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The Geological Evolution
of the Tibetan Plateau

Leigh H. Royden,* B. Clark Burchfiel, Robert D. van der Hilst

The geological evolution of the Tibetan plateau is best viewed in a context broader than the
India-Eurasia collision zone. After collision about 50 million years ago, crust was shortened in western
and central Tibet, while large fragments of lithosphere moved from the collision zone toward

areas of trench rollback in the western Pacific and Indonesia. Cessation of rapid Pacific trench migration
(~15 to 20 million years ago) coincided with a slowing of fragment extrusion beyond the plateau
and probably contributed to the onset of rapid surface uplift and crustal thickening in eastern Tibet.
The latter appear to result from rapid eastward flow of the deep crust, probably within crustal channels

imaged seismically beneath eastern Tibet. These events mark a transition to the modern structural
system that currently accommodates deformation within Tibet.

ommonly referred to as the “Roof of
‘ the World,” the Tibetan plateau stands

5 km high over a region of approxi-
mately 3 million km® (Fig. 1). As early as the
1920s, Argand (/) postulated that the plateau
formed as the result of collision and postcolli-
sional convergence of the Indian subcontinent
with Eurasia, causing shortening and thicken-
ing of the crust to ~80 km and producing the
magnificent mountain ranges of the Himalaya,
Karakorum, and Tien Shan. This perspective re-
mains widely accepted, but the development of
the plateau can also be evaluated within the
context of the large dynamic system related to
subduction of oceanic lithosphere beneath eastern
Eurasia and Indonesia.

Despite decades of study, controversy remains
over basic aspects of Tibetan geology. For exam-
ple, the mantle lithosphere beneath Tibet has been
proposed to be cold, hot, thickened by shortening,
or thinned by viscous instability. Other contro-
versies include the degree of mechanical cou-
pling between the crust and deeper lithosphere
and the nature of large-scale deformation (2—4).
The Tibetan lithosphere is complex, composed of
fragments of different ages, compositions, tem-
peratures, and rheology. Understanding the pro-
cesses that have formed the plateau requires
reconstruction of changing patterns of defor-
mation and uplift across a wide range of tem-
poral and spatial scales.

Precollisional Tectonics (Before ~50 Ma)

The development of high topography and thick-
ened crust in the Tibetan region began before
continental collision, during subduction of the
Tethys oceans northward beneath Eurasia. Early
Cretaceous thrust faulting, folding, and crustal
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thickening took place along the Bangong suture
in what is now central Tibet. In Late Cretaceous
to Early Eocene time, an Andean mountain range
with abundant magmatic activity and a back-
arc thrust belt developed along the southern
margin of the Eurasian plate (5) (Fig. 2).

By Late Cretaceous time, the southern and
central plateau was elevated above sea level,
which suggests thickening of the continental
crust, but northern and northeastern Tibet con-
tained broad areas of nonmarine, and locally
marine, deposition, which indicates little crustal
thickening there. Plate reconstructions at the time
of collision, ~50 million years ago (Ma) (6, 7),
place the Indian subcontinent ~2500 km south
of its current position (Fig. 3). Estimates of sub-
sequent shortening within the central Himalaya
suggest that ~500 to 1000 km of Indian con-
tinental lithosphere existed northward of what is
now north-central India (8).

Through much of Late Cretaceous time, the
trenches of the western Pacific subduction
boundaries rolled back slowly. This produced
north-south trending extension in east China and
adjacent offshore areas (9), but there is little
evidence for eastward movement of continental
lithosphere away from southeastern Tibet before
collision.

Early Cenozoic Tectonics (~50 Ma to ~20 Ma)

After collision, intracontinental convergence and
deformation continued across Tibet, reaching

Fig. 1. Topography shade map for the Tibetan region showing the relict landscape of eastern Tibet
(white shading) and internally drained region of central Tibet (gray-green shading). Red arrows are
selected and slightly generalized GPS measurements (22, 24). Red dashed lines are cross-section
locations for Fig. 5; box outlined in black is location of Fig. 6; black lines are young geologic structures;
colored squares are ages of initiation of rapid river incision (pink, 5 to 12 Ma; blue, 10 to 15 Ma; red, 8
to 10 Ma) (34-36). Inset shows the approximate area of deep crustal flow (blue shading) with
topographic contours (1-km interval from 500 m) and section lines (A and B) used to constrain rates of
deep crustal flow. Black arrows are inferred direction of lower crustal flow (38), Si, Sichuan Basin.
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northward to involve a larger area
than previously (Fig. 2). In the cen-
tral Himalaya, postcollisional de-
formation involved south-vergent
thrusting and folding of rocks of
the north Indian passive margin
as it was subducted beneath Eurasia.
Concurrently, crustal shortening
formed mostly narrow basins in
central and southern Tibet with
thick nonmarine, syntectonic strata,
bounded by thrust faults that dip
south and, more commonly, north
(10). The magnitude of this Early
Cenozoic shortening is unknown;
within the basins, shortening is small
but locally may reach more than
50%. It has been suggested that
this shortening reflects the begin-
ning of southward underthrusting of
Eurasia below Tibet (11, 12). Oxy-
gen isotope data suggest that as early
as Eocene/Oligocene time the south-
em and central part of the Tibetan
plateau had reached high eleva-
tions, whereas the northern part of
the plateau remained low (/3).

At this time, large fragments of
Eurasian lithosphere were extruded
eastward out of central Tibet, from
the Bangong suture region toward
southern China and northern Indo-
china (2, 14) (Fig. 3). The similar-
ity between Eocene folded strata
in northern Indochina and central
Tibet indicates that these continental
fragments were deformed after col-
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Fig. 2. Tectonic map of Tibet and adjacent regions showing distribution of
major structures and rock units grouped approximately into precollisional
(before ~50 Ma), Early Cenozoic (before ~20 Ma), and Late Cenozoic (after
~20 Ma). In, Indus suture; B, Bangong suture; LS, Longminshan thrust belt;
X, Xianshuehe fault system; Ai, Ailao Shan; AT, Altyn Tagh fault.
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plateau, probably beginning by Oligo-
cene time when nonmarine rocks,
previously deposited in broad basins
connected with the Tarim Basin,
began to be confined to local basins
10, 11).

Eastward extrusion of lithosphere
from central Tibet occurred dur-
ing a time of rapid trench rollback
along much of the Pacific, Phil-
ippine, and Indonesian oceanic sub-
duction boundaries (2, /6). This is
documented by widespread Early
Cenozoic extension within the up-
per plate lithosphere of Indonesia
(17), Eocene-Oligocene extension
in the South and East China Seas
(18), and Early Miocene exten-
sion in the Sea of Japan (/9). Rapid
fragment extrusion did not con-
tinue past ~15 to 20 Ma, when
slab rollback and upper plate ex-
tension slowed or ended in most
places (16).

P-wave tomography reveals a
seismically fast structure up to
~400-km depth beneath the south-
ern plateau and northern India
(20, 21) (Figs. 4 and 5, profile 1).
This broad structure differs from the
narrow oceanic slabs imaged beneath
the western Pacific; it probably
represents subducted continental
mantle lithosphere of India. West of
~85°E, its cross-sectional area is
consistent with subduction and
stacking of ~1000 km of Indian

lision but before or during extrusion. Defor-
mation may have been facilitated by very high
lithospheric temperatures, as expressed by a
belt of alkali-rich magmatic rocks erupted
between ~30 and ~50 Ma (more were erupted
later) with melt temperatures of ~1300°C to
1400°C at depths of 80 to 100 km (15). In the
cast, the distribution of these magmatic rocks
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corresponds closely with that of the extruded
fragments.

The Ailao Shan shear zone (Fig. 2) probably
formed the northern boundary of the east-
moving fragments (2) until the Altyn Tagh fault
became active in the late part of the Early
Cenozoic. Left-slip on the Altyn Tagh fault was
transferred into shortening in the northeastern
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continental lithosphere. East of 85°E, the smaller
cross-sectional area indicates that less continental
lithosphere may have been subducted here.

Late Cenozoic Tectonics (After ~15 to 20 Ma)

As India-Eurasia convergence continued into
Late Cenozoic time, southward thrusting con-
tinued in the middle and lesser Himalaya, in-
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Fig. 3. Tectonic reconstructions around the time of collision (~50 Ma) and
at 20 Ma, with India and Eurasia positions determined from sea-floor mag-
netic anomalies (6). Major tectonic units of Tibet and Indochina are gen-

eralized by color; their reconstructed shapes are estimates and are poorly
known. Bold red lines are estimated positions of subduction zones. Light
brown shows the present distribution of land areas.
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volving deeper parts of the In-
dian crust (Fig. 2). North of the
Himalaya, the pattern of large-
scale deformation changed sub-
stantially after the Early Cenozoic,
with rapid surface uplift of the
eastern plateau and the onset
of east-west extension in the
central plateau. Some shorten-
ing still occurred within narrow
basins of the central plateau (/3),
but most shortening relocated
to northeastern Tibet and to the
Tien Shan.

The timing and structural pat-
tern of young faults and Global
Positioning System (GPS) data
indicate that the modern de-
formation regime was estab-
lished by ~15 Ma in central
Tibet and by ~8 to 10 Ma in
eastern Tibet (22, 23), with north-
south shortening, east-west ex-
tension, and eastward motion occurring in the
southern and central plateau region (22, 24),
and shortening in northeastern Tibet. Evidence
for Late Cenozoic crustal shortening in eastern
and southeastern Tibet is largely absent. Short-
ening structures of this age are found only along
the Longmenshan thrust belt (25, 26), with
total displacements of tens of kilometers and

110°E

100° E

Fig. 4. Lateral variation in P-wave speed, at 200-km depth, relative to a laterally
homogeneous reference Earth model. This image is part of a global model obtained
through tomographic inversion of P-wave arrival time data from global, national,
and regional seismograph networks (20, 21). The topographic contours (dark red)
outline the Tibetan plateau and adjacent areas at elevations from 0.5 to 5.5 km
above sea level.

active rates less than a few millimeters per
year.

Through the Late Cenozoic, lithospheric
fragments continued to be extruded outside the
plateau and toward South China and Indochina
(22). The rates of extrusion were slower than
in the Early Cenozoic, but motion was still
toward the location of coeval trench rollback

along adjacent oceanic subduc-
tion boundaries. This is clearest
for the Indo-Burman region
where upper-plate extension doc-
uments westward trench migra-
tion beginning at ~20 Ma (/7).
Rapid eastward motions still oc-
curred within the plateau, but
most of this motion did not
extend outside the plateau. For
example, left-slip on the Altyn
Tagh fault was transferred into
thrust faulting and folding in
northeastern Tibet (27). Here, nar-
row high mountain ranges formed
and separated deep narrow basins
with nonmarine deposition, pos-
sibly accompanied by southward
subduction of Eurasian crust be-
low central Tibet (2, 12).

To the east, the eastward-
moving upper crust of the cen-
tral and eastern plateau is diverted
northeast and southeast around the Sichuan
Basin. Marked by fast P-wave propagation to
at least 250-km depth, this basin appears to be a
deeply rooted, mechanically strong unit under-
lain by craton-like lithosphere that has resisted
the multiple deformations that affected the
surrounding regions (Fig. 4). Slow seismic-wave
propagation in the lithosphere beneath eastern
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Fig. 5. Profiles through the Tibetan plateau region showing topography
(top), conceptual crustal model (middle), and seismic section (bottom).
Velocity anomalies are P-wave speed on profile 1 and S-wave speed on
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profiles 2, 3a, and 3b (47). Moho position is poorly constrained on profile
1, but well constrained from receiver function analysis (42) on profiles 2,
3a, and 3b. Profile locations are shown in Fig. 1.
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Tibet suggests that its mechanical strength is
much lower than beneath the Sichuan Basin.

West and southwest of the Sichuan Basin,
southward motion of the upper crust is accom-
modated by clockwise rotation and by left-slip
along the Xianshuihe fault system, which be-
came active at ~8 to 10 Ma and
has a net displacement of ~70 km
and GPS-measured rates of ~10 to
12 mm/year (22-24). Southward,
near the Ailao Shan, its displace-
ment remains uniform but occurs
across a zone 100 km wide with-
out identifiable faults. Northwest
of the Sichuan basin, Tibetan up-
per crust also deforms and moves
relative to the basin across a wide
area without identifiable faults (28).
Both regions of active shear with-
out recognized faulting are marked
by low seismic-wave speeds, and
presumably high temperatures, at
<200-km depth (20) (Fig. 4).

One of the most conspicuous
changes in Late Cenozoic deforma-
tion is the onset of east-west crustal
extension in central Tibet. Extension
occurs along north-south trending
grabens, northeast-striking left-slip 10
faults and northwest-striking right-
slip faults, and reaches southward
to include parts of the High Hima- Eo
laya. Extension may have begun
by 13 to 18 Ma and was well under
way by 8 Ma (29, 30). The ini- -10
tiation of extension has been pro-
posed to result from rapid removal
of Tibetan mantle lithosphere, with
a consequent increase in surface
elevation of the plateau (37), but in
our view the initiation of extension
is more likely tied to the uplift of
eastern Tibet (32).

Tibetan Landscape

The surface of the high central pla-
teau is internally drained, differing
considerably from eastern and south-
eastern Tibet, where a relict land-
scape is preserved between major
rivers (33) (Fig. 1). This relict land-
scape, which extends from the 5-km-
high eastern plateau to regions below
1-km elevation, may have been largely estab-
lished by the end of the Cretaceous; areas de-
formed in the Early Cenozoic were rebeveled
before the Late Cenozoic (33). Comparison with
modern landscapes suggests that the east Tibetan
landscape formed at regional slopes of not more
than 10> to 10™*. Because its downstream end
has remained near sea level, where it merges with
the modemn coastal plain, its upstream portion
probably formed at elevations less than ~1.5 km.

The east Tibetan landscape is currently un-
dergoing rapid change as the major rivers that

www.sciencemag.org SCIENCE VOL 321

drain the plateau are incising at ~0.3 to 0.4
mm/year (34, 35), carving gorges up to 3 km
deep. U-Th/He dating on apatite shows that
river incision started at ~8 to 15 Ma on major
tributaries of the Yangtze River (34, 35) and at
~5 to 12 Ma along the Longmenshan plateau

Tibetan
Plateau

Fig. 6. (Top) Epicenters of 12 May 2008 Wenchuan earthquake and after-
shocks (green circles), with focal mechanism for the main event (48). Events
are superimposed on map of lateral variation in P-wave speed at 100-km
depth relative to a laterally homogeneous reference Earth model (47),
with color scale the same as in Fig. 4. Brown dots, regional seismicity
(body wave magnitude larger than 3, symbol size scaled with magnitude,
time interval 1964 to 2007) from EHB catalog (49). Map location given in
Fig. 1. (Bottom) Geological structure along a profile through the hypo-
center, modified after (28), with location shown by the red line on the
map. Black lines, Jurassic faults; red lines, Late Cenozoic faults; S, Sinian
(latest Proterozoic); MWF, Maowen-Wenchuan fault zone; BF, southern
continuation of the Beichuan fault zone. Partially whited-out structures
indicate geologic reconstruction above the modern topographic surface.
Yellow circle depicts location of main Wenchuan earthquake with estimated
uncertainty in depth of +5 km.

margin (36) (Fig. 1). Thus, uplift of the eastern
plateau, the onset of east-west extension in the
central plateau, and the structural transition to the
modern fault patterns all date to ~10 to 15 Ma,
whereas uplift of central Tibet occurred much
carlier (13).

Crustal Rheology and Dynamics

Much of the active deformation of Tibet results
from its high topography. Surface strain rates,
inferred from GPS and earthquake data, are
consistent with gravitationally driven flow of a

Sichuan
~ Basin

REVI

viscous lithosphere bounded by stronger con-
verging blocks to the north and south (4, 37, 38)
(Fig. 1). Whether this coherently deforming layer
extends into the upper mantle or whether it
ends within the crust, thereby allowing for some
degree of mechanical decoupling between upper
crust and mantle, is a topic of on-
going debate.

Magnetotelluric data from the
eastern and south central plateau
indicate a hot, fluid-rich middle crust
(39). In a few localities, young mag-
matic rocks with melt temperatures
of 1300 to 1400°C indicate high
temperatures just below and prob-
ably within the deeper crust (/5).
Surface-wave tomography (40, 41)
and receiver function analysis (42)
from regional seismic arrays in
eastern and southeastern Tibet show
a middle and lower crustal network
with low shear-wave speed, and pre-
sumably low mechanical strength
(Fig. 5). These low-velocity zones
terminate against the steeply sloping
plateau margin adjacent to the
Sichuan Basin. These results support
model predictions that plateau mor-
phology correlates with the under-
lying crustal theology (38, 43, 44):
The high plateau and the gently
sloping southeastern and northeastern
margins overlie weak crustal zones,
and steeply sloping margins overlie
crust that is strong throughout.

Arguments for deep crustal flow
beneath Tibet come largely from
the history of the eastern plateau,
which was uplifted without substan-
tial shortening of the upper crust
(23, 38). Unless new crust is intro-
duced from the mantle, crustal
thickening and surface uplift
require rapid eastward flow in the
deep crust (Fig. 1), probably within
the slow seismic zones imaged in
the middle and lower crust, but this
interpretation remains controversial.
Deep crustal flow would have
occurred over distances of hundreds
to perhaps 1000 km. A rough
volume balance for the past 15
million years suggests that deep
crustal flow through profiles A and B (Fig. 1,
inset) averaged a minimum of ~70 to 100 mm/
year, approximately five times that of the upper
crust, with the viscosity of the deep crust being
several orders of magnitude smaller than that of
the upper crust (45).

The cause, formation, and lateral intercon-
nectivity of weak crustal zones beneath Tibet
remain unclear. The weak crust is probably hot,
an expected consequence of radiogenic heating
in a thickened crust, but modeling and surface-
wave tomography indicate that weak crust also
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extends to low elevations beneath the southeastern
margin where the crust has not been greatly thick-
ened. Model studies suggest that the east Tibetan
crust became weak before it became thick.

We speculate that until ~15 Ma, a zone of
stronger crust supported the eastern margin of
the plateau, separating an area of weak lower
crust beneath what is now the central plateau
from an area of weak lower crust beneath the
lowland region that is now eastern Tibet. We
further suggest that this plateau margin ad-
vanced into eastern Tibet at ~15 to 10 Ma, unit-
ing the areas of weak crust. This enabled rapid
castward flow of deep crust from central Tibet
into eastern and southeastern Tibet, along with
slower flow in the upper crust and east-west
surface extension. In our interpretation, the
initiation of east-west extension in central Tibet,
the uplift of eastern Tibet, and the establishment
of the modern deformation field in central and
castern Tibet are all the result of this process
originating in the deep crust.

Conclusions

The evolution of the Tibetan plateau involves
subduction of Indian lithosphere, thickening of
Tibetan crust, and eastward extrusion of Tibetan
lithosphere. Data summarized here indicate that
extrusion of lithospheric fragments beyond the
borders of the plateau correlates with trench
rollback in the western Pacific and around Indo-
nesia. We suggest that both a source (area of
thickening crust in central Tibet) and a sink
(areas of trench rollback to the east and south-
east) are needed to enable large-scale extrusion
of lithospheric fragments beyond the borders of
the plateau. As a corollary, the slowing and
reorganization of oceanic trench rollback in the
early part of Late Cenozoic time may have been
responsible for the coeval slowing and reori-
entation of fragment extrusion and may have
contributed to eastward growth of the plateau.
We propose that the transformation from the
older structural regime that dominated Early
Cenozoic deformation to the modern structural
regime is related to eastward migration of the
eastern plateau margin into an area of weak
lower crust beneath eastern Tibet. This resulted
in merging of two regions of weak crust and in
rapid eastward flow within the deep crust.

Epilogue

On 12 May 2008, a magnitude 7.9 earthquake
occurred near the town of Wenchuan, China
(46) (Fig. 6). Rupture propagated for ~270 km
along north-northeast striking, west-dipping
fault(s) with up to ~10 m of thrust- and right-
slip displacement. The hypocenter of the main
event is estimated at ~10- to 20-km depth, but
details of the surface rupture and slip distribu-
tion remain under investigation.
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The main event and aftershocks occurred
beneath the steep margin of the Tibetan plateau,
adjacent to the mechanically strong Sichuan
Basin and near profile 3a (Fig. 5), where GPS
data reveal up to several millimeters per year
convergence and right-slip. A geological section
through the epicenter shows an imbricate thrust
sequence, emplaced above the Pengguan massif
in Jurassic time. These units were refolded and
thrust eastward in Late Cenozoic time. The basal
thrust fault roots westward into the basement
beneath the Pengguan massif. Folded strata can
be matched across the Cenozoic faults, which do
not appear to have large displacement, perhaps
several tens of kilometers in total. Initial rupture
during the Wenchuan earthquake probably oc-
curred along a ramp in the basal thrust or related
faults (46) (Fig. 6).

From information currently available and
from the arguments presented here, we propose
that along the steep Longmen Shan margin (i)
active thrust faulting serves mainly to accom-
modate vertical uplift of the plateau margin,
with crustal thickening occurring by lateral
injection of weak crust (Fig. 5), and (ii) the
right-slip component of displacement serves to
flux upper-crustal material northeastward around
the strong lithosphere of the Sichuan Basin.
Ongoing study of postseismic displacements
related to the Wenchuan earthquake of 12 May
2008 should provide much data to test hypothe-
ses of flow and deformation in the deep crust
beneath eastern Tibet.
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