic and density techniques
were mounted in epoxy and polished to expose half of the grains for

7of 10

0202 ‘0T Jaqwiada uo /610 Bewasualos saoueApe//:dny wolj papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

analysis. Cathodoluminescence images were obtained to check the
internal structures and targeting spots for dating. Experiments were
performed using an American Agilent 7700x laser ablation induc-
tively coupled plasma mass spectrometer equipped with a 193-nm
excimer laser ablation system at the Key Laboratory of Western
China’s Mineral Resources of Gansu Province, Lanzhou University.
The ablated spots are 20 um in depth and 30 pm in diameter.
Isotope ratios were determined related to Harvard zircon 91500,
and concentrations were calculated using NIST SRM 610 as an
external standard using GLITTER (4.0) software. The corrected
206ph/238U ages were accepted for ages <1000 Ma ago, while
97pb/*°Pb ages were accepted for ages >1000 Ma ago. Diagrams of
U-Pb concordia and weight average histograms were drawn using
Isoplot version 3.0 (75).

Paleomagnetic dating

Oriented block samples with dimensions of roughly 10 cm by 10 cm
by 8 cm were obtained from the Dayu section. The block samples
were then cut into three oriented cubic specimens of dimensions
2 cm by 2 cm by 2 cm in the laboratory. After natural remanent
magnetization (NRM) measurements, all specimens were subjected
to stepwise thermal demagnetization using an ASD MMTD-48
oven at temperatures ranging from 20° to 700°C or until the intensity
of the ChRM was <5% of the NRM. The remanence was measured
using a 2G-760R cryogenic magnetometer in a magnetically shielded
room at the Paleomagnetism and Rock Magnetism Laboratory in
the Ministry of Education Key Laboratory of Western China’s Envi-
ronmental Systems, Lanzhou University, China.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/50/eaba7298/DC1
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