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Seismic reflection data support episodic and
simultaneous growth of the Tibetan Plateau
since 25Myr
Xiao-Dian Jiang1 & Zheng-Xiang Li2

The spectacular topography of the Tibetan Plateau is the result of collision between India and

Eurasia over some 50Myr, but how the plateau grew to its present size remains a topic of

debate. Work along its eastern margin suggests a two-stage uplift (thus growth of the

plateau) since 30–25Myr. Here we report high-resolution seismic reflection and drill core

results from the southern Tarim Basin that indicate a similar pattern for the northern margin

of the plateau. The data suggest that uplift in northern Tibet started at B23Myr from near

sea level, with the first episode finished by B10Myr, followed by a post-5-Myr episode of

rapid uplift along the present plateau margin. The growth of the Tibetan Plateau after the

Eocene thus appears to have been episodic in nature, and near-synchronous along both

eastern and northern margins.
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O
pinions regarding the rise of the Tibetan Plateau range
from synchronous plateau-wide uplift1 to stepwise
northward plateau growth2. Recent work along the

eastern margin of the plateau demonstrates two episodes of
rapid uplift: one from 30 to 25Myr and another from 15 to
10Myr (ref. 3), which appears to favour the episodic plateau
growth model. Work along the West Kunlun Range at the
northwest margin of the Tibetan Plateau, however, has led to
diverse conclusions, ranging from three-episode uplift4 to a single
post-4.5Myr uplift5. Estimations for the initiation of uplift range
from B46Myr to B3Myr (refs 4–13) based on a variety of
approaches: B46Myr based on stratigraphic and sedimentary
analysis6; B37� 30Myr based on chronology and litho-
stratigraphy2,7,8; B25–15Myr based on fission track dating9,
thermochronological results10 and Nd isotopic analysis of dust11

and B4.5Myr or younger based on magnetostratigraphic and
palaeo-environmental analyses4,5,12,13. No previous attempt has
been made to constrain the uplift history using the subsurface
stratigraphic record in the desert-covered Tarim Basin apart from
a mentioning in a regional overview14.

The continental lithosphere of the Tarim Block underthrusts
northern Tibet to its south15–18, with up to 12 km thick of
Cenozoic foreland basin deposits accumulated along southern
Tarim due to the loading of the plateau6. These deposits provide a
unique record of the history of the mountain building19. Here we
report the results of two high-quality petroleum prospecting
seismic lines and two drill holes from the foreland basin in
southwestern Tarim, which enable us to independently estimate
the timing and rate of plateau uplift along the northwestern
margin of the Tibetan Plateau. Our work points to two episodes
of uplift from near sea level since B23Myr, and we conclude that
the growth of the Tibetan Plateau since the Eocene has been
episodic and near-synchronous along its eastern and northern
margins.

Results
Geological setting. Our study region is located at the piedmont of
the West Kunlun Range, which marks the northwestern edge of
the Tibetan Plateau (Fig. 1). The West Kunlun orogenic belt is
bounded to the south by the Karakax Fault and to the north by
the Tekilik Fault17,20. It is characterized by high topographic relief
with elevation of up to 6,500m, 4,000–5,000m higher than the
average elevation of the southwestern Tarim foreland basin. The
Tarim Block to the north has an Archaean to Proterozoic
crystalline basement. Shallow-marine limestone and calcareous
shale were deposited for much of the time from the Cambrian
until at least B25Myr, and could be as late as B15Myr10,21.
Sequence stratigraphic boundaries and their ages within the study
region are based on the fossil record and lateral correlations with
type sections of the Tarim basin22,23. Palaeocene and Eocene
strata developed in restricted areas only in the Tarim Basin22, and
drill-hole data reveal a depositional hiatus between the Permian
and the Oligocene in the study region. The Cenozoic strata here
exhibit a general coarsening upward trend (Fig. 2). The B130-m-
thick Oligocene Bashiblake Formation (E31) marine carbonate
platform deposits13,23 mark the end of marine carbonate
deposition in the basin. The Miocene Wuqia Group (N1)
consists of clastic tidal flat (the Keziluoyi N1

1 and Anjuan N1
2

formations) and mixed flat facies (the Pakbulak Formation N1
3),

with lithology including a series of marine and terrestrial
sandstone, shale and mudstone. This group exhibits a
progressively higher-energy depositional environment22,23. The
Pliocene Artux formation (N2) comprises dominantly fluvial and
alluvial-fan deposits, marking the emergence of the continent
above sea level. This was followed by the deposition of the

Pleistocene Xiyu formation (Q) alluvial-fan conglomerates
intercalated with lenses of siltstone22–24 (Fig. 2), indicating that
the uplifted West Kunlun orogen was by then adjacent to the
study region.

Seismic reflection data and foreland basin geometry. Seismic
reflection and drill-hole data were acquired in the foothills of the
West Kunlun Range and the southwestern Tarim foreland basin
for petroleum prospecting by the Shengli Oilfield Company
during 1997–2000, and the data of two transects (X-X0 and Y-Y0)
and two wells (MC1 and SH2; for locations see Fig. 1) were
provided to the Ocean University of China for scientific purposes
under a scientific cooperation agreement. As the two parallel
transects, B10 km apart, show similar structures (Fig. 3), and
transect BB0 has a higher resolution, we combined them into a
single transect to strengthen the image with transect Y-Y0 joined
with the northeastern section of transect X-X0 using the ProMax
Oil software. The joint seismic transect was converted to a depth-
migrated section constrained by synthetic seismogram of VSP
velocity of wells MC1 and SH2 (Fig. 4a).

The foreland deposits dip gently to the southwest, and thicken
byB9 km over the distance ofB170 km, indicating a clear image
of the wedge-shaped foreland basin geometry (Fig. 4a). The folds
and thrusts revealed in the transect show that the thrust belt has
been progressively incorporating the foreland basin over time.
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Syntectonic growth strata began to accumulate in the
early Miocene, with the Keziluoyi Formation, a tidal-flat
succession, marking a sharp break from the underlying marine
platform carbonates of the Bashiblake Formation (E31)23. Marine
foraminifera Ammonia beccarii and ostracod Hemicyprinotus
valvaetumidus of the Keziluoyi Formation are found in both well
MC1 and outcrops in the southwestern Tarim Basin22,25. An age
range of B23–16Myr is assigned to the formation following the
recent geological timescale26. Likewise, fossil-constrained ages
bracket the Anjuan Formation at 16–11.6Myr, the Pakabulake
Formation at 11.6–5.3Myr and the Artux Formation at
5.3–2.6Myr (refs 22,23) (Fig. 2).

Time for the onset of uplifting in the West Kunlun Range. The
change in sedimentary environment from a marine carbonate

platform in the Oligocene (the Bashiblake Formation, E31) to a
clastic tidal flat in the early Miocene (the Keziluoyi Formation, N1

1

in Figs 2 and 4b,c) marks the beginning of foreland basin
development due to the formation of the proto-West Kunlun
Range at the northern edge of the proto-Tibetan Plateau. The
estimated B23Myr initiation age for the uplift of the proto-West
Kunlun Range, based on seismic stratigraphy and the fossil
record, is consistent with 22.1–13.7Myr apatite fission track ages
for gneisses in the West Kunlun Range front9. It is also consistent
with the B25Myr age for north-south contraction along the
Pamir-West Kunlun Range27, the 25–23Myr ages for large-scale
dextral strike-slip movements in northwestern Tibetan Plateau28

and the 25–20Myr ages for rapid exhumation at northern Tibet9.
As the orogen grew higher and possibly also extended to the

southern part of the Tarim Basin due to the northward
propagation of the Tibetan Plateau, high-energy tidal sediments

200

600

650

700

750

800

850

900

950

1,000

1,050

1,100

1,150

1,200

1,250

1,300

1,350

1,400

1,450

1,500

1,550

1,600

1,650

1,700

1,750

1,800

1,850

1,900

1,950

2,000

2,050

2,100

2,150

2,200

400m

150

Depth
(m)

Fluvial—shallow
lake delta

Evaporative 
carbonate platform

Transitional
shoreland

Sedimentary description

Sequence
Facies

Clastic tidal flat

5.3

11.6

16

23

34

Fossil record

A
rt

ux
 F

m
 (

N
2)

P
ak

bu
la

k 
F

m
 (

N
13 )

A
nj

ua
n 

F
m

 (
N

12 )
K

ez
ilu

oy
i F

m
 (

N
11 )

Age (Myr)

B
as

hi
bl

ak
e

F
m

 (
E

31 )

Permian

Synthetic
seismic section

Seismic section

100

50

2.6

0.01

Candoniella-hasachstantica 

Cyclocypris regularis 

Candoniella albicans 

Cyprideis punctillata

Cyclocypris cavernosa

Ilyocypri evidens

Liliaceae
Sparganium sp.

Cyprideis littoralis

Eucypris sp.

Ammonia beccarii 

Eponides sp.

Charasadleri

Rhabdochara sp.

Granulachara longovalis

Cyprinotus sp.

Hemicyprinotus-valvaetumidus

Ammonia beccarii

Charalepta

Fergania ferganensis  
Cibicidoides sp. 
Heterolepa sp.
Platygena asiatica
Panxiania sp.  
Kraenselisporites sp.

Mudstone
Coarse
sandstone

Tabular cross
bedding

Trough cross
bedding

Rippled bedding Parallel bedding

Horizontal bedding Wavy bedding

Bioturbation and
trace burrow

Ripple mark

Ca or Fe
concretion

Massive bedding

Low-angle oblique
bedding

Herring bone
cross bedding

Plant debrisAnhydrite nodules

Ptygmatic anhydrite Limy skeletal

Fossil  burrow and bioturbation

O
lig

oc
en

e
Lo

w
er

 M
io

ce
ne

M
id

-M
io

ce
ne

U
pp

er
 M

io
ce

ne
P

lio
ce

ne
(Not logged) 

X
iy

u 
F

m
 (

Q
)

Q
ua

te
rn

ar
y

Alluvial fan-fluvial

Figure 2 | Stratigraphic column. Data are from well MC1 located to the north east of the study area, compiled from (ref. 23). Quaternary strata cut by

the top B500m of the drill hole were not logged. Logging of synthetic seismic records of well MC1 is comparable to seismic reflection data, and

both consistently show layer interfaces of E3
1/N1

1, N1
1/N1

2, N1
2/N1

3 and N1
3/N2 strata. Sedimentary facies and palaeontological information are from

regional compilations by (refs 22,23,25).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms6453 ARTICLE

NATURE COMMUNICATIONS | 5:5453 |DOI: 10.1038/ncomms6453 |www.nature.com/naturecommunications 3

& 2014 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


were deposited (the Anjuan and Pakbulake formations, N1
2 and

N1
3; Fig. 2). Since the Pliocene, the sedimentary facies became

dominantly fluvial and alluvial fans (the Artux and Xiyu
Formations, N2 and Q; Fig. 2).

Rates of episodic uplift and basin subsidence. A quantitative
estimation of differential sedimentation rates in the foreland
basin can be made utilizing the high-resolution seismic data
(Figs 4 and 5a, including locations of drill holes), constrained by
the drill-hole data and the fossil record (Fig. 2). This allows us to
estimate the rates of differential uplift between the two sides of
the frontal thrust in the West Kunlun Range (Fig. 1), as well as
subsidence rates in the foreland basin. These estimations shed

new light on both the episodic nature of plateau propagation and
variations in the intensity of orogenic uplift (plateau propogation)
with time.

We use the thickness variations in the foreland basin to
calculate the changing rate of sedimentation with time at different
locations in the foreland basin (see locations 1 to 12 marked along
the seismic traverse in Fig. 5a), calibrated by the sedimentation
record in wells SH2 and MC1 where the strata thicknesses are
marked as H0 and H1, respectively (Fig. 4c). Assuming
equilibrium subsidence versus deposition rates in the tidal-flat
to fluvial/aluvial fan environments, the average deposition
(subsidence) rates are given in Table 1 and shown in Fig. 5b.
The 12 locations across the foreland basin show a consistent
pattern in the change of deposition/subsidence rate with time,
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with one low peak during the mid-Miocene (B16–11Myr) and
a high peak during the Quaternary (after B2.6Myr). The fact
that data points inside or close to the orogen (that is, locations
1 and 2) and those away from the orogen (locations 3
to 12) show the same time-variation pattern indicates that the
pattern can not be explained by factors such as lithospheric
softening within the orogen. The time-variation in deposition/
subsidence rate thus most likely reflects changes in the orogenic
loading on the lithosphere of the Tarim Block, which would have
resulted in isostasy-driven surface uplift at the present north-
western margin of the Tibetan Plateau. The rate estimations for
location No. 1 near the depocenter (Fig. 5) are shown in Fig. 6. It
implies that there have been two episodes of rapid uplift along the
West Kunlun Range: one in the mid-Miocene (B16–11Myr)

and the other since B5Myr, with the latter being significantly
more rapid. The peak deposition/subsidence rate for the
depocenter was B0.4mm per year during mid-Miocene and
B1.3mm per year for the Quaternary (Fig. 6).

Using the differences in thickness between strata on the two
sides of the frontal thrust (Figs 1 and 4a,b), we calculated the
relative uplift rate on the hanging wall for each time interval by
dividing the thickness difference (S0� S1) for each unit by the
estimated geological duration Dt. The results also indicate two
episodes of rapid uplift along the frontal thrust of the West
Kunlun Range: one during the Miocene (B23–12Myr) with a
peak rate of B0.2mm per year and the other during the
Quaternary (after 2.6Myr) with a much higher rate of 0.7mm per
year (Table 2 and Fig. 6).
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Calculation results are given in Table 1.

Table 1 | Results of subsidence rate calculation.

Stratum Q N2 N3
1 N2

1 N1
1 E3

1

Dt
(Myr)

0.01–2.6 5.3–2.6 11.6–5.3 16–11.6 23–16 34–23

H
(m)

V (mm per
year)

H
(m)

V (mm per
year)

H
(m)

V (mm per
year)

H
(m)

V (mm per
year)

H
(m)

V H
(m)

V (mm per
year)

No. 1 3,346 1.291 3,186 1.180 1,620 0.257 1,883 0.428 1,409 0.201 193 0.018
No. 2 2,965 1.145 2,281 0.845 1,204 0.191 1,497 0.340 1,400 0.200 284 0.026
No. 3 2,758 1.065 2,091 0.774 755 0.120 1,167 0.265 1,030 0.147 175 0.016
No. 4 2,605 1.006 2,035 0.754 687 0.109 1,022 0.232 968 0.138 162 0.015
No. 5 2,449 0.945 1,950 0.722 687 0.109 898 0.204 842 0.120 178 0.016
No. 6 2,294 0.886 1,902 0.704 628 0.100 820 0.186 718 0.103 172 0.016
No. 7 2,127 0.821 1,884 0.698 563 0.089 700 0.159 704 0.101 162 0.015
No. 8 1,964 0.758 1,834 0.679 450 0.071 550 0.125 710 0.102 120 0.011
No. 9 1,831 0.707 1,562 0.579 439 0.070 462 0.105 593 0.085 130 0.013
No. 10 1,719 0.664 1,310 0.485 365 0.058 443 0.101 461 0.066 156 0.014
No. 11 1,615 0.623 1,045 0.387 305 0.048 420 0.095 368 0.053 135 0.012
No. 12 1,393 0.538 810 0.300 290 0.046 400 0.091 300 0.043 108 0.010

Dt, time duration in Myr; H, strata thickness in metres; V, subsidence rate in mm per year, calculated by dividing the thickness H of a given unit at a given point by the estimated geological duration Dt.
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Discussion
The fact that the relative uplift rate across the frontal thrust shows
a comparable periodicity and relative intensity as that suggested
by the subsidence/deposition rate estimations (Fig. 6) indicates
that (a) the frontal thrust acted broadly synchronously with the
main orogenic belt and (b) the interpreted two-episode uplift
history, with the post 5Myr one being much stronger (B3 times
that of the earlier one), is a realistic reflection of the uplift history
along the West Kunlun Range. The intensity contrast between the
two episodes likely indicates that, during the first episode, the
front of the proto-West Kunlun orogen at the edge of the plateau
was further south from its present position, and it only
propagated to its present position during the second episode.
Our results therefore suggest that the northwestern edge of the
Tibetan Plateau underwent two major episodes of propagation
since B23Myr: one at B23–12Myr and the other since 5Myr,
leading to the region being uplifted from near sea-level10 to the
present height of 46,000m (B5,000m relative to the Tarim
foreland basin). Such a two-episode uplift history is comparable
to the two episodes of rapid cooling events recorded along the
eastern margin of the Tibetan Plateau3.

We therefore conclude that the Tibetan Plateau likely
experienced two major episodes of lateral propagation towards
both its eastern and northern margins after B25Myr: one mostly
before 10Myr and the other mostly after 5Myr. Such a semi-
synchronous plateau expansion model is at variance with both the
synchronous plateau-wide uplift1 and the dominantly northward
plateau propagation models2. Recent work on both margins also
suggest that brittle thickening of the upper crust plays the

dominant role in the plateau propagation along those
margins29,30. There is therefore a case for synchronous episodic
plateau expansion dominantly through brittle thickening of the
upper crust rather than mechanisms like crustal channel flow31,32.

Methods
Subsidence rate calculation. Subsidence rates at 12 locations along the seismic
traverse in the southwestern Tarim foreland basin (Fig. 5a) are calculated for the
time intervals of the Oligocene (E31), the Miocene (N1

1, N1
2, and N1

3) and the Pliocene
(N2) epochs, and the Quaternary (Q) period (Figs 2 and 4). Seismic reflection data
show that the syntectonic foreland basin growth strata are above the Oligocene
Bashiblake Formation (E31) (Figs 4c and 5a), consisting of the Miocene Keziluoyi
(N1

1), Anjuan (N1
2) and Pakbulak (N1

3) formations, the Pliocene Artux Formation
(N2) and the Quaternary Xiyu Formation (Figs 2 and 5a). Between wells MC1 and
SH2 (Fig. 4c) there is an B60-km separation when projected onto the transect.
The thickness of the individual formations increases from north to south: the
Bashiblake Formation from 108 to 120m, the Pakbulak Formation from 300 to
710m, the Anjuan Formation from 400 to 550m, the Keziluoyi Formation from
290 to 450m, the Artux Formation from 810 to 1,834m and the Xiyu Formation
from 1,393 to 1,964 (points 12 and 8 of Fig. 4c). These correspond to average
sedimentation rates of 0.01, 0.04, 0.09, 0.05, 0.30 and 0.54mm per year for each
corresponding time interval at well MC1 (location No. 12), and 0.01, 0.10, 0.13,
0.07, 0.68 and 0.76mm per year at well SH2 (location No. 8), respectively. These
numbers (highlighted in shade) were used for calibrating the rate estimation for the
other 10 locations along the transect (Table 1 and plots in Fig. 5b).

Relative uplift rate calculation. The relative uplift rate between the two sides of
the frontal thrust at the foothills of the West Kunlun Range is estimated for the
time intervals of the Oligocene (E31), the Miocene (N1

1, N1
2, and N1

3), the Pliocene
(N2) and the Quaternary (Q) using the difference in strata thickness across the fault
(So and S1 as in Fig. 4b) divided by the respective time duration.
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