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Two-phase growth of high topography in eastern

Tibet during the Cenozoic

E. Wang'*, E. Kirby?3, K. P. Furlong?, M. van Soest?, G. Xu®, X. Shi?, P. J. J. Kamp® and K. V. Hodges*

High topography in eastern Tibet is thought to have formed
when deep crust beneath the central Tibetan Plateau flowed
towards the plateau margin, causing crustal thickening and
surface uplift"?. Rapid exhumation starting about 10-15 million
years ago is inferred to mark the onset of surface uplift and
fluvial incision®®. Although geophysical data are consistent
with weak crust capable of flow’?3, it is unclear how the timing®
and amount of deformation adjacent to the Sichuan Basin
during the Cenozoic era can be explained in this way'®". Here
we use thermochronology to measure the cooling histories
of rocks exposed in a section that stretches vertically over
3km adjacent to the Sichuan Basin. Our thermal models
of exhumation-driven cooling show that these rocks, and
hence the plateau margin, were subject to slow, steady
exhumation during early Cenozoic time, followed by two
pulses of rapid exhumation, one beginning 30-25 million years
ago and a second 10-15 million years ago that continues to
present. Our findings imply that significant topographic relief
existed adjacent to the Sichuan Basin before the Indo-Asian
collision. Furthermore, the onset of Cenozoic mountain building
probably pre-dated development of the weak lower crust,
implying that early topography was instead formed during
thickening of the upper crust along faults. We suggest that
episodes of mountain building may reflect distinct geodynamic
mechanisms of crustal thickening.

The evolution of topography throughout the Indo-Asian
collision zone remains at the centre of debates over the links
between plateau growth and the Asian monsoonal climate'?, as
well as over the geodynamics of intracontinental deformation®. In
eastern Tibet, the preservation of high-elevation, low-relief surfaces
atop the surface of the Tibetan Plateau!® and an abrupt increase
in cooling rates along the deeply exhumed margin of the plateau
during late Miocene time**'*"'7 (Fig. 1) have led to the suggestion
that high elevations across much of eastern Tibet developed in
the past 10-15million years (Myr). This conclusion is central to
two geodynamic inferences; first, that the synchrony of mountain
building around the periphery of the Tibetan Plateau and regional
changes in climate are the consequences of a fundamental change in
lithospheric buoyancy beneath the plateau'?, and second, that late
Miocene growth of eastern Tibet heralds the initial development of
a weak lower crust beneath the plateau®.

Both of these hypotheses have been challenged recently. Isotopic
data from central Tibet'®!® suggest that thickened crust and high
topography were established early in the collision history. This is
consistent with slow erosion rates across the plateau in the past
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Figure 1| Simplified regional geologic map of the eastern margin of the
Tibetan Plateau. Tectonostratigraphic terranes are shown in the
explanation. Estimates for the onset of rapid cooling based on
thermochronologic data are given in Myr before present and are referenced
in citations. Dashed box shows location of Fig. 2.

40 Myr (ref. 20) and with the preservation of relict plateau surfaces
in the western Himalaya?'. In northern Tibet, evidence for both
deformation? and the establishment of high elevations® by Eocene
time are likewise consistent with the expansion of a broad region of
high topography in the Early Tertiary period. The eastern extent of
such a proto-plateau, however, remains uncertain.

In eastern Tibet, the role of lower crustal flow in the development
of high topography has been questioned in the Longmen Shan
(Dragon’s Gate Mountains), adjacent to the Sichuan Basin. Here,
Cenozoic shortening'"** along an imbricate fan of basement-
involved thrust faults has been argued to be primarily responsible
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Figure 2 | Geologic map of the southern Longmen Shan range. Sample locations along an elevation transect (yellow) were sampled in the Pengguan
Massif, a crystalline massif in the hanging wall of the Yingxiu-Beichuan Fault zone. Data from previous studies are available in the Supplementary

Information. Explanation of geologic units as in Fig. 1.

for high topography and thickened crust®. Four primary fault
systems seem to have accommodated Cenozoic deformation
(Fig. 2): first, the Wenchuan—Maowen Fault, a steep to subvertical
structure along the western flank of the Pengguan Massif; second,
the Yingxiu—Beichuan Fault, a steep to moderately dipping reverse
fault that places crystalline basement of the Pengguan Massif
against Triassic rocks of passive margin affinity; third, the Pengguan
Fault, a splay fault that forms the range front along the Longmen
Shan; and fourth, an unnamed, blind structure beneath the
Sichuan Basin'®!!?, Both the Yingxiu—Beichuan and the Pengguan
faults are active and experienced relatively large displacements
during the 2008 M,, 7.9 Wenchuan earthquake®. Because these
structures have significant Mesozoic displacement®, assessing the
amount of shortening that accumulated during Cenozoic mountain
building is challenging.

The timing of deformation and relief generation along the Long-
men Shan is likewise uncertain. Cooling ages from the crystalline
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massifs in the range (Fig. 1) imply significant exhumation since
about 10-15 Myr ago*>'. Slow cooling before this time is argued
to reflect little to no topographic relief between the range and
its foreland®. However, thermally reset apatite-fission-track ages
from the Xiongpo anticline, a fault-related fold in the southwestern
Sichuan Basin (Fig. 1), suggest exhumation about 40 Myr ago’.
Structural relationships between a belt of klippen that lie to the east
of the basement massifs and folded Cretaceous—Eocene strata in
the Sichuan Basin (Fig. 2) suggest the emplacement of the klippen
since Eocene time?*. Thus, geologic data permit the possibility that
deformation began as early as the mid-Cenozoic era®.

To assess the timing and history of mountain building in the
Longmen Shan, we present new thermochronologic data from a
densely sampled (n = 20) age—elevation transect in the Pengguan
Massif, adjacent to the Sichuan Basin (Fig. 1). The transect spans
nearly 3 km of relief and is located in the immediate hanging wall of
the Yingxiu—Beichuan Fault, the primary structure responsible for
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Figure 3 | Age-elevation relationships for thermochronologic data from the Pengguan Massif. 2o analytical uncertainties are shown as error bars. a, ZFT
determinations. b, ZHe ages (circles) and titanite (U-Th)/He ages (star). Filld symbols denote grain replicates included in the mean age determination.
Open symbols denote excluded grain ages. ¢, AFT ages. d, AHe ages. Symbols as in b.

the M,, 7.9 2008 Wenchuan earthquake®. Thus, the exhumational
history of this portion of the range provides an important constraint
on the history of slip along this fault system*. We present results
from numerous thermochronologic systems, including (U-Th)/He
in apatite (AHe) and zircon (ZHe) and fission track in apatite
(AFT) and zircon (ZFT) in Fig.3 and Supplementary Tables
§5-59. Together, the kinetics of He diffusion and fission-track
annealing in these systems span a temperature window ranging
from ~250-300°C down to ~60°C (ref. 27) and allow us to
interrogate the thermal history of this part of the plateau margin
in unprecedented detail.

Results from ZFT analysis of seven samples yield ages that range
from about 200 to 250 Myr (Fig. 3a), implying that rocks now at the
surface resided at or above ~250°C during the early Cenozoic”.
These results place a maximum bound on total exhumation
of ~10-12km (see Supplementary Information). In contrast,
ZHe ages from 12 samples vary systematically with elevation
(Fig. 3b), ranging from 51.5 £ 3.4 at ~4,200m to 24.7+1.7 at
~1,400 m elevation (all uncertainties are quoted at two standard

642

deviations (0)). Although generally older than previous ZHe
determinations from this massif*, our results are confirmed by
numerous replicates of individual grains (Supplementary Table S7)
and by analyses of titanite from a single sample (Fig. 3b). These
results imply cooling through ~180°C (ref. 27) during the early
and mid-Cenozoic.

Ages from AFT and AHe thermochronologic systems provide
additional insight into the late Cenozoic cooling history. AFT
ages range from 27.6+16.2 Myr at ~4,000m to 15.0 £ 4.4 Myr
at the base of the transect (Fig. 3c), but most ages are relatively
invariant with elevation about 25Myr ago (Fig. 3¢c). Relatively
long confined track lengths in these samples (Supplementary
Fig. S2) are consistent with a period of increased cooling rate
during this time interval. AHe ages are generally young in
the lower half of the transect (Fig.3d), ranging in age from
10.9 £ 0.6 Myr at ~1,900 m to 4.1 0.5 Myr at ~1,160 m. AHe ages
above 1,900 m elevation are sparse, owing to poor-quality apatites
(see Supplementary Information), but two well-determined results
yield ages of about 22-23 Myr.
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Figure 4 | Composite age-elevation transect comparing data with predictions of thermal models. Uncertainties are shown as 20 Insets show time-depth
histories of samples exposed at the surface at present used in forward models. Numbers represent average exhumation rates in m Myr~" for each stage.

a, Single-stage exhumation histories that represent acceleration starting 30 Myr (solid lines) or 25 Myr ago (dashed lines). Shaded region between two
histories represents range of solutions between these time periods. b, Two-stage thermal histories consistent with the ensemble of low-temperature
thermochonometers. Onset of rapid exhumation 30 Myr (solid lines) or 25 Myr ago (dashed lines) is followed by a period of slow exhumation (inset).

Rapid exhumation commencing 10 Myr ago is common to both histories.

These results clearly reveal a protracted history of exhumation
along the Longmen Shan and challenge the interpretation that
topographic relief along this margin of the plateau developed
entirely in the late Miocene*’. Although the duration and extent
of exhumation recorded by our data preclude preservation of
abrupt changes in the slope of age—elevation arrays of any single
system®, thermal modelling of exhumation histories consistent
with the suite of thermochronologic data require protracted, but
episodic, exhumation.

First, some topographic relief clearly existed along the Longmen
Shan during the Early Tertiary period. A linear fit to the age—
elevation trend of ZHe results suggests exhumation at rates of ~90—
100 m Myr™! during the interval 50-30 Myr ago (Supplementary
Fig. S3). A simple analysis of scaling relationships between the relief
along actively incising river profiles and modern erosion rates from
eastern Tibet?” demonstrates that sustained, slow denudation
rates were probably associated with relatively low relief across
the Longmen Shan in the Early Tertiary. Our analysis follows a
broad body of work that demonstrates that channel steepness (a
measure of channel gradient normalized for differences in basin
shape) is correlated with erosion rate. In modern-day eastern
Tibet, erosion rates of ~100 m Myr~! are associated with relatively
low-gradient channels (channel steepness indices of ~50—-100 m®?;
ref. 29). Assuming that channels were of similar length to today
(a conservative minimum, see Supplementary Information), the
difference in elevation across the Longmen Shan was probably no
greater than ~750-1,000 m (Supplementary Fig. S4), implying that
Z75% of the present-day relief between the plateau and the Sichuan
Basin (~4,000 m) developed during the Cenozoic.

Second, thermal histories imply that exhumation rates must
have increased in the late Oligocene—early Miocene. This result is
required by the steep age—elevation trend of the AFT data, by the
convergence of ZHe and AFT ages near the base of the transect
(Fig. 4) and by AFT lengths (Supplementary Fig. S2). Although
our data do not distinguish whether the onset of accelerated
exhumation occurred 30 or 25Myr ago (Fig. 4), it is clear that
rapid exhumation (~1,000 m Myr™') was ongoing during the early
Miocene. Thus, our results directly contradict previous studies®’
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that infer slow cooling during the mid-Cenozoic and imply that
substantial relief along the present-day margin of eastern Tibet had
begun to develop by Oligocene—Miocene time.

Third, our results require temporally unsteady exhumation
during the mid-to-late Cenozoic. A key result is the presence of AHe
ages of about 20 Myr at the top of the range, which demand a hiatus
or decrease in exhumation rate during the mid-Miocene (about
20—10 Myr ago, Fig. 3). Although the duration of this period is not
well resolved, models that maintain steady rates of exhumation
from the Oligocene to the present day systematically misfit both
the AFT and AHe data (Fig. 4a). However, all models also indicate
that this hiatus must have been followed by a second period of rapid
exhumation in the past ~10 Myr (as argued previously*?), such that
relatively young AHe ages (about 4 Myr) are present in the lower
half of the transect (Fig. 3d).

This episodic history of exhumation challenges much present
thinking about the timing and processes responsible for the
generation of high topography along the eastern margin of the
Tibetan Plateau. Our results reveal a previously unrecognized pulse
of mountain building adjacent to the Sichuan Basin in Oligocene
time. Deformation at this time is recognized to the south and west
of the Longmen Shan®?%, but the relative contribution to plateau
development remains uncertain. Our results suggest that shortening
along structures in the Longmen Shan foreland'® and emplacement
of klippen was associated in time with significant exhumation
of basement massifs in the core of the range. Thus, crustal
thickening during this early period of deformation and exhumation
represents a significant, if as yet unquantified, contribution to
present-day topography.

This conclusion also raises the possibility that previous es-
timates of the timing of surface uplift in southeastern Tibet>®
may be incorrect. These studies implicitly assume a nearly in-
stantaneous response of fluvial incision to surface uplift, but
lags in the response time of erosional systems™ make this
inference subject to uncertainty. Moreover, isolated data from
some regions of eastern Tibet suggest that the onset of rapid
cooling pre-dates ~14 Myr (refs 6,17) and hints at the likelihood
of earlier periods of exhumation. Our results raise the possibil-
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ity that Oligocene-Miocene mountain building may have been
widespread along the eastern plateau margin and that large re-
gions of eastern Tibet may have attained significant elevation
before the late Miocene®.

Our findings carry important implications for the geodynamics
of plateau formation in eastern Tibet. Notably, significant crustal
thickening along the margin of the Sichuan Basin in Oligocene
time cannot be readily attributed to the flow of lower crust. The
timescales required for thermal weakening of the thickened crust
to attain effective viscosities permissible of widespread flow are
of the order of ~20Myr (ref. 31). Even allowing for reasonable
propagation velocities of a tunnelling channel®?, the onset of
mountain building in eastern Tibet seems to be too close in time to
the Indo-Asia collision for this process to be active.

Renewed exhumation in the Longmen Shan during the late
Miocene, however, may still reflect thickening of the lower crust®.
Although we cannot definitively rule out a role for climatically
enhanced incision, the sustained exhumation required by our data
from about 10 Myr ago to present (Fig. 4) and the widespread onset
of exhumation at this time (Fig. 1) suggest an underlying tectonic
driver. Late-Miocene plateau growth during the emplacement
of weak lower crust is consistent with timescales of crustal
flow’*2. We suggest that the onset of exhumation across eastern
Tibet in the late Miocene probably reflects a fundamental shift
in the dynamics of mountain building at this time such that
plateau growth subsumed pre-existing ranges in the Longmen
Shan and elsewhere?*. Regardless, modern plateau topography in
eastern Tibet retains a palimpsest of early Cenozoic mountain
building that may be revealed only through high-resolution
thermochronologic records.

Methods

Apatite and zircon were extracted from rock samples and concentrated following
standard density and magnetic separation procedures. Fission-track ages were
determined at the University of Waikato, using the external detector method
and a zeta calibration factor for Fish Canyon, Durango and Mt. Dromedary age
standards for AFT ages. Samples were irradiated in the Forschungsreaktor Heinz
Maier-Leibnitz II reactor in Munich, with nominal fluences of 1 x 10'® neutrons
cm~2 for apatite and 2 x 10" neutrons cm~? for zircon. Neutron fluences were
monitored using CN5 (apatite) and CNI1 (zircon) dosimeter glass and mica
detectors were etched in HF. All samples were measured by G. Xu. Confined track
lengths in apatite were measured by digitizing track terminations using a projection
tube and are estimated to have a precision of 0.2 pm.

Euhedral crystals of apatite and zircon were hand-picked on the basis of size
and clarity for (U-Th)/He analysis at the Arizona State University (ASU) and
measured using digital images taken under x 184 magnification and dark-field
illumination using a Leica MZ16 binocular microscope. Individual grains were
loaded into Nb tubes and analysed for He on an Australian Scientific Instruments
Alphachron (U-Th)/He system. He was released from each crystal by heating using
2980 nm diode laser and the gas was spiked with 3He, gettered to remove impurities
and measured on a Pfeiffer-Balzers Prisma Quadrupole mass spectrometer. Average
blank at ASU is 0.036 +0.013 (10) fmol. *He concentrations were calculated
by comparison to a spiked *He standard (known to =+ 1.2%) analysis run in
sequence with the unknowns. All samples were subjected to re-extraction to
ensure complete gas removal and grains were subsequently subjected to digestion
for U and Th measurement. Details of the digestion procedures are available
in the Supplementary Information. Solutions were spiked with **Th and 2**U
and analysed on a Thermo X series quadrupole inductively coupled plasma
mass spectrometer at ASU, using a micrometreebulizer. Finally, individual grain
ages were calculated using blank-corrected values and corrected for a-ejection
effects. Shards of Durango apatite, euhedral zircon crystals of Fish Canyon
Tuff and abraded shards of titanite from Fish Canyon Tuff were analysed with
the samples as age standards. Mean values of individual grain replicates were
determined using a subset (1 > 3, in all cases) of grain ages and propagating all
uncertainties. A complete discussion of analytical procedures can be found in the
Supplementary Information.

Forward models of the thermal response to exhumation were conducted using
a one-dimensional finite-difference approximation to the advection—diffusion
equation. Various exhumation histories were imposed subject to the constraint
that total exhumation ranges between 10 and 12 km, using a constant initial
surface heat flow of 75 mW m~2, thermal conductivity of the crystalline basement
of 3Wm™"' K7!, surface radiogenic heat production of 2uW m~ (with an
exponential scaling length of 10 km) and subject to a constant surface temperature
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of 0°C. Comparison of these thermal histories with thermochronologic data
was accomplished through modelling codes that track the radiogenic production
and diffusion of He in apatite and the annealing of AFT. As the kinetics of
diffusive loss of He from zircon are not completely understood, we simply
track the 180 °C isotherm as a proxy for the closure temperature of this system.
A full discussion of model parameters and sensitivity can be found in the
Supplementary Information.
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