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Abstract: Active graben systems in south Tibet and the Himalaya are the surface expression of ongoing east–west extension,
although the cause and spatiotemporal evolution of normal faulting is a still a matter of debate. We reconstructed the
exhumation history driven by normal faulting in the southern Tangra Yumco graben using new thermochronological data. The
Miocene cooling history of the footwall of the main graben-bounding fault is constrained by zircon (U–Th)/He ages (16.7 ± 1.0
to 13.3 ± 0.6 Ma), apatite fission track ages (15.9 ± 2.1 to 13.0 ± 2.1 Ma) and apatite (U–Th)/He ages (7.9 ± 0.4 to 5.3 ±
0.3 Ma). Thermo-kinematic modelling of the data indicates that normal faulting began 19.0 ± 1.1 Ma at a rate of
c. 0.2 km myr−1 and accelerated to c. 0.4 km myr−1 at c. 5 Ma. In the northern Tangra Yumco rift, remodelling of published
data shows that faulting started c. 5 myr later at 13.9 ± 0.8 Ma. The age difference and the distance of 130 km between these two
sites indicates that rifting and normal faulting propagated northward at an average rate of c. 25 km myr−1. As this rate is similar
to the Miocene convergence rate between India and south Tibet, we argue that the under-thrusting of India beneath Tibet
exerted an important control on the propagation of rifts in south Tibet.

Supplementary material: Figures S1, S2, and Table S1 with details on apatite fission track analysis are available at https://doi.
org/10.6084/m9.figshare.c.6198584
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The formation of continental rifts is associated with the growth of
normal faults that accumulate displacement as they grow laterally
and link with each other (e.g. Rosendahl 1987; Walsh and
Watterson 1988; Cowie and Scholz 1992; Dawers et al. 1993;
Corti 2009). Fault propagation may occur either symmetrically or
asymmetrically; in the latter case, one tip of the fault remains fixed
while the other fault tip advances along the strike of the fault (e.g.
Schlische and Anders 1996; Morley 1999; Manighetti et al. 2001).
As a consequence of fault growth and the initiation of new normal
faults along-strike, continental rifts tend to increase in length with
time. This process may proceed gradually or, alternatively, during
episodes of rapid rift propagation after a new fault has been formed
(e.g. Morley 1999; Corti 2009). The age of normal fault initiation
along rifts is expected to be variable and becomes younger in the
direction of rift propagation.

Two approaches have been applied to determine the time at
which normal faults became active. The first approach is based on
the analysis of sediments that were deposited in subsiding rift
basins and that vary in age and thickness along rift systems (e.g.
Gupta et al. 1998; Morley 1999; Gawthorpe and Leeder 2008). The
second approach uses low-temperature thermochronology of
samples from near-vertical profiles in the footwall of normal
faults and takes advantage of the fact that uplifting and eroding
footwalls cool over time (e.g. Armstrong et al. 2004; Fitzgerald
et al. 2009). When reconstructing the history of normal faulting
from thermochronological data, it is necessary to take the temporal
changes in the geothermal gradient during and after faulting into

account, which is best achieved using thermo-kinematic modelling
(e.g. Ehlers and Farley 2003; Braun et al. 2012; Brown et al. 2017;
Wolff et al. 2021). Changes in the geothermal gradient are caused
by the advection of hot footwall rocks towards the surface during
faulting and erosion, by temporal changes in the fault slip rate and
by thermal relaxation after faulting has stopped (e.g. Ketcham
1996; Mancktelow and Grasemann 1997; Braun 2016; Wolff et al.
2020).

We determined the slip history of a range-bounding normal fault
in southern Tibet by thermo-kinematic modelling of new low-
temperature thermochronological data. Our results show that normal
faulting in the southern Tangra Yumco graben started several
million years earlier than in the northern part of the same graben,
which demonstrates that normal faulting and rifting have propagated
northward with time. We suggest that rift propagation was mainly
controlled by under-thrusting of the Indian plate beneath Tibet,
which led to crustal thickening, isostatic uplift and the initiation of
normal faulting.

Tectonic evolution of the Tibetan–Himalayan orogen and
rifting in south Tibet

The Tibetan–Himalayan orogen is the result of the ongoing
continent–continent collision between India and Asia, which
started in the Early Cenozoic (e.g. Molnar and Tapponnier 1975;
Rowley 1996; Yin and Harrison 2000; Zhang et al. 2012). The
collision was preceded by the amalgamation of the Lhasa and
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Qiangtang terranes (Fig. 1) and the subduction of the Neotethyan
Ocean beneath the Lhasa terrane, which caused the emplacement of
voluminous S-type granitoids in the northern Lhasa terrane in the
Early Cretaceous (e.g. Xu et al. 1985; Harris et al. 1990; Wen et al.
2008; Hetzel et al. 2011; Haider et al. 2013; Burke et al. 2021).
During the Late Cretaceous and early Paleogene, the rollback of the
Neotethyan lithosphere led to the southward migration of
magmatism and the intrusion of I-type granitoids, which constitute
the Gangdese Batholith (Coulon et al. 1986; Kapp et al. 2007; Wen
et al. 2008; Zhu et al. 2019). The emplacement of these granitoids in
the southern Lhasa terrane was accompanied by extensive
volcanism that deposited the flat-lying Linzizong volcanic
succession above the Gangdese Batholith (Maluski et al. 1982;
Burg et al. 1983; Coulon et al. 1986; Lee et al. 2009; Liu et al.
2018).

After the Eocene collision of India with Asia and the formation of
the Indus–Yarlung suture, a narrow sedimentary basin, the Kailas
Basin, formed along the suture zone in the Oligo-Miocene (Gansser
1964; Aitchison et al. 2002). This basin extends from Mt Kailas in
the west to the Lhasa region in the east (Fig. 1) and is dominated by
conglomerates and sandstones, which were initially derived from
the Gangdese arc to the north, but at later stages of basin formation
also from the Xigaze forearc strata, the Indus–Yarlung suture and
the Tethyan Himalaya in the south (Aitchison et al. 2002; DeCelles
et al. 2011; Wang et al. 2013; Leary et al. 2016; Li et al. 2017). The
sedimentary rocks have been referred to as the Gangrinboche
Conglomerate (Aitchison et al. 2002), the Kailas Formation
(DeCelles et al. 2011) or the Gangdese Conglomerate (Li et al.
2017); here, we use the term Kailas Formation.

Detrital zircon U–Pb dating of the basin sediments as well as
40Ar/39Ar and U–Pb ages for the intercalated tuffs and lava flows
suggest that basin formation propagated from west to east (Leary
et al. 2016). The depositional age of the Kailas Formation ranges
from c. 26–24 Ma in the Kailas region (81° E) to c. 23–20 Ma at c.
90° E (DeCelles et al. 2011; Wang et al. 2013; Carrapa et al. 2014;
Leary et al. 2016; Ai et al. 2022). After basin formation ceased,
crustal shortening resumed and led to north-directed thrust faulting

on the Great Counter Thrust system and duplex formation below the
Indus–Yarlung suture (Ratschbacher et al. 1994; Yin et al. 1999;
Harrison et al. 2000; Leary et al. 2016; Laskowski et al. 2017,
2018). The Great Counter Thrust was active in the EarlyMiocene, as
suggested by thermochronological data and structural relationships
(Sanchez et al. 2013; Laskowski et al. 2017; Orme 2019).

Several north–south-striking rift systems, some of which cut the
Great Counter Thrust, have caused a significant amount of east–west
extension in south Tibet (e.g. Armijo et al. 1986; Murphy et al.
2010; Ratschbacher et al. 2011; Styron et al. 2011) (Fig. 1). Rifting
and extensional deformation have long been correlated with the high
elevation of the plateau. Early studies hypothesized that the high
elevation resulted from the removal of dense mantle lithosphere,
which caused isostatic rebound and synchronous east–west
extension across the Tibetan Plateau at c. 8 Ma (e.g. Raymo et al.
1988; England and Houseman 1989; Molnar et al. 1993). However,
later studies have shown that rifting started earlier and was
diachronous because most graben systems initiated between 16
and 8 Ma (e.g. Harrison et al. 1995; Blisniuk et al. 2001; Kali et al.
2010; McCallister et al. 2014; Styron et al. 2015; Laskowski et al.
2017;Wolff et al. 2019; Burke et al. 2021; Bian et al. 2022). Several
studies have emphasized that normal faulting and extension in Tibet
may be a response to crustal thickening caused by the under-
thrusting of the strong Indian lower crust and mantle lithosphere
beneath south Tibet (Liu and Yang 2003; Kapp and Guynn 2004;
Copley et al. 2011; Ratschbacher et al. 2011; Styron et al. 2015). In
the Lunggar rift, for example, thermo-kinematic modelling of low-
temperature thermochronological data has been used to suggest that
an acceleration in the rate of normal faulting occurred in the late
Miocene and migrated northward ahead of the under-thrusting
Indian lithosphere (Styron et al. 2015). If north-directed under-
thrusting of India is indeed a major cause for east–west extension
and rifting in south Tibet, it may also have affected the onset of
normal faulting along individual graben systems. Here, we test this
hypothesis for the 250 km long Tangra Yumco graben (Fig. 1),
where we use new thermochronological data to determine the onset
of normal faulting near the southern end of the graben.

Fig. 1. Digital elevation model of the
Himalaya and Tibetan Plateau showing
the location of major rift systems after
Tapponnier and Molnar (1977),
Ratschbacher et al. (2011) and Wolff
et al. (2019). The white arrow indicates
the convergence vector of India relative to
Asia (Ader et al. 2012). The white
rectangle depicts the area shown in
Figure 2.
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Geology of the Tangra Yumco graben and the study area

The 250 km long Tangra Yumco rift extends from the Indus–
Yarlung suture zone in the south to a dextral strike-slip fault near the
Bangong suture in the north (Figs 1 and 2) (Armijo et al. 1986;
Taylor et al. 2003; Wolff et al. 2019). There are three lakes in the
graben: Tangra Yumco in the north, Xuru Co in the centre and Amu
Co in the south (Fig. 2). The rivers in the northern and central graben
drain into the Tangra Yumco and Xuro Co, respectively, whereas the
streams in the southern graben flow south into the Dogxung-
Tsangpo river, a tributary of the Yarlung-Tsangpo river. High-angle
normal faults on both sides of the Tangra Yumco graben strike
roughly north–south (Fig. 2). The footwall topography along the
graben suggests that themain graben-bounding fault is located on the
western side of the rift in the vicinity of Xuro Co and Tangra Yumco,
whereas further south, in our study area, the most prominent normal
fault runs along the eastern side of the graben (Fig. 3a).

The bedrock exposed in our study area consists of mainly
undeformed to weakly deformed granitoid rocks of the Late
Cretaceous to early Paleogene Gangdese Batholith (Fig. 3b). The
intrusion age of these rocks has not been constrained in the study
area. However, further north near the southern shore of the lake
Tangra Yumco (Fig. 2), two granitoid samples yielded zircon U–Pb
ages of 87.2 ± 0.6 and 86.6 ± 0.6 Ma (Wolff et al. 2019), whereas
west of our study area in the Lopu Kangri region (c. 84.5° E),
Gangdese intrusions have zircon U–Pb ages of 48.5 ± 0.5, 46.7 ±
0.7 and 38.0 ± 0.3 Ma (Laskowski et al. 2017). These ages are
consistent with the general decrease in the age of magmatism
towards the south. In our study area, the sedimentary rocks of the
Kailas Formation unconformably onlap the Gangdese granitoids
(Fig. 3b). South of AmuCo, the Kailas Formation has a stratigraphic
thickness of c. 400 m and consists of conglomerates, sandstones and
minor siltstones, which show flow directions toward the south to
SW (Ai et al. 2022). The Great Counter Thrust has placed
Cretaceous sedimentary rocks of the Xigaze forearc basin above the
Kailas Formation (Fig. 3b) (Orme 2019; Ai et al. 2022). The north–
south-trending normal faults of the southern Tangra Yumco graben
truncate the Kailas Formation, the faults of the Great Counter Thrust
and Xigaze forearc strata (Fig. 3b). Apart from the active main
boundary fault at the eastern side of the graben, there is another
west-dipping normal fault, which delimits a large granitoid
exposure in the graben interior. South of the bedrock exposure, a
c. 140 m high fault scarp in Quaternary sediments testifies that this
normal fault is also active. The presence of the granitoid exposure in
the graben interior indicates that the graben sediments are fairly thin
in the study area (Fig. 3). This observation can be explained by a
south-flowing stream, which removes the sedimentary material
derived from the graben footwall and transports it into the Dogxung-
Tsangpo river (Fig. 3a).

Sampling for thermochronology and analytical methods

To constrain the cooling history of rocks in the southern Tangra
Yumco graben, we took five undeformed granitoid samples at
elevations between 4813 and 5748 m (Table 1). Four closely spaced
samples were collected east of the main graben-bounding fault in
the uplifted footwall along a near-vertical profile (Fig. 3), which is
advantageous for determining fault slip rates with thermo-kinematic
modelling (e.g. Blythe et al. 2007; Whipp et al. 2007; Wolff et al.
2020). The fifth sample was taken between the main boundary fault
and the west-dipping normal fault in the interior of the graben
(Fig. 3c). We used zircon and apatite (U–Th)/He (ZHe, AHe), as
well as apatite fission track (AFT) thermochronology, on these
samples. The following sections summarize the analytical proce-
dures of the different dating techniques; a more detailed description
of the analytical methods is given in Wolff et al. (2019).

(U–Th)/He dating

From each sample, euhedral and inclusion-free zircon and apatite
crystals were selected for single-grain ZHe and AHe dating. The
crystals were degassed by heating with an infrared diode laser at the
GÖochron laboratories, University of Göttingen. The crystals were
checked for complete degassing of He via sequential reheating and
He measurements. Subsequently, the crystals were retrieved from
the gas extraction line and were analysed by isotope dilution
inductively coupled mass spectrometry using an APEX microflow

Fig. 2. Digital elevation model of the Tangra Yumco graben. Normal
faults indicated with thicker lines are the major graben-bounding faults,
whereas thinner lines delineate minor normal faults. The white rectangle
depicts the position of our study area (Fig. 3), with the red star indicating
the position of the elevation profile for thermochronology. The yellow star
at the lake Tangra Yumco indicates the elevation profile of Wolff et al.
(2019). The digital elevation model with a resolution of 1 arcsec is
derived from SRTM data (Rabus et al. 2003). GCT, Great Counter Thrust.
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nebulizer. Microphotographs were taken to determine the crystal
shape parameters and to calculate correction factors for the ejection
of α-particles (Farley et al. 1996) using the constants of Hourigan
et al. (2005).

AFT dating

The AFT dating was carried out at the Institute of Geological
Sciences, Polish Academy of Sciences, Kraków (Poland) using the
external detector method (Gleadow 1981). Fission tracks were

etched in 5 M HNO3 at a temperature of 21°C for 20 s to reveal the
spontaneous fission tracks (Zaun and Wagner 1985; Donelick et al.
1999). Neutron irradiation of the samples, age standards (the Fish
Canyon Tuff, Durango apatite and Mount Dromedary apatite) and a
CN5 glass dosimeter was performed at the TRIGA reactor at Oregon
State University. The induced fission tracks in the mica detectors
were revealed by etching for 45 min in 40%HF. Track counting was
performed with a Nikon Eclipse E-600 microscope computer-
controlled stage system with 1250× magnification. Calculations and
plots were made using Trackkey software (Dunkl 2002). The fission

Fig. 3. (a) Digital elevation model of the Southern Tangra Yumco graben showing the sample locations (red dots). The younger graben-bounding normal
faults cut the Great Counter Thrust fault. The line A–B depicts the position of the swath profile shown in part (c). The digital elevation model with a
resolution of 1 arcsec is derived from SRTM data (Rabus et al. 2003). (b) Simplified geological map of the area shown in part (a) (modified after the 1:
250 000 geological map of the Sangsang district (Geological Survey of Jiangxi Province and Geological Survey of China 2002; Carrapa et al. 2014; Orme
et al. 2015) and own observations. (c) Swath profile across the graben. The sampling locations (red dots) have been projected on the profile. The position of
the profile is indicated in part (a).

Table 1. Sample locations and lithology

Sample No. Latitude (° N) Longitude (° E) Elevation (m) Sample lithology

XQ1 29.5558 86.3354 5748 Granitoid
XQ4 29.5580 86.3335 5601 Granitoid
XQ6 29.5611 86.3305 5452 Granitoid
XQ7 29.5669 86.3307 5336 Granitoid
XQ11 29.5696 86.2934 4813 Granitoid
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track ages were determined by the zeta method (Hurford and Green
1983) with the age standards listed in Hurford (1998). Error
calculation followed the procedure of Green (1981).

Results

The results of the AHe and ZHe thermochronology are presented in
Tables 2 and 3, respectively. The weighted mean AHe ages of the
four samples in the footwall of the main rift-bounding fault are
between 7.9 ± 0.4 and 5.3 ± 0.3 Ma, whereas the sample from the
hanging wall yields an older age of 11.0 ± 0.5 Ma (Table 2). The
mean ZHe ages of the four footwall samples range from 16.7 ± 1.0
to 13.3 ± 0.6 Ma, whereas the sample from the hanging wall again
gives an older age of 21.3 ± 1.2 Ma (Table 3). The four AFT ages in
the footwall range from 15.9 ± 2.1 to 13.0 ± 2.1 Ma; the hanging
wall sample yields an AFT age of 12.5 ± 2.0 Ma (Table 4,
Supplementary Table S1).

Our ZHe, AFT and AHe ages for the samples in the footwall of
the main normal fault exhibit positive correlations between age and
elevation, with the exception of the AHe age of sample XQ6
(Fig. 4). This age–elevation dependence reflects the progressive
cooling of the footwall during normal faulting and exhumation. The
oldest ZHe age of 16.7 ± 1.0 Ma probably provides a minimum age
for the initiation of normal faulting.

The difference between the nominal values of the ZHe and the
AFT ages is small (between 1.1 and 0.3 Ma), which either implies a
short period of very rapid cooling (which we consider unlikely) or a
lower closure temperature for the ZHe system than is commonly
assumed (Guenthner et al. 2013; Guenthner 2021). We used
thermo-kinematic modelling, as described in the next section, to
decipher the history of normal faulting in more detail.

Thermo-kinematic modelling

We used the PECUBE code (version 4.2), a finite-element code that
solves the three-dimensional heat transport equation and is able to
predict the thermal history of fault-bounded blocks under prescribed
spatially and temporally varying kinematic and topographic
boundary conditions (Braun 2003; Braun et al. 2012). PECUBE
considers temporal changes of the temperature field due to heat
advection by faulting and accounts for the conduction of heat across
the fault plane, which leads to a warping of the isotherms and – for
normal faults – to enhanced cooling of the footwall near the fault
(cf. Ehlers and Farley 2003). PECUBE also enables us to model an
evolving topography, which affects the shape of the isotherms in the
uppermost crust (cf. Mancktelow and Grasemann 1997) and
accounts for an atmospheric lapse rate (Braun et al. 2012).
Particle paths and the corresponding time–temperature paths are
predicted for all the nodes located at the surface at the end of a model
run. From these modelled temperature–time paths, PECUBE
calculates cooling ages that can be directly compared with the
measured cooling ages from rock samples. The misfit between the
measured and modelled ages can be minimized by combining
PECUBE with a two-step neighbourhood algorithm inversion,
which allows an efficient exploration of the multi-dimensional
parameter space by running thousands of models and yields
statistically robust estimates of fault geometries, the time interval
and rate of faulting, and the related exhumation. This methodology
has been successfully applied to retrieve histories of faulting and
landscape evolution in various geological and geomorphological
settings (Braun et al. 2012; Glotzbach et al. 2013; Coutand et al.
2014; Styron et al. 2015).

All our model calculations with PECUBEwere carried out on the
high-performance cluster Palma-II computer at the University of
Münster. Our finite-element model is 17 km long and 14 kmwide to
ensure that cooling ages can be predicted for all samples. The model

is 70 km thick, which is similar to the present thickness of the crust
in southern Tibet as derived by the receiver function method
(Nábělek et al. 2009). The eastern boundary fault of the Tangra
Yumco graben is approximated in our model by a planar fault with a
dip of 60°.We begin each model run with a flat topography (i.e. zero
relief ) and run the model for 30 Ma. When normal faulting starts,
the flat model surface evolves linearly to the present day
topography, which is derived from a Shuttle Radar Topography
Mission (SRTM) digital elevation model with a spatial resolution of
30 m. In all model runs, we use the following parameters and
boundary conditions: a lapse rate of 6.5°C km−1, a basal
temperature of 800°C and a surface heat production of 5.0 ×
10−6 W m−3, which decreases exponentially with depth with an e-
folding length of 20 km (Table 5). The thermal diffusivity κ is
defined as:

k ¼ k

r� cp
(1)

where k is the thermal conductivity, cp is the specific heat capacity
and ρ is the density. Using a thermal conductivity of 2.75 J s−1

m−1 K−1, a specific heat capacity of 1000 J kg−1 K−1 and a density
of 2750 kg m−3 results in a thermal diffusivity of 1.0 × 10−6 m2 s−1

(e.g. Stüwe 2007) (Table 5). These thermal parameters and
boundary conditions lead to an initial geothermal gradient of
41°C km−1 in the upper 10 km of the model, which we consider as
reasonable for thickened continental crust containing a significant
fraction of granitic rocks with high concentrations of the heat-
producing elements U, Th and K.

PECUBE uses time–temperature histories to calculate the
apparent ages for a range of thermochronometers for samples that
have reached the model surface. To compute these ages with
PECUBE, we selected the He diffusion model for apatite of Farley
(2000); for AFT we chose the annealing model of Ketcham (2005).
The diffusion parameters of zircon depend on the density of α-
damage in the crystals (Guenthner et al. 2013; Goldsmith et al.
2020; Guenthner 2021; Whipp et al. 2022). To account for the low
radiation damage density of our zircon samples (7.7 × 1015 to 9.5 ×
1016 α g−1; Table 3), we adjusted the He diffusion parameters in our
model towards a lower closure temperature than previously
suggested by Reiners et al. (2004). Using a value for D0/a

2 of
37 800 s−1 and an activation energy Ea of 152.5 kJ mol−1 results in
a closure temperature of 130°C at a cooling rate of 10°C Ma−1 (e.g.
Guenthner et al. 2013; Whipp et al. 2022). The cooling rate in our
best-fit model is higher (c. 25°C km−1), resulting in a closure
temperature for zircon of c. 140°C. The misfit between the ages
predicted by our model and the observed ages was calculated as:

f ¼
XN
i¼1

ai,model � ai,data

si,data

� �2

(2)

where N is the number of data points, αi,data is the observed data, αi,
model is the predicted values and σi,data is the uncertainty of the mean
(U–Th)/He ages and the AFT ages.

We used an inverse modelling approach with the thermal
parameters and boundary conditions defined here to minimize the
misfit between the ages predicted by our PECUBE model and the
ages observed in the fault footwall. The following parameters were
allowed to vary within certain bounds during different model runs.
The first parameter is the time when normal faulting begins in the
model. We chose a time window from 22 to 16 Ma for this
parameter based on the following considerations. The ZHe age of
16.7 ± 1.0 Ma for the uppermost sample in the age–elevation profile
(Fig. 4) provides a minimum age for the beginning of faulting. The
rift-bounding fault cross-cuts the Kailas Formation (Fig. 3b) and
therefore normal faulting cannot have started before the deposition
of the Kailas Formation, for which detrital U–Pb zircon dating
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Table 2. Results of apatite (U–Th)/He analysis

Sample
No.

Crystal
No.

Sphere
radius
(µm)

Mass of
crystal
(µg)

He 238U 232Th Th/U
ratio

147Sm

Ejection
correction
(Ft)§

Uncorrected
He age (Ma)

Ft-
corrected
He age
(Ma)

2σ
(Ma)||

Weighted
mean age
± 2 s.e.
(Ma)

Vol.
(ncc)*

1σ
(%)

Radiation
density
(α g−1)†

Mass
(ng)‡

1σ
(%)

Concentration
(ppm)

Mass
(ng)‡

1σ
(%)

Concentration
(ppm)

Mass
(ng)‡

1σ
(%)

Concentration
(ppm)

XQ1 #1 57 2 0.081 1.2 1.29 × 1015 0.076 1.9 31.4 0.241 2.4 99.9 3.2 0.187 2.6 77.6 0.71 5.1 7.2 0.7
#2 67 3 0.089 1.3 9.07 × 1014 0.074 1.9 21.4 0.137 2.4 39.5 1.8 0.085 2.6 24.4 0.76 6.9 9.1 0.7
#3 57 3 0.140 1.1 2.02 × 1015 0.147 1.8 55.7 0.291 2.4 110.7 2.0 0.229 2.6 86.9 0.71 5.4 7.6 0.7 7.9 ± 0.4

XQ4 #1 33 2 0.024 2.1 6.57 × 1014 0.040 2.3 21.0 0.082 2.4 42.3 2.0 0.094 2.6 48.9 0.52 3.4 6.5 1.0
#2 51 1 0.034 1.9 1.07 × 1015 0.035 2.4 27.6 0.138 2.4 109.7 4.0 0.198 2.6 158.0 0.67 4.1 6.2 0.7
#3 37 1 0.020 2.1 1.36 × 1015 0.025 2.8 33.6 0.077 2.4 105.6 3.1 0.078 2.6 106.4 0.55 3.9 7.2 1.1
#4 39 1 0.034 1.6 1.48 × 1015 0.044 2.2 41.3 0.116 2.4 108.7 2.6 0.151 2.6 141.1 0.58 3.9 6.8 0.9 6.6 ± 0.4

XQ6 #1 54 2 0.064 1.3 1.23 × 1015 0.107 1.9 54.0 0.161 2.4 81.0 1.5 0.128 2.6 64.5 0.71 3.7 5.2 0.5
#2 47 2 0.049 1.7 9.02 × 1014 0.079 1.9 35.2 0.161 2.4 71.2 2.0 0.279 2.6 123.9 0.65 3.5 5.3 0.6
#3 52 2 0.027 1.9 5.26 × 1014 0.041 2.2 20.7 0.083 2.4 42.2 2.0 0.191 2.6 96.9 0.69 3.6 5.3 0.6
#4 49 2 0.021 2.1 5.04 × 1014 0.027 2.7 16.1 0.078 2.4 46.8 2.9 0.102 2.6 61.1 0.67 3.8 5.7 0.7 5.3 ± 0.3

XQ7 #1 60 4 0.079 1.3 7.79 × 1014 0.094 1.9 25.0 0.261 2.4 69.1 2.8 0.301 2.6 79.5 0.73 4.2 5.8 0.5
#2 52 3 0.048 1.7 6.40 × 1014 0.066 2.0 22.5 0.192 2.4 65.4 2.9 0.202 2.6 68.9 0.69 3.6 5.2 0.5
#3 53 3 0.082 1.3 9.25 × 1014 0.081 1.9 23.5 0.268 2.4 77.8 3.3 0.362 2.6 104.9 0.69 4.7 6.8 0.7 5.8 ± 0.3

XQ11 #1 60 5 0.104 1.2 7.03 × 1014 0.084 1.9 16.2 0.206 2.4 39.5 2.4 1.113 2.6 213.3 0.73 6.1 8.5 0.8
#2 74 7 0.395 1.0 1.80 × 1015 0.253 1.8 34.5 0.403 2.4 54.8 1.6 1.917 2.6 261.0 0.78 9.1 11.7 0.9
#3 59 6 0.503 1.0 3.00 × 1015 0.239 1.8 39.6 1.016 2.4 168.1 4.2 3.301 2.6 546.1 0.72 8.4 11.6 1.0
#4 77 10 0.211 1.1 6.24 × 1014 0.076 1.9 7.7 0.262 2.4 26.7 3.5 3.376 2.6 343.7 0.78 10.7 13.7 1.0 11.0 ± 0.5

*Amount of He is given in nano-cubic-centimetres at standard temperature and pressure.
†Radiation density is calculated according to Nasdala et al. (2004) using the (U–Th)/He age of the aliquot.
‡Amount of radioactive elements is given in ng.
§Ejection correction (Ft): correction factor for α-ejection according to Farley et al. (1996).
||The 2σ error includes the analytical uncertainty and the estimated uncertainty of the ejection correction.
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Table 3. Results of zircon (U–Th)/He analysis

Sample
No.

Aliquot
No.

Sphere
radius
(µm)

Mass
of
crystal
(µg)

He 238U 232Th Th/U
ratio

147Sm

Ejection
correction
(Ft)§

Uncorrected
He age (Ma)

Ft-
corrected
He age
(Ma)

2σ
(Ma)||

Weighted
mean age
± 2 s.e.
(Ma)

Vol.
(ncc)*

1σ
(%)

Radiation
density
(α g−1)†

Mass
(ng)‡

1σ
(%)

Concentration
(ppm)

Mass
(ng)‡

1σ
(%)

Concentration
(ppm)

Mass
(ng)‡

1σ
(%)

Concentration
(ppm)

XQ1 #1 52 4 2.327 1.0 2.37 × 1016 1.189 1.8 336.7 1.764 2.4 499.8 1.5 0.011 2.8 3.2 0.76 12.1 16.0 1.3
#2 49 3 1.940 1.1 2.85 × 1016 1.034 1.8 411.4 2.853 2.4 1135.7 2.8 0.014 2.8 5.6 0.74 9.6 12.9 1.1
#3 51 4 3.104 0.9 2.78 × 1016 1.605 1.8 402.4 1.419 2.4 355.9 0.9 0.017 2.8 4.3 0.76 13.4 17.6 1.4 16.7 ± 1.0

XQ4 #1 51 3 2.145 0.9 2.22 × 1016 1.134 1.8 328.0 0.787 2.4 227.8 0.7 0.007 2.8 1.9 0.76 13.5 17.8 1.4
#2 48 3 2.651 1.0 3.27 × 1016 1.706 1.8 580.1 0.945 2.4 321.4 0.6 0.013 2.8 4.5 0.75 11.4 15.3 1.3 16.5 ± 1.0

XQ6 #1 53 4 1.780 1.0 1.73 × 1016 0.928 1.8 254.5 0.856 2.4 234.7 0.9 0.014 2.8 3.8 0.77 13.1 17.1 1.3
#2 59 4 1.219 1.0 9.53 × 1015 0.931 1.8 212.3 0.635 2.4 144.7 0.7 0.011 2.8 2.6 0.79 9.4 11.9 0.9
#3 57 5 3.325 0.9 2.23 × 1016 1.536 1.8 297.0 1.117 2.4 216.1 0.7 0.016 2.8 3.0 0.78 15.4 19.7 1.5 14.7 ± 0.7

XQ7 #1 56 3 0.995 1.0 1.05 × 1016 0.612 1.8 184.9 0.637 2.4 192.4 1.0 0.018 2.8 5.5 0.78 10.9 14.0 1.1
#2 64 4 0.968 1.0 7.68 × 1015 0.629 1.8 148.0 0.605 2.4 142.3 1.0 0.013 2.8 3.1 0.80 10.5 13.0 0.9
#3 54 3 0.745 1.0 9.92 × 1015 0.508 1.9 191.9 0.494 2.4 186.6 1.0 0.010 2.8 3.9 0.77 10.0 12.9 1.0 13.3 ± 0.6

XQ11 #1 47 2 2.325 0.9 4.81 × 1016 0.783 1.8 444.1 0.340 2.4 192.8 0.4 0.008 2.8 4.6 0.74 22.4 30.2 2.6
#2 52 2 3.573 5.4 5.94 × 1016 1.934 1.8 908.5 0.552 2.4 259.4 0.3 0.009 2.8 4.0 0.76 14.4 18.8 2.5
#3 41 2 4.277 0.7 9.48 × 1016 1.926 1.8 1117 0.808 2.4 468.9 0.4 0.016 1.3 9.0 0.71 16.8 23.7 2.2
#4 46 3 4.993 0.8 8.31 × 1016 2.484 1.8 1125 0.920 2.4 416.5 0.4 0.011 1.3 5.0 0.74 15.4 20.9 1.8 21.3 ± 1.2

*Amount of He is given in nano-cubic-centimetres at standard temperature and pressure.
†Radiation density is calculated according to Nasdala et al. (2004) using the (U–Th)/He age of the aliquot.
‡Amount of radioactive elements is given in ng.
§Ejection correction (Ft): correction factor for α-ejection according to Farley et al. (1996).
||The 2σ error includes the analytical uncertainty and the estimated uncertainty of the ejection correction.
¶Ages shown in italic were not considered in the calculation of the weighted mean age.
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suggests a maximum depositional age of 21.2 ± 1.4 Ma at the
nearby Geydo section (Carrapa et al. 2014). Because a single,
temporally constant fault slip rate cannot reproduce the AHe ages
and the significantly older AFT and ZHe ages at once, we
subdivided the faulting history into two phases and assumed that the
change in slip rate occurred between 6 and 3 Ma based on our rather
young AHe ages. During the first and second phases of faulting, the
slip rate was varied between 0.1 and 0.4 km myr−1 and from 0.2 to
0.8 km myr−1, respectively. To allow an efficient exploration of the
parameter space, we used a two-step neighbourhood algorithm for
the inversion procedure (Sambridge 1999a). We performed a total
of 10 000model runs (i.e. 50 iterations with 200model runs for each
iteration) with a resampling ratio of 0.98. To derive quantitative
constraints for the four free parameters and their uncertainties, we
used marginal probability density functions (Sambridge 1999b).

The results of the inversion are shown in Figure 5, with the best-
fit model indicated by a star. For the onset of normal faulting, we
obtain a value of 19.0 ± 1.1 Ma, whereas the increase in fault slip
occurs at 5.2 ± 0.6 Ma. The slip rates before and after the change in
slip rate are 0.17 ± 0.04 and 0.41 ± 0.04 km myr−1, respectively.
The ZHe, AFT and AHe ages predicted by the best-fit model are
shown in Figure 4, together with the observed ages. The total
amount of fault slip is 4.5 ± 0.7 km, whereas the horizontal
extension is 2.2 ± 0.4 km.

Remodelling of thermochronological data from the
northern Tangra Yumco graben

A previous study at lake Tangra Yumco, 130 km north of our study
area (yellow star in Fig. 2), also applied low-temperature
thermochronology and thermo-kinematic modelling to constrain
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Fig. 4. Apatite (U–Th)/He (AHe), apatite fission track (AFT) and zircon
(U–Th)/He (ZHe) ages and their uncertainties plotted against sample
elevation (eastern footwall of the Tangra Yumco rift). Yellow points
indicate ages predicted by our best-fit PECUBE model.

Table 5. Parameters of PECUBE model

Model dimensions: length, width, thickness (km) 17, 14, 70
Temperature at base of model (°C) 800
Initial temperature at flat model surface (°C) 5
Lapse rate (°C km−1) 6.5
Radiogenic surface heat production (W m−3) 5.0 × 10−6

E-folding depth (km) 20
Thermal conductivity (J s−1 m−1 K−1) 2.75
Specific heat capacity (J kg−1 K−1) 1000
Density (kg m−3) 2750
Thermal diffusivity (m2 s−1) 1.0 × 10−6
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the history of normal faulting (Wolff et al. 2019). This study
suggested an onset of normal faulting at 14.5 ± 1.8 Ma, but the
PECUBEmodel differed from our current approach in three aspects.
First, Wolff et al. (2019) used a lower thermal conductivity
(2.2 J s−1 m−1 K−1), which resulted in a slightly lower thermal
diffusivity of 0.8 × 10−6 m2 s−1 compared with our value of 1.0 ×
10−6 m2 s−1 (Table 5). Second, the radiogenic heat production in
their model was constant, whereas we used a heat production that
decreased exponentially with depth, which is more realistic. Third,
Wolff et al. (2019) did not change the default values for He
diffusion in zircon that are implemented in PECUBE, which we do
here to account for the low radiation damage of the zircon samples,
as explained in the previous section.

As we want to compare the timing of normal faulting in our study
area with the results of Wolff et al. (2019) in the northern Tangra
Yumco rift, we re-ran their model with the same diffusion and
thermal parameters as used in this study. The results of the inverse
modelling indicate that faulting in the northern Tangra Yumco rift
started at 13.9 ± 0.8 Ma (Fig. S1a). Compared with the previous age
constraint of 14.5 ± 1.8 Ma (Wolff et al. 2019), the revised age
value is 0.6 Ma younger. The small difference is due to the higher
thermal diffusivity of the revised model, which requires a lower
amount of exhumation and therefore a later onset of normal faulting.
At 2.6 ± 0.4 Ma, the slip rate in the model increases from 0.25 ±
0.03 to 0.88 ± 0.04 km myr−1 (Fig. S1b). The total fault slip is 5.1 ±
0.6 km, whereas the horizontal extension on the 65°-dipping fault is
2.2 ± 0.3 km. The ZHe, AFT and AHe ages measured in the
northern Tangra Yumco graben and the ages predicted by the best-
fit model are plotted in Figure S2.

Discussion

Onset of east–west extension and history of normal faulting

Our newAHe, AFT and ZHe ages from the southern Tangra Yumco
graben reveal a progressive cooling of the footwall of the main
graben-bounding normal fault since the early Miocene (Fig. 4;
Tables 2–4). Our best-fit thermo-kinematic model is able to
reproduce nearly all of the observed cooling ages within their
uncertainties (Fig. 4). The results of the inversion procedure suggest
that normal faulting initiated at 19.0 ± 1.1 Ma (Fig. 5a). This age
constraint for the onset of normal faulting and rifting exceeds
previous age estimates for the initiation of normal faulting in Tibet,
with one exception. This exception is the Kung Co graben, located

in the prolongation of the Tangra Yumco rift south of the Indus–
Yarlung suture (Fig. 1), where a detailed structural study showed
that ductile deformation associated with east–west extension was
active during the emplacement of the Kung Co granite (Mitsuishi
et al. 2012). Ion microprobe U–Th–Pb dating showed that the Kung
Co granite intruded 18–19 myr ago (Lee et al. 2011), hence
extensional faulting in both the southern Tangra Yumco rift and the
Kung Co graben appears to have started simultaneously.

Our age estimate of 19.0 ± 1.1 Ma for the onset of normal
faulting overlaps with the age of the oldest north–south-trending
dykes in south Tibet, which occur east and west of the Tangra
Yumco rift at Pabbai Zong and Daggyai Tso (for location, see
Fig. 1). The oldest dykes at these two locations yielded Ar/Ar ages
of 18.3 ± 2.7 Ma (Pabbai Zong) and 17.3 ± 1.9 Ma (Daggyai Tso),
respectively, which were interpreted to date the onset of crustal
extension (Williams et al. 2001). Although the dykes are not
associated with normal faulting, they indicate an east–west
orientation of the minimum principal stress σ3 and thus a crustal
stress field consistent with normal faulting on north–south-striking
faults. Normal faulting started later at most of the other graben
systems in south Tibet and the Himalaya, mainly between c. 17 and
c. 13 Ma, although some of the extensional fault systems are even
younger (e.g. Coleman and Hodges 1995; Harrison et al. 1995;
Blisniuk et al. 2001; Thiede et al. 2006; Kali et al. 2010;
Ratschbacher et al. 2011; Styron et al. 2013; McCallister et al.
2014; Laskowski et al. 2017; Wolff et al. 2019; Burke et al. 2021).
We note that one study at the Leo Pargil gneiss dome in the western
Tethyan Himalaya (c. 78.5° E) suggested a significantly older age
of c. 23 Ma for the onset of extensional ductile deformation and the
decompression of metamorphic rocks (Langille et al. 2012). This
exceptionally old age may be caused by the kinematic linkage of
the extensional structures at the Leo Pargil dome with the right-
lateral Karakoram strike-slip fault (Langille et al. 2012 and
references cited therein).

Our age of 19.0 ± 1.1 Ma for the beginning of normal faulting at
the southern Tangra Yumco rift also provides a minimum age for the
end of thrust faulting on the Great Counter Thrust in our study area
because two splay faults of this thrust are cut by the high-angle
normal faults of the graben (Fig. 3b). Previously reported minimum
ages of 17–15 Ma for the end of faulting on the Great Counter
Thrust near the towns of Saga and Lazi (for location, see Fig. 1) are
slightly younger (Laskowski et al. 2017; Orme 2019). Our age of c.
19 Ma also implies that the switch from north–south contraction to
east–west extension must have occurred before c. 16 Ma, which is

Fig. 5. Results of the inversion
procedure for 10 000 PECUBE models
run to determine the onset of normal
faulting and the fault slip rate at the
southern Tangra Yumco rift. (a)
Projection of all model results onto a
plane defined by the two free model
parameters: onset of normal faulting
and initial fault slip rate. Each dot
corresponds to one model with the
colour representing the model misfit.
The star represents the best-fit model.
The results suggest that normal faulting
initiated at 19.0 ± 1.1 Ma with a fault
slip rate of 0.17 ± 0.04 km myr−1. (b)
Projection showing the time of slip
acceleration and the fault slip rate after
the acceleration (star represents the
best-fit model). The results indicate a
slip rate of 0.41 ± 0.04 km myr−1 after
5.2 ± 0.6 Ma.

Controls on rift propagation in Tibet
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the minimum age suggested by Burke et al. (2021) on the basis of
ZHe ages in the footwall of the nearby Dajiamang Tso graben (for
location, see Fig. 1).

Our best-fit PECUBEmodel predicts an increase in slip rate from
0.17 ± 0.04 to 0.41 ± 0.04 km myr−1 at 5.2 ± 0.6 Ma and a similar
increase in the rate of normal faulting has been inferred at the
northern Tangra Yumco graben by Wolff et al. (2019). The results
from the re-calculated PECUBE model indicate that faulting at the
northern Tangra Yumco graben accelerated c. 2.6 ± 0.4 Ma ago
from c. 0.25 to c. 0.88 km myr−1 (Fig. S1). One reason for the
acceleration of faulting at the two sites could be the enhanced
erosion of the uplifting footwall blocks. This interpretation is based
on numerical models coupling normal faulting and surface
processes, which predict a more rapid fault slip if the erosion rate
in the fault footwall increases (Maniatis et al. 2009). Faster erosion
may be related to climate change in the late Miocene (e.g. Molnar
2005) and the enhancement of erosion as a result of the repeated
growth of glaciers during the Quaternary ice ages (e.g. Chevalier
et al. 2011 and references cited therein; Xu et al. 2021). Other, so far
unknown factors, may also have contributed to the acceleration of
normal faulting.

The amount of crustal extension associated with the formation of
the Tangra Yumco graben is small. The slip histories derived from
our PECUBE models indicate that the major normal faults in the
southern and northern part of the rift caused 2.2 ± 0.4 and 2.2 ±
0.3 km of horizontal extension, respectively. The actual amount of
extension should be slightly higher as a result of the presence of
additional, more minor normal faults, although it is unlikely that it
exceeds 3–4 km. Still, normal faulting and extension appear to be
responsible for significant lateral variations in crustal conductivity
because a highly conductive lower crust is present below the graben
systems in south Tibet (Dong et al. 2020).

Exhumation of the graben interior and evolution of the
Yarlung-Tsangpo river

The sediments produced by erosion of the uplifting footwall block
of the southern Tangra Yumco graben are not deposited within the
graben, but have largely been removed by a stream that flows south
into the Dogxung-Tsangpo river (Fig. 3), a large tributary of the
Yarlung-Tsangpo river. The lack of sediment deposition in the
hanging wall of the graben-bounding fault is consistent with the
prolonged cooling and exhumation of the bedrock exposed in the
graben interior, as indicated by the cooling history of sample XQ11
(Fig. 3a). The ZHe age of 21.3 ± 1.2 Ma of this sample is older than
the ZHe ages from the graben footwall and indicates cooling of the
granitic bedrock before graben formation. The AFT and AHe ages
for sample XQ11 of 12.5 ± 2.0 and 11.0 ± 0.5 Ma, respectively,
indicate a phase of rapid cooling in the mid- to late Miocene when
normal faulting and graben formation were already underway.
Interestingly, a period of accelerated exhumation between c. 15 and
c. 9 Ma is also evident from the cooling histories of bedrock
samples taken along the braided channel of the Yarlung-Tsangpo
river and its tributaries further to the east (Dai et al. 2021). This
period of enhanced river incision may have started when the
westerly flow of the Yarlung-Tsangpo river was reversed to its
current eastward flow direction c. 15 myr ago (Wang et al. 2013; Li
et al. 2017). The Dogxung-Tsangpo river and its tributary in the
southern Tangra Yumco graben (Fig. 3) may have responded to this
major change in the drainage network of the Yarlung-Tsangpo river
with a phase of accelerated erosion and river incision. This response
would explain the rapid cooling of sample XQ11 at 13–11 Ma. A
subsequent phase of rapid incision of the Dogxung-Tsangpo river
has formed a steep valley cutting the Xigaze forearc strata. As the
spatial extent of this east–west-trending valley is restricted to the
eastern footwall of the Tangra Yumco graben (Fig. 3), valley

formation is the result of accelerated slip on the main graben-
bounding fault since c. 5 Ma.

Northward propagation of normal faulting and rifting
caused by the under-thrusting of India

Remodelling of the thermochronological data of Wolff et al. (2019)
from the northern Tangra Yumco graben gives an age of 13.9 ±
0.8 Ma for the onset of normal faulting (Fig. S1), which is c. 5 Ma
younger than the age of 19.0 ± 1.1 Ma in the southern part of the rift
obtained in this study (Fig. 5a). The two different age values suggest
that normal faulting in the Tangra Yumco graben started in the south
and propagated towards the north, thus increasing the length of the
rift over time. Based on the age difference of c. 5 Ma and the
distance of 130 km between the two sites, the average rift
propagation rate is c. 25 km myr−1 (Fig. 6). Of course, the rates at
which individual normal fault segments of the Tangra Yumco
graben have grown laterally may have varied through time.

NNE-directed under-thrusting of the Indian plate beneath Tibet
offers a reasonable explanation for the northward propagation of
rifting along the Tangra Yumco graben. Under-thrusting started
after rollback and detachment of the northern part of the Indian slab,
which occurred between c. 26 and c. 21 Ma and caused the
formation of the Kailas Basin at low elevation and a southward shift
of potassic–adakitic magmatism across the Lhasa terrane (Nomade
et al. 2004; Chung et al. 2005, 2009; DeCelles et al. 2011; Wang
et al. 2013; Carrapa et al. 2014; Leary et al. 2016; Chapman and
Kapp 2017; Kapp and DeCelles 2019). Under-thrusting of the
Indian plate beneath south Tibet predicts crustal thickening, tectonic
uplift and the onset of east–west extension by normal faulting (e.g.
Copeland et al. 1987; Zhao and Morgan 1987; Kapp and Guynn
2004; Copley et al. 2011; Chen et al. 2017; Xu et al. 2018). It also
explains the termination of magmatism in the Lhasa terrane at
13–10 Ma (e.g. Chung et al. 2005; Kapp and DeCelles 2019).
Under-thrusting as a mechanism for crustal extension and graben
formation in Tibet requires mechanical coupling between the
Tibetan upper crust and the Indian lithosphere underneath, which is
indicated by the contrast in tectonic regime between dominantly
normal faulting in south Tibet and primarily strike-slip faulting in
central Tibet (Copley et al. 2011). However, the spatial difference in
tectonic style should not be taken as an indicator of the position that
the Indian slab has reached below Tibet (this issue is discussed in
the following text) because heating of the Indian lower crust during
northward movement of the slab may reduce its mechanical
coupling to the Asian crust through time.

If the under-thrusting of India is responsible for the northward
propagation of the Tangra Yumco rift, the average rift propagation
rate of c. 25 km myr−1 estimated here should be similar to the rate of
under-thrusting. Currently, the under-thrusting velocity is equiva-
lent to the present day convergence rate between India and the Lhasa
terrane if the Indian lower crust and mantle are sufficiently strong to
remain undeformed while moving northward beneath Tibet (Fig. 6).
Hence we interpret the geodetically determined convergence rate of
15–21 mm yr−1 between India and the Lhasa terrane (Ader et al.
2012; Zheng et al. 2017) as the velocity at which the Indian plate is
inserted below south Tibet. Although the velocity of 15–
21 mm yr−1 is lower than our estimate for the rate of rift
propagation, the discrepancy can be explained by a 40% decrease
in the total convergence rate between India and stable Asia between
20 and 10 Ma (Molnar and Stock 2009).

Using a velocity estimate of 20–25 km myr−1 over the last 20 Ma,
we obtain a crude estimate of 400–500 km for the length of the
Indian lithosphere that has been under-thrust below Tibet. This
value can be compared with the amount of under-thrusting
estimated from geophysical investigations (e.g. Tilmann and Ni
2003; Nábělek et al. 2009; Replumaz et al. 2014; Chen et al. 2017;
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Li and Song 2018). These studies suggest variable amounts of
under-thrusting ranging from c. 200 km (Nábělek et al. 2009) to c.
600 km (Chen et al. 2017). Although Nábělek et al. (2009) inferred
that India’s northern edge is still located below the Lhasa terrane,
Chen et al. (2017) suggested that the northern edge of the Indian
plate is irregular in shape and has already reached the Jinsha suture
in some parts of the plateau (Figs 1 and 6). It is noteworthy that the
northernmost Tibetan graben (located in the Qiangtang terrane at c.
90° E) is located above a northward bulge of the Indian plate
inferred by Chen et al. (2017). The irregular shape of the northern
edge of the Indian plate may be one reason for the spatial variations
in the timing of graben formation. The spatially variable slab
geometry may be related to the eastward younging of slab break-off
and the formation of the Kailas Basin in the Late Oligocene–Early
Miocene (Leary et al. 2016). Lateral differences in the thickness,
temperature and composition of the Indian lithosphere and the
overlying Asian crust may also have played a part (e.g. Hacker et al.
2000; Chan et al. 2009; Wolff et al. 2019).

Conclusions

Our new set of thermochronological data from the southern Tangra
Yumco rift, together with previously published data from the
northern Tangra Yumco rift, shows a younging of rift initiation from
c. 19 Ma in the south to c. 14 Ma in the northern part of the rift
(Fig. 6). We suggest that the northward propagation of the Tangra
Yumco graben was caused by the under-thrusting of the Indian plate
because our estimate for the rift propagation rate of c. 25 km myr−1

roughly fits the Miocene convergence rate between India and south
Tibet. Further studies combining thermochronology and thermo-
kinematic modelling in the central part of the Tangra Yumco graben
and along neighbouring rifts would allow testing of this hypothesis.
The spatial transition between rifting in south Tibet (i.e. the Lhasa
terrane) and predominantly strike-slip faulting further north may
indicate a decrease in mechanical coupling between the Indian
lithosphere and the Tibetan crust, rather than the northern limit of
the Indian plate below the plateau. At the Tangra Yumco rift, the
three-fold acceleration in the rate of normal faulting and extension at
c. 5 Ma (southern rift) and at c. 2.6 Ma (northern rift) post-dates the
under-thrusting of the Indian lithosphere and must be related to
other processes, such as enhanced, climate-driven erosion or a
change in the tectonic boundary conditions.
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