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AB STRACT

Several active graben systems in Tibet and the Himalaya are the expression of ongoing east-west extension, but the
significance and history of normal faulting in this large region are still debated. Here, we present geo- and thermo-
chronological data for a granite intrusion in the footwall of an active high-angle normal fault at the Tangra Yumco
graben to constrain the onset and history of normal faulting. Crystallization of the granitic rocks occurred at 875 1Ma,
as revealed by U/Pb zircon dating. After an initial phase of rapid cooling from magmatic temperatures, a later phase of
slow cooling is recorded by Rb/Sr biotite ages between ∼72 and ∼60 Ma. The elevation dependence of the Rb/Sr ages
suggests that cooling was controlled by erosion, which proceeded at a rate of ∼0.05 km/My during the latest Cretaceous
and early Paleocene. The subsequent history of normal faulting is recorded by zircon (U-Th)/He ages of 12:55 1:1 and
9:75 0:7Ma, apatitefission-track ages between 10:85 1:7 and 7:85 1:2Ma, and apatite (U-Th)/He ages from 4:95 0:4
to 3:05 0:2Ma. Thermokinematicmodeling of these age data indicates that normal faulting started at 14:55 1:8Ma at
a rate of ∼0.3 km/My and accelerated to ∼0.7 km/My in the Pliocene. Our age constraint for the initiation of faulting
supports a widespread onset of rifting in Tibet at ∼15–10 Ma, as reported for other graben systems. Finally, we suggest
that the distribution of high-angle and low-angle normal faults is controlled by their position relative to the India-Asia
convergence vector and by lateral variations in the thermal state of the lithosphere.

Online enhancements: supplemental table, appendix figure.
Introduction

The Tibetan-Himalayan orogen is the result of the
ongoing continent-continent collision between In-
dia and Asia, which started in the early Cenozoic
(e.g., Molnar and Tapponnier 1975; Rowley 1996;
Yin and Harrison 2000; Zhu et al. 2005; Zhang et al.
2012; DeCelles et al. 2014). At a late stage of this
long-lasting convergence history, the formation of a
series of graben systems and conjugate strike-slip
faults led to a significant amount of E-W extension,
while the Himalayan thrust belt has continuously
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accommodated arc-normal shortening (Molnar and
Tapponnier 1978; Armijo et al. 1986; Harrison et al.
1992; Taylor et al. 2003; P. Kapp et al. 2008; Styron
et al. 2011; Ratschbacher et al. 2011). The exten-
sional structures occur not only in southern and
central Tibet (i.e., the Lhasa and Qiangtang ter-
ranes) but also southof the Indus-Tsangpo suture zone
in the Himalayanmountain chain, where they record
arc-parallel extension of the High Himalaya (e.g., Sty-
ron et al. 2011). The strike directions of many graben-
bounding normal faults define a diverging patternwith
a symmetry axis at ∼877E, which is oriented sub-
parallel to the India-Asia convergence direction, sug-
gesting that the stress field generated by the conti-
5–36] q 2018 by The University of Chicago.
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nental collision exerts an important control on the
orientation of the graben systems (Kapp and Guynn
2004; fig. 1). East and west of this symmetry axis,
India’s motion relative to Asia becomes increasingly
oblique, which causes an arc-parallel component of
extension that increases away from the symmetry
axis (Seeber and Pêcher 1998; Styron et al. 2011).

While some graben systems in Tibet and the Hi-
malaya are bounded by high-angle normal faults,
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others are dominated by low-angle detachment faults
(fig. 1). In general, these two end-member types of
crustal extension differ with respect to rates of fault-
ing and total amount of extension as well as in to-
pographic evolution and basin architecture (e.g.,
Forsyth 1992; Friedmann and Burbank 1995). Param-
eters that control the structural style andmagnitude
of extension include the thermal state of the crust
andmantle lithosphere, the intracrustal strength con-
Figure 1. Digital elevationmodel of the Tibetan Plateau and the Himalaya, showing the location ofmajor rift systems;
modified fromArmijo et al. (1986, 1989), Taylor et al. (2003), and Rades et al. (2015). The dashed line underlain bywhite
color indicates the symmetry axis of Kapp and Guynn (2004). Rifts with high-angle normal faults are marked by white
circles, whereas those dominated by low-angle detachment faults are marked by gray circles. 1 p Tangra Yumco (this
study); 2pLopukangri (Murphy et al. 2010; Sanchez et al. 2013); 3pXainza (Armijo et al. 1986); 4pThakkhola (Coleman
and Hodges 1995; Garzione et al. 2003); 5p Kung Co (Mahéo et al. 2007; Lee et al. 2011); 6pDinggye rift (Arma Drime;
Jessup et al. 2008;Kali et al. 2010); 7p ShuangHu (Blisniuk et al. 2001); 8pLunggar (P.Kapp et al. 2008; Styron et al. 2013,
2015; Sundell et al. 2013); 9pGulu-Nyainqentanghla (Harrison et al. 1995; J. Kapp et al. 2005; Ratschbacher et al. 2011);
10 p Leo Pargil (Thiede et al. 2006); 11 p Gurla Mandhata (Murphy et al. 2002; McCallister et al. 2014); 12 p Yadong
(Ratschbacher et al. 2011). The white arrow indicates the convergence vector of India relative to Asia. Suture zones are
shown as dashed blue lines. BS p Bangong suture; IYS p Indus-Yarlung suture; KF p Karakorum fault.
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trast between upper and lower crust, and structures
inherited from older phases of deformation (e.g.,
Buck 1993; Wijns et al. 2005; Labrousse et al. 2016).
Hence, the occurrence of both high-angle normal
faults and detachment faults suggests that the me-
chanical properties of the crust and mantle litho-
sphere are spatially variable.
A key piece of information needed to understand

the geodynamic significance of the extensional struc-
tures within the wider framework of the India-Asia
collision zone is the timing of the initiation of
normal faulting and the rate of faulting through
time.One of thefirst age estimates for the initiation
of extension was given by Molnar et al. (1993), who
argued that the convective removal of the mantle
lithosphere caused widespread surface uplift and
thereby the onset of extension in Tibet at ∼8 Ma.
This age estimate was supported by diffusion mod-
eling of Ar/Ar data on K-feldspar in the normal-
fault-boundedmountain range of theNyainqentanghla
Shan shortly thereafter (Harrison et al. 1995). How-
ever, an older age of ∼13Ma for the regional uplift of
Tibet, based on the age of K-rich volcanic rocks de-
rived from the lithospheric mantle, was suggested
by Turner et al. (1993), and an even older age of
14:35 0:9 Ma for the onset of normal faulting in
Nepal was derived fromAr/Ar dating of fault-related
muscovite (Coleman and Hodges 1995). Since these
early studies, a significant amount of work has been
dedicated to better constraining the history of nor-
mal faulting inTibet and theHimalaya,mainlyusing
low-temperature thermochronology. In combination
with thermokinematic modeling, low-temperature
thermochronology is a powerful tool to determine
the history of faulting in continental rifts and oro-
genic belts (e.g., Dunkl et al. 1998; Ehlers et al. 2001;
Grasemann and Dunkl 2003; Ehlers 2005; Stockli
2005; Campani et al. 2010; Wolff et al. 2012; Styron
et al. 2013). So far, most studies that employed this
technique in Tibetan rift systems have focused on
low-angle normal faults (Harrison et al. 1995; J. Kapp
et al. 2005; P. Kapp et al. 2008; Ratschbacher et al.
2011; Styron et al. 2013, 2015; Sundell et al. 2013;
McCallister et al. 2014). Thermochronological stud-
ies on rifts bounded by high-angle normal faults exist
only for the Kung Co graben (Mahéo et al. 2007; Lee
et al. 2011), the Thakkhola graben (Coleman and
Hodges 1995; Lee et al. 2011), and the Dinggye rift
(Jessup et al. 2008; Kali et al. 2010), which are all lo-
cated south of the Indus-Yarlung suture (fig. 1).
In the Lhasa terrane, detailed geo- and thermo-

chronological studies on the temporal evolution of
rifts bounded by high-angle normal faults are still
lacking, even though two episodes of faulting, at
∼13 and ∼5 Ma, were postulated for the Tangra
This content downloaded from 128.17
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Yumco rift (Dewane et al. 2006). Likewise, thermo-
kinematic modeling, which allows us to take heat
advection during footwall uplift and erosion into
account, has also not been employed on high-angle
normal faults in the Lhasa terrane. Here, we present
U/Pb zircon and Rb/Sr biotite ages as well as low-
temperature thermochronological data for the foot-
wall of a high-angle normal fault at theTangraYumco
rift (fig. 1). Apatite and zircon (U-Th)/He (AHe and
ZHe, respectively) ages, togetherwith apatitefission-
track (AFT) ages, allow us to reconstruct the history
of normal faulting and rock exhumation by ther-
mokinematic modeling. Our results, together with
published geological, geochronological, and geophys-
ical data, indicate that the style and rate of normal
faulting in southern Tibet are spatially variable. We
suggest that these variations are controlled by—
among other factors—the position of the rift systems
within the collision zone and the thermal state of the
lower crust in the vicinity of the extensional struc-
tures.
Geological Setting of the Tangra Yumco Graben

The 250-km-long Tangra Yumco rift system ex-
tends from the Indus-Yarlung suture in the south to
a dextral strike-slip fault near the Bangong suture in
the north (Armijo et al. 1986; Taylor et al. 2003) and
follows almost exactly the symmetry axis proposed
by Kapp and Guynn (2004; fig. 1). Our study area
is located in the northern part of the rift system,
whereoneof the largest lakes inTibet,TangraYumco,
is situated in theTangra Yumco graben (fig. 2a). The
two most prominent normal faults of the graben
trend NW-SE and occur at the northern and south-
ern shores of this lake (fig. 2b). The linear trace of
both faults in map view and well-developed trian-
gular facets in their footwalls (fig. 3a) indicates that
these structures are tectonically active high-angle
normal faults. In this study, we focus on the 30-km-
long normal fault at the southern shore of Tangra
Yumco. Themountain range in the fault footwall is
characterized by well-developed U-shaped valleys
(fig. 3a). The highest parts of the range, which rises
to 6382 m above sea level, are covered by snow
fields and small glaciers.
The bedrock exposed in the studiedmountain range

comprises mainly undeformed to weakly deformed
granitoid rocks, which are well suited for applying
geochronological methods (fig. 3b). In general, such
granitoid intrusions in the northern Lhasa terrane
are Early Cretaceous in age, withU/Pb ages between
140 and 100 Ma (Xu et al. 1985; Kapp et al. 2007;
Hetzel et al. 2011;Haider et al. 2013). In contrast, the
intrusive rocks in the footwall of the studied normal
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fault were interpreted as Eocene in age on the basis
of a K-Ar age of 46:55 0:9 Ma obtained in the west-
ern part of the study area (fig. 3b; Geological Survey
of Jiangxi Province 2002 and related 1∶250,000 geo-
logical map). We show below that this age dates
merely the cooling of the granitic rocks but not their
intrusion. Apart from the intrusive rocks, Mesozoic
sedimentary rocks and Tertiary conglomerates are
exposed in the mountain range southwest of Tangra
Yumco (Geological Survey of Jiangxi Province 2002).
Sampling and Analytical Methods

To constrain the crystallization age and subsequent
cooling history of the granitoid rocks in the moun-
tain range southwest of Tangra Yumco, we em-
This content downloaded from 128.17
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ployed U/Pb dating on zircon, Rb/Sr dating on bio-
tite, andZHe andAHe dating, aswell asAFT dating.
Three samples of biotite-bearing granite were col-
lected from bedrock outcrops at elevations of 4802,
5100, and 5370 m (fig. 3a) and at horizontal dis-
tances from the trace of the normal fault of 0.4, 1.0,
and 2.1 km, respectively (fig. 3b). Sampling at higher
elevationswas prohibited by badweather conditions
and the high altitude of the study area. Investiga-
tions of thin sections did not provide any evidence
for petrological differences between the three sam-
ples or any signs of a retrograde or hydrothermal
alteration. In particular, brown biotite is not chlori-
tized, and K-feldspar shows no signs of sericitiza-
tion. As we show below, the U/Pb ages for the high-
est and lowest samples are identical within errors,
Figure 2. a, Satellite image of the Tangra Yumco region, from Google Earth (white rectangle depicts area shown in
fig. 3b). The positions of two stream-sediment samples and their catchments are shown by black points and yellow lines
(after Rades et al. 2015). b, Simplified geological map of the Tangra Yumco region, with the location of active normal
faults. The map is based on the 1∶250,000 geological maps of the Bangduo and Cuomai districts (Geological Survey of
Jiangxi Province 2002). The black circle indicates the site where the photograph shown in figure 3a was taken.
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indicating that the samples belong to a single granite
intrusion. In the following, we describe the analyt-
ical procedures of the different dating techniques.
In situ U/Pb dating was performed by laser-

ablation single-collector sector-field inductively
coupled plasmamass spectrometry (LA-SF-ICP-MS;
Frei and Gerdes 2009). A Thermo Finnigan Element
2 mass spectrometer coupled to a Resonetics Ex-
This content downloaded from 128.17
All use subject to University of Chicago Press Term
cimer laser ablation system was used. All age data
were obtained by single-spot analyses with a laser
beam diameter of ∼33 mm and a crater depth of
∼10 mm. The laser was fired at a repetition rate of
5 Hz and at nominal laser energy output of 25%.
Two laser pulses were used for preablation. Ana-
lytes of 238U, 235U, 232Th, 208Pb, 207Pb, 206Pb, 204Pb, and
202Hg were measured by ICP-MS. The data reduc-
Figure 3. a, Frontal view of the mountain range in the footwall of the studied normal fault with the position of the
three samples. Note the triangular facets in the lower part of the range and the well-developed U-shaped valleys. Note
that these valleys are not hanging valleys. Photograph taken toward the south-southwest from the position indicated by
the black circle in figure 2b. b, Geological map with sample locations and geochronological results. c, Central ages and
confined track length distributions of the apatite fission-track samples. The track length distributions are unimodal,
and the mean track lengths (MTLs) are between 12.8 and 13.2 mm (n p number of measured confined fission tracks).
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tion is based on the processing of ∼50 selected time
slices (corresponding to∼14 s), starting∼3 s after the
beginning of the signal. The age calculation and
quality control are based on the drift and fraction-
ation correction by standard-sample bracketing us-
ing GJ-1 zircon reference material (Jackson et al.
2004). For further control, the Plešovice zircon
(Sláma et al. 2008) and the 91500 zircon (Wieden-
beck et al. 1995) were analyzed as secondary stan-
dards. The age results of the standards were con-
sistently within 2j of the published isotope dilution
(ID) TIMS values. Drift and fractionation correc-
tions and data reductions were performed with the
software UranOS (Dunkl et al. 2008). The concordia
plots and age spectrawere constructedwith Isoplot/
Ex 3.0 (Ludwig 2012). The dated zircon crystals have
a significantly lower radiation-damage density (cal-
culated from their U and Th concentrations and the
respective decay schemes, following Sliwinski et al.
2017) than the zircon reference materials used for
correction of the fractionation (5# 1016 in the sam-
ples vs. 6:1# 1017, 7:4# 1017, and 3:1# 1017 alpha
decay events/g, respectively, in the GJ-1, Plešovice,
and 91500 zircon standards). As the radiation-
damage density influences the ablation rate of zir-
cons (Marillo-Sialer et al. 2014), it has to be corrected
for, whichwas done following Sliwinski et al. (2017),
who investigated this effect using 22 different zir-
con referencematerials with awide range of damage
densities. The radiation-damage-corrected ages are
between 0.9 and 2.2 Ma older than the uncorrected
ones and can be considered the most reliable ap-
proximation of the crystallization age of the zircons
(table S1, available online).

Rb/Sr TIMS analysis was carried out at the In-
stitut für Mineralogie, Universität Münster. Before
dissolution, handpicked biotite and apatite mineral
concentrates (199% pure) were repeatedly rinsed
in ultrapure water and ethanol. Mineral separates
were mixed with an 87Rb-84Sr spike in Teflon vials
and dissolved in HF-HNO3 (5∶1) on a hot plate over-
night. After complete evaporation, 6 N HCl was
added to the residue. This mixture was again ho-
mogenized on a hot plate overnight. After a second
evaporation to dryness, Rb and Sr were separated
by standard ion-exchange procedures (AG 50W-X8
resin) on quartz glass columns, with 2.5 N HCl as
eluent. For mass-spectrometric analysis, Rb was
loaded with H2O on Ta filaments; Sr was loaded
with TaF5 on W filaments. All samples were mea-
sured in static mode with a VG Sector 54 TIMS (Rb)
and a Thermo Finnigan Triton TIMS (Sr). The anal-
yses were carried out in two sessions with external
reproducibilities (2j) of National Bureau of Stan-
dards (NBS) standard 987 of 0:7102785 0:000010
This content downloaded from 128.17
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(n p 14) and 0:7102895 0:000010 (n p 9). Total
procedural blanks were !20 pg for Rb and !30 pg
for Sr. Correction for mass fractionation is based on
86Sr=88Sr p 0:1194. For correction of Rb ratios, a
factor deduced from multiple measurements of NBS
standard 607 was used. All ages and elemental con-
centrations were calculated by means of Isoplot/Ex
4.15 (Ludwig 2012), using the 87Rb decay constant
recommended by Villa et al. (2015). For isochron
calculations, 87Rb/86Sr and 87Sr/86Sr ratios were as-
signed 2j uncertainties of 1% and 0.005%, respec-
tively. The error on isochron ages indicates the 95%
confidence level.

For (U-Th)/He thermochronology, intact and eu-
hedral zircon and apatite crystals without inclu-
sionswere handpicked from heavy-liquid separates.
The single crystals were wrapped in 1#1-mm plat-
inum capsules and degassed in high vacuum by
heating with an infrared diode laser at the GÖo-
chron laboratories, University of Göttingen. The
extracted gas was purified with a SAES Ti-Zr getter
at 4507C and spiked with 3He. The chemically inert
noble gases and aminor amount of other trace gases
were then expanded into a Hiden triple-filter quad-
rupole mass spectrometer equipped with an ion-
counting detector. Crystals were checked for com-
plete degassing of helium by sequential reheating
and heliummeasurement. After degassing, crystals
were retrieved from the gas extraction line, un-
packed, spiked with calibrated 230Th and 233U solu-
tions, and dissolved in pressurized Teflon bombs at
2207C with distilled 48%HF1 65%HNO3 for 5 d
and 4% HNO3 for 1 d for zircons and apatites, re-
spectively. Spiked solutions were analyzed by the
ID method with a Perkin Elmer Elan DRC II and an
iCAP Q ICP-MS equipped with an APEXmicroflow
nebulizer. Crystal shape parameters were deter-
mined by multiple microphotographs and used to
determine correction factors for alpha ejection
(Farley et al. 1996) with the constants of Hourigan
et al. (2005). The radiation-damage densities of the
apatite and zircon crystals range from 1:5# 1014 to
8:1# 1014 alpha decay events/g and from 9:0#1015

to 2:0# 1016 alpha decay events/g, respectively,
which is well below the threshold for damage-
induced decrease of closure temperatures (Flowers
et al. 2009; Gautheron et al. 2009; Guenthner et al.
2013).

The AFT dating by the external-detector method
(Gleadow 1981) was carried out at the Institute of
Geological Sciences, Polish Academy of Sciences,
in Kraków (Poland). The selected apatite crystals
were embedded in epoxy resin and polished in
five steps with Al2O3 suspensions. Then they were
etched in 5 N HNO3 at a temperature of 217C for
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20 s to reveal spontaneous fission tracks (Zaun and
Wagner 1985; Donelick et al. 1999). Neutron irra-
diation of samples, age standards (FishCanyonTuff,
Durango apatite, and Mount Dromedary apatite),
and a CN5 glass dosimeter was performed at the
TRIGA reactor at Oregon State University. After
irradiation, the induced fission tracks in the mica
detectors were revealed by etching in 40% HF for
45 min. Track counting and length measurements
were made with a NIKON Eclipse E-600 microscope
computer-controlled stage system (Dumitru 1993)
with 1250# magnification. Calculations and plots
were performed with the software Trackkey (Dunkl
2002). The fission-track ages were determined by the
zeta method (Hurford and Green 1983), with age
standards listed in Hurford (1998). Error calculation
followed the procedure of Green (1981). By mea-
surementof the etchpit diameters (Dpars), thefission-
track annealing kinetics was assessed (Burtner et al.
1994).
Geochronological Results

U/Pb dating of zircon from the topographically high-
est and lowest samples (12TYT5 and 12TYT7) yielded
concordant U/Pb ages of 86:65 0:6 and 87:2 5
0:6Ma, respectively, which agreewithin error (fig. 4).
The analytical details are contained in table S1. The
results of the Rb/Sr analysis are summarized in ta-
ble 1. The 87Rb/86Sr ratios of the different biotite
grain size fractions from each sample have a signifi-
cant spread. When combined with the low 87Rb/86Sr
ratios of the apatites, the data from the three samples
yield internal mineral isochron ages of 71:85 0:4,
65:45 1:6, and 60:65 2:4 Ma (fig. 5). If the biotite
fraction 1710 mm of sample 12TYT7 is not consid-
ered in the age calculation, the resulting isochron age
is slightly younger (i.e., 60.1 vs. 60.6 Ma) but has a
significantly smaller error (i.e., 60:150:4 Ma), and
the MSWD value decreases to 2.0. This decrease in
the MSWD value may indicate the presence of mi-
nor inclusions in the 1710-mm grain size fraction.
The results of the (U-Th)/He thermochronology

are presented in table 2. The single-crystal AHe and
ZHe ages cluster tightly for all samples (3–7 crystals
per samplewere analyzed). Note that sample 12TYT3
did not yield zircons of sufficient quality for ZHe
dating. The unweighted average ages for the apatite
of the three samples are 4:95 0:4, 3:95 0:2, and
3:05 0:2 Ma (table 2). The average ZHe ages from
samples 12TYT5 and 12TYT7 are 12:55 1:1 and
9:75 0:7 Ma, respectively (table 2). The three AFT
samples yielded central ages ranging from 10:851:7
to 7:85 1:2 Ma (table 3). All samples passed the
x2 test and are therefore considered to form one age
This content downloaded from 128.17
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population. ThemeanDpar values are in the narrow
range of 2.2–2.3 mm (table 3).
Age-Elevation Relationships

Our age data exhibit positive correlations between
age andelevation for eachof the three low-temperature
thermochronometers,with the exception of oneAFT
age (fig. 6). This elevation dependence reflects the
progressive cooling of the footwall during normal
faulting and exhumation. The two ZHe ages indi-
cate that the topographically highest and lowest
samples cooled through the closure temperature of
∼1807C (Reiners 2005) at about 12.5 and 9.7 Ma, re-
spectively. Therefore, the oldest ZHe age of 12:55
1:1 Ma likely provides a minimum age for the ini-
tiation of normal faulting. The AFT ages of ∼10.8 to
∼7.8 Ma and the AHe ages of ∼4.9 to ∼3.0 Ma in-
Figure 4. U/Pb concordia diagrams of the two dated zir-
con samples. The two ages are given with 2j error.
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dicate further cooling below ∼607C. A continuous
cooling without stagnation or reheating is corrobo-
rated by the unimodal track-length distributions of
the apatite samples, which have mean track lengths
between 12.8 and 13.2 mm (fig. 3c).

Age-elevation data are commonly used to deter-
mine exhumation rates under the assumption of
temporarily and spatially invariant horizontal iso-
therms (Wagner and Reimer 1972). In that case, the
slope of the regression line in age-elevation plots
can be interpreted as the exhumation rate.With this
approach, our AHe and ZHe ages yield exhumation
rates of 0:315 0:07 and 0:205 0:09 km/My, re-
spectively (fig. 6). However, the above-mentioned
assumption of undisturbed isotherms is unlikely
to be met for our data, because normal faulting and
footwall erosion lead to heat advection and an in-
crease of the geothermal gradient through time
(Stüwe et al. 1994; Mancktelow and Grasemann
1997; Reiners and Ehlers 2005). To take these effects
into account and to quantify the history of normal
faulting in more detail, we employed thermokine-
matic modeling, as described in the next section.
Thermokinematic Modeling

For thermokinematic modeling of the age data, we
used the code PECUBE, a finite-element code that
solves the three-dimensional heat-transport equa-
tion and is able to predict the time-dependent ther-
mal evolution of fault-bounded blocks (Braun 2003;
Braun et al. 2012). PECUBE uses time-temperature
This content downloaded from 128.17
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histories to calculate 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 He diffusion in zircon,
we adjusted the diffusion model of Reiners et al.
(2004) toward a lower closure temperature based on
data by Guenthner et al. (2013) to account for the
rather low radiation damage of our zircon samples
(9:0# 1015 to 2:0# 1016 alpha decay events/g).
Therefore, we use a value for D0/a2 of 37,800/s and
an activation energy Ea of 168 kJ/mol in our PECUBE
model. These kinetic parameters are equivalent to a
zircon closure temperature of ∼1707C. For AFT, we
chose the annealing model of Ketcham et al. (2005).

Our finite-element model is 17 km long, 13 km
wide, and 70 km thick to ensure that the thermal
history of the modeled samples is not affected by
boundary effects. The value of 70 km is similar to
the present thickness of the crust in southern Tibet,
as derived with the receiver-function method (Ná-
bělek et al. 2009). For our model, we use a basal tem-
perature of 8007C, a radiogenic heat production of
287C/My, and a thermal diffusivity of 25 km2/My
(table 4). These parameters lead to a preextensional
geothermal gradient of 457C/km in the upper part of
the model (i.e., from the model surface to a depth of
∼15 km), which we consider reasonable for a thick-
ened continental crust containing a significant
amount of granitic rocks with rather high concen-
trations of the heat-producing elements U, Th, and
K. The fault plane in our model has a dip of 657,
Table 1. Sample Locations and Details of the Rb-Sr Analysis
Sample,
mineral
Elevation
(m)
Latitude
(7N)
Longitude
(7E)
Grain size
(mm)
Rb
(ppm)
6.145.17
 and Co
Sr
(ppm)
9 on Janu
nditions (h
87Rb/86Sr
ary 14, 2019
ttp://www.jo
87Sr/86Sr 5 2j
 05:44:45 AM
urnals.uchicago.edu/t-and-c
Age 5 2j
(Ma)
12TYT5
 5370
 30.7272
 86.4611
 71.8 5 .4

Biotite
 1710
 756
 27
 81.86
 .792008 5 .000007

Biotite
 710–500
 767
 14
 165.2
 .875826 5 .000016

Biotite
 500–355
 789
 12
 197.4
 .907479 5 .000009

Apatite
 2.0
 294
 .0198
 .709770 5 .000006
12TYT3
 5100
 30.7326
 86.4725
 65.4 5 1.6

Biotite
 1710
 667
 19
 104.0
 .806158 5 .000009

Biotite
 710–500
 691
 12
 165.5
 .860573 5 .000008

Biotite
 500–355
 635
 19
 99.01
 .799445 5 .000006

Apatite
 1.9
 321
 .0170
 .709838 5 .000005

Apatite
 .8
 320
 .0074
 .709755 5 .000006
12TYT7
 4802
 30.7348
 86.4817
 60.6 5 2.4,
60.1 5 .4a
Biotite
 1710
 739
 25
 84.49
 .782962 5 .000012

Biotite
 710–500
 780
 18
 125.1
 .815764 5 .000013

Biotite
 500–355
 797
 14
 163.1
 .846453 5 .000011

Apatite
 1.8
 274
 .0191
 .710139 5 .000006
Note. The 87Rb/86Sr ratios were assigned an uncertainty of 1% (2j). For age calculation, 87Sr/86Sr ratios were assigned
an uncertainty of 0.005% (2j). Error on isochron ages indicates 95% confidence level.
a The second age is the isochron age of sample 12TYT7 if the 1710-mm biotite fraction is not considered.
).
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which changes to 507 above the model surface to ac-
count for minor footwall tilting during normal fault-
ing and extension. The topography in our preferred
model evolves with time. We start each model at
30 Ma with a flat topography (i.e., zero relief), but
from 15Ma onward the topography evolves linearly
to the present-day topography, because the ZHe age
of 12:55 1:1 Ma provides a minimum constraint
for the onset of faulting. The topography in our
PECUBE model has a resolution of ∼400 m and is
derived from a 30-m ASTER (Advanced Spaceborne
Thermal Emission and Reflection Radiometer)
digital elevation model. We also conducted simu-
lations with a temporally constant present-day to-
pography for comparison with our preferred model.
All model parameters mentioned above (except

the topography) remained unchanged during each
model run. Using these default values, we attempted
to fit the age data by varying only the fault slip rate be-
tweendifferentmodel runs (i.e., from0.1 to1.2km/My)
and the time when faulting began. However, with a
constant slip rate it is impossible to obtain a rea-
sonable fit to both the ZHe and AHe ages. For ex-
ample, ifmodeled andmeasuredZHe ages did broadly
agree (which is thecase for, e.g., a slip rateof0.45km/My
and an onset of normal faulting at 14.5 Ma), the
modeled AHe ages are 1.7–2.1 Ma older than the
measured ones (table 5). Also, the age differences be-
tween the topographically highest and lowest sam-
ples are too small for bothZHeandAHeages (table 5).
Note that a rotation of the footwall block during
normal faulting would decrease the vertical distance
between the samples but cannot also reconcile the
young AHe ages with the rather old ZHe ages at a
constant rate of faulting. In order to obtain younger
AHe ages with the model, fault slip during the final
stage of faulting must be faster, whereas a larger
spread in the ZHe ages can be obtained only if the
initial slip rate is slower than the one used in the
constant-slip-rate model. Therefore, we included a
change in the rate of faulting in order to better re-
produce the age data. As the higher fault slip rate
should affect only the AHe ages, the change in the
slip ratemust occur rather late (e.g., after ∼5Ma).We
explored different model scenarios in which the slip
rate was increased between 5 and 2 Ma. Model runs
with a slip-rate increase at 3 Ma yielded the best fit
to the ZHe and AHe age data. In models with an
earlier or later slip-rate increase, the discrepancy be-
tween measured and modeled ages increases.
We now proceed with the determination of the

following three model parameters: the time of the
onset of normal faulting and the fault slip rates be-
fore and after the slip-rate increase at 3Ma (note that
before the onset of normal faulting, no exhumation
Figure 5. Results of Rb/Sr analysis and the mineral iso-
chron plots for the three samples. The internal isochron ages
are given in theboxes. Excluding thebiotite fraction1710mm
of sample 12TYT7 (c) results in an age of 60:15 0:4 Ma
and anMSWDvalue of 2.0. The error bars are smaller than
the symbols.
6.145.179 on January 14, 2019 05:44:45 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).
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occurs in the model). To allow an efficient explo-
ration of a sufficiently wide parameter space, we
used a two-step neighborhood algorithm inversion
(Sambridge 1999a, 1999b). We chose a time range of
20–3 Ma for the initiation of normal faulting and
slip rates of 0.1–1.0 and 0.1–1.2 km/My before and
after 3 Ma, respectively. This parameter space was
sampled iteratively by PECUBE to minimize the
misfit between observed and predicted data. The
inversion procedure is controlled by the number
of iterations, the number of models calculated for
each iteration, and the resampling ratio (cf. Glotz-
bach et al. 2011). We performed 102 iterations with
99 models for each iteration (i.e., a total of 10,098
models). To ensure a sufficiently explorative sam-
pling of the parameter space, we used a high re-
sampling ratio of 0.9. The misfit resulting from all
models was calculated as

f p o
N

ip1

ai,model 2 ai,data

ji,data

� �2

,

where N is the number of data points, ai,data are the
observed data, ai,model are the predicted values, and
This content downloaded from 128.17
All use subject to University of Chicago Press Terms
ji,data are the uncertainties of the average (U-Th)/He
ages and the AFT ages (tables 2, 3). The results of the
inversion procedure are shown in two plots, inwhich
the best-fitmodel is indicatedbya star (fig. 7a, 7b). To
derive quantitative constraints for the individual pa-
rameters and their uncertainties (fig. 7c), we use mar-
ginal probability density functions (cf.Glotzbach et al.
2011). For the initiation of normal faulting, we obtain
a value of 14:55 1:8 Ma, whereas the fault slip rates
before and after 3 Ma are 0:315 0:02 and 0:785
0:05 km/My, respectively. The vertical components
of these slip rates are0:285 0:02 and0:715 0:05 km/
My, respectively (table 6). The exhumation rate be-
tween 14.5 and 3.0 Ma is 0.22–0.25 km/My, whereas
after 3 Ma it is 0.64–0.68 km/My (table 6; note that
the exhumation rate is slightly different for each sam-
ple, because the topography in the preferred model
evolves with time). The best-fit model with a one-
step increase in slip rate predicts AHe ages that are
in much better agreement with our age data than
those of the constant-slip-rate model, and the same
is true for the two ZHe ages (table 5). The AFT age of
8.2 Ma predicted for the topographically highest
sample is consistent with the measured AFT age of
Figure 6. Age-elevation plot with all age data. Under the assumption of temporarily and spatially invariant isotherms,
the slopes of the regression lines can be interpreted as exhumation rates. This assumption is unlikely to be met for the
low-temperature thermochronologic ages. See text for further details.
Table 4. Parameters Used for the Thermokinematic Model
Parameter
6.145.179 on January 14, 2019 05
 and Conditions (http://www.journ
Value
Model size (km)
 17 # 13

Model thickness (km)
 70

Finite-element model node spacing (horizontal, vertical; km)
 .42, 2.3

Temperature at base of model (7C)
 800

Radiogenic heat production (7C/My)
 28

Thermal diffusivity (km2/My)
 25

Crustal density (kg/m3)
 2700

Mantle density (kg/m3)
 3200

Atmospheric lapse rate (7C/km)
 6.5

Surface temperature (elevation dependent; 7C)
 2–11

Fault dip (deg)
 65
:44:45 AM
als.uchicago.edu/t-and-c).
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9:25 1:2 Ma for this sample (12TYT5). Given that
sample 12TYT3 (located in themiddle of the profile)
yielded an older AFT age of 10:85 1:7Ma (fig. 6) and
that the uncertainties of the AFT ages are relatively
large, we refrain from attempting a better fit of our
model to the AFT data. Although two of the mod-
eled AFT ages are younger than the measured ones,
the mean fission-track length of 12.8 mm calculated
from the best-fit model is in good agreement with
the data (table 3). The PECUBEmodel with the tem-
porally constant topography yields nearly identical
results in terms of fault slip rate and onset of faulting
(fig. A1, available online). However, the AHe ages of
the model with evolving topography (i.e., 4.8 and
3.1 Ma for the topographically highest and lowest
samples, respectively) are in better agreement with
the measured AHe ages of 4.9 and 3.0 Ma than the
AHe ages of the constant-topography model (i.e., 4.4
and 3.1 Ma; table 5). Therefore, we prefer the model
with the evolving topography.
Discussion

U/Pb and Rb/Sr Ages. Our twoU/Pb zircon ages of
∼87Ma for granite samples from the southern shore
of Tangra Yumco are identical within error (fig. 4),
andwe interpret them to date the crystallization of a
single granite intrusion in the footwall of the studied
normal fault (fig. 3a, 3b). Such LateCretaceousU/Pb
ages for plutonic rocks in the northern Lhasa terrane
have rarely been observed, although Haider et al.
(2013) reported U/Pb ages of 85:55 1:5 and 83:75
1:1Ma for a pluton near LakeNamco north of Lhasa.
In general, granitoid intrusions in this region have
This content downloaded from 128.17
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Early CretaceousU/Pb ages between 140 and 100Ma
(Xu et al. 1985; Kapp et al. 2007; Hetzel et al. 2011;
Haider et al. 2013).
The Rb/Sr ages on biotite for the three granite

samples range from ∼72 to ∼60 Ma (fig. 5) and post-
date the crystallization of the granitic intrusion by
at least 15My.As even large granitic intrusions cool
from temperatures of 8007–7007C to ambient temper-
atures of the crust (3007–5007C) in less than a few
million years (Jaeger 1964), the Rb/Sr ages cannot be
related to the initially rapid cooling of the granite
melt after its emplacement. Instead, we interpret
the Rb/Sr ages to record slow cooling of the granite
together with the surrounding crustal rocks through
the closure temperature of biotite (i.e., ∼3507C; Hun-
ziker et al. 1992). This slow cooling was presumably
the result of surface erosion and slow exhumation,
because during the Late Cretaceous the Lhasa ter-
rane experienced regional uplift and erosion (e.g.,
DeCelles et al. 2007), and there is no evidence for
normal faulting at that time. If the thermal structure
of the crust during this phase of slow cooling was
not disturbed and if the spatial configuration of the
samples has not changed, then the elevation depen-
dence of theRb/Sr biotite ages canbeused to infer the
rate of exhumation by erosion. Under these assump-
tions, the slope of the age-elevation relation (fig. 6)
suggests an erosion rate of ∼0.05 km/My during the
latestCretaceous and early Paleocene (i.e., just before
the onset of the India-Asia collision). Although this
interpretation is based on only three samples and
should be corroborated with more data, it suggests
that the cooling history of rocks from the footwalls of
high-angle normal faults in Tibet may contain im-
portant information on processes much older than
graben formation. In those parts of southern and
central Tibet that were not affected by normal fault-
ing, the rate of erosion after ∼45Ma decreased to low
values of !0.05 km/My, as shown by thermochro-
nological data (Hetzel et al. 2011; Rohrmann et al.
2012).

Thermokinematic Modeling of Thermochronological
Data. Thermokinematicmodeling of our AHe, AFT,
and ZHe ages suggests that normal faulting at the
Tangra Yumco graben began 14:55 1:8 Ma (fig. 7).
This age estimate is 2 My older than the oldest ZHe
age of 12:55 1:1 Ma, which provides only a mini-
mumage for the initiation of faulting. The total fault
slip rate in the best-fit model is 0:315 0:02 km/My
during thefirst stage of graben formation, whereas it
is more than twice as high (i.e., 0:785 0:05 km/My)
during the second stage of faulting (table 6). The
importance of accounting for heat advection in the
fault footwall by thermokinematic modeling is il-
lustrated by the difference between the apparent ex-
Table 5. Results of Thermokinematic Modeling
Using PECUBE
Modeled ages (Ma)
Method, sample

Measured
ages (Ma)
Slip rate
constant p
.45 km/My

On
in
in
e-step
crease
slip

rate
Zircon (U-Th)/He:

12TYT5
 12.5 5 1.1
 11.9 1
2.8

12TYT7
 9.7 5 .7
 9.9
 9.7
Apatite fission
track:
12TYT5
 9.2 5 1.2
 9.1
 8.2

12TYT3
 10.8 5 1.7
 8.2
 6.9

12TYT7
 7.8 5 1.2
 7.2
 5.5
Apatite (U-Th)/He:

12TYT5
 4.9 5 .4
 6.6
 4.8

12TYT3
 3.9 5 .2
 5.9
 3.9

12TYT7
 3.0 5 .2
 5.1
 3.1
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humation rates,which are based on the age-elevation
relations of the ZHe and AHe ages (i.e., ∼0.20 and
∼0.31 km/My; fig. 6), and the modeling results. Our
best-fit model yields exhumation rates of 0.22–0.25
and 0.64–0.68km/My (table 6),which arehigher than
the rates obtained from the age-elevation relation-
ships, in particular during the second phase of fault-
ing.
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Although rates of normal faulting and exhuma-
tion in the model change instantaneously at 3 Ma,
a more gradual increase seems more likely in na-
ture. We speculate that the impact of glacial ero-
sion in the study area may have increased in the
late Pliocene, because the first major glaciations in
the Northern Hemisphere occurred between ∼2.8
and ∼2.4 Ma (e.g., Maslin et al. 1998; Balco et al.
Figure 7. Results of the inversion procedure for 10,098 PECUBE models. Each dot corresponds to one model, and the
star shows the best-fit model. a, b, Projection of all model results onto a plane defined by two of the three free model
parameters (i.e., onset of faulting and fault slip rates before and after 3 Ma). The reduced misfit of the models was
calculated following Braun et al. (2012). c,Mean values and standard deviations for three freemodel parameters based on
marginal probability density functions.
Table 6. Total Fault Slip, Slip Rates, Exhumation Rates, and Total Exhumation
Fault activity (Ma)

Total slip rate

(km/My)

Vertical slip rate

(km/My)
6.145.179 on J
 and Condition
Exhumation rate
(km/My)
anuary 14, 2019 05:44:45
s (http://www.journals.uc
Exhumation
(km)
14.5–3.0
 .31 5 .02
 .28 5 .02
 .22–.25
 2.5–2.9

3.0–0
 .78 5 .05
 .71 5 .05
 .64–.68
 1.9–2.0
 AM
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2005). We argue that the repeated growth of gla-
ciers during the Quaternary ice ages has probably
enabled a more efficient erosion of the rising foot-
wall block (cf. Brozović et al. 1997; Egholm et al.
2009), as indicated by the deep U-shaped valleys
(fig. 3a). With respect to enhanced erosion, it is note-
worthy that three-dimensional numerical models
coupling tectonics and surface processes predict an
acceleration of slip on normal faults if the rate of
footwall erosion increases (Maniatis et al. 2009).
Hence, intensified glacial erosion may at least be
partly responsible for the deduced increase in the
rate of faulting.

Normal Faulting and Footwall Erosion. The total
amount of exhumation during the two phases of
faulting is 4.4–4.9 km in our thermokinematicmodel
(table 6). Apart from high-angle normal faulting, ero-
sion has also contributed to the exhumation of the
mountain range south ofTangraYumco, as shownby
the presence ofU-shaped valleys and the observation
that the high peaks in the footwall are located about
5 km southwest of the fault trace (fig. 3b). The latter
indicates that erosion was focused on the narrow
mountain range in the fault footwall, which, in turn,
may be related to a short wavelength of flexural up-
lift along the normal fault. As shown byMasek et al.
(1994), theflexural uplift along Tibetan rifts is 1–2 km
and spatially restricted to the narrow rift shoulders
because the Tibetan upper crust has a low flexural
rigidity of 2–6# 1020 Nm,which is equivalent to an
elastic thickness of only 4–6 km.
Published 10Be concentrations of quartz from two

stream-sediment samples (Rades et al. 2015; sam-
ples 12TYB4 and 12TYB11) can be used to estimate
the current erosion rate in the mountain range
south of Tangra Yumco, even though the calcula-
tion of such rates in glaciated regions is associated
with considerable uncertainty (see Rades et al. 2015
for details). Using these 10Be concentrations, we cal-
culated spatially averaged 10Be erosion rates of
2605 24 and 1025 9 mm/ky for the respective
catchments (for locations, see fig. 2a) with version
2.3 of the CRONUS-Earth online calculator (Balco
et al. 2008; http://hess.ess.washington.edu) and the
time-independent scaling model of Lal (1991) and
Stone (2000). As these erosion rates integrate over
the past few thousand years only, they should be
regarded as a rough estimate for the erosion of the
mountain range during the Holocene. During Pleis-
tocene glaciations the rate of erosionmay have been
higher. Given that our model suggests an exhuma-
tion rate of ∼650 mm/ky (∼0.65 km/My) during the
past 3 My (table 6), it appears that, apart from nor-
mal faulting, erosion has contributed significantly
to the exhumation of rocks in the fault footwall.
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The pronounced erosion of the fault-bounded
mountain range south of Tangra Yumco suggests
that a significant volume of sediment has been gen-
erated during the formation of the Tangra Yumco
graben. Hence, the southern lake basin of Tangra
Yumco may contain a more or less continuous sed-
imentary record from the mid-Miocene to the pres-
ent. Given that hitherto only late Quaternary lake
sediments have been studied in the northern basin of
Tangra Yumco (e.g., Long et al. 2015; Henkel et al.
2016), the lake may offer excellent opportunities for
reconstructing past climate changes with long sed-
iment cores.

Reasons for High-Angle versus Low-Angle Normal
Faulting. The location of the Tangra Yumco rift
coincides with a symmetry axis that is oriented sub-
parallel to the India-Asia plate convergence vector
and is defined by the diverging strike directions of
normal faults (Kapp andGuynn 2004;fig. 8). Because
of the arcuate shape of the Himalaya, the motion
of India with respect to Asia becomes increasingly
oblique when moving away from this symmetry axis
and the region of purely normal India-Asia conver-
gence (Seeber and Pêcher 1998; fig. 8). This, in turn,
leads to an increased component of orogen-parallel
extension along the Himalayan arc, which is docu-
mented by GPS data and the presence of kinemati-
cally linked normal and strike-slip faults (Styron
et al. 2011 and references therein). The spatial dis-
tribution of rifts bounded by high-angle and low-
angle normal faults provides further support for the
oblique-convergence model of Styron et al. (2011),
because graben systems bounded by high-angle nor-
mal faults occur predominantly in the region near
the symmetry axis, where plate convergence is per-
pendicular to the Himalaya and arc-parallel exten-
sion is low (e.g., Tangra Yumco, Xainza, Thakkhola,
Kung Co, Dinggye;fig. 8). In contrast, rifts with low-
angle normal faults that record higher amounts of
extension and experienced faster slip rates are lo-
cated farther to the west and east, where the mag-
nitude of arc-parallel extension is higher (e.g., Gurla
Mandhata, Leo Pargil, Lunggar, Nyainqentanghla
Shan) and the extensional structures are linked to
strike-slip faults such as the right-lateral Karakorum
fault (Murphy et al. 2002; Li and Yin 2008;fig. 8). For
example, a high total displacement of more than
∼35 km was estimated for the Gurla Mandhata de-
tachment, and this detachment slipped at a high rate
of 3–5 km/My during the major phase of extension
(Murphy et al. 2002; McCallister et al. 2014). At the
Lunggar rift, extension rates are high as well (i.e., ∼1
to ∼2.5 km/My), and the total amount of extension
reaches ∼10 to ∼20 km, being variable along strike
(Styron et al. 2013; Sundell et al. 2013). Formost rifts
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bounded by high-angle normal faults, slip rates and
total amounts of extension are not well known yet,
but it is likely that they are significantly lower than
those for rifts with low-angle normal faults (cf. Fried-
mann and Burbank 1995). At Tangra Yumco, fault
slip rates determined in this study are !1 km/My
(table 6). Farther to the north, at the Shuang Hu
graben (fig. 8), an even lower slip rate of ∼0.07 km/
My was documented for the main graben-bounding
fault (Blisniuk and Sharp 2003).

Regarding the timing of normal faulting in Tibet
and the Himalaya, recent age compilations for the
onset of faulting have shown that the beginning of
extension is spatially variable (e.g., Ratschbacher
et al. 2011; Sundell et al. 2013). Ages for the initia-
tion of extension fall mainly in the range of ∼15–
10 Ma, but older and younger ages occur as well
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(fig. 8). As a consequence, a single cause for the
initiation of E-W extension in Tibet and the Hima-
laya, such as convective thinning or removal of the
lithosphericmantle beneathmuch of Tibet during a
narrow time interval (Molnar et al. 1993; Turner
et al. 1993), appears to be unlikely.Whatever may be
the ultimate reason(s) for extension, we argue that
lateral temperature gradients (apart from the posi-
tion relative to the symmetry axis discussed above)
played an important role in controllingwhetherhigh-
angle or low-angle normal faults formed during rift-
ing. This is because the formation of low-angle nor-
mal faults andmetamorphic core complexes requires
a hot and low-viscosity middle to lower crust (e.g.,
Buck 1993; Tirel et al. 2008). High crustal temper-
atures allow ductile deformation at low shear stress
and increase the strength contrast between the brittle
Figure 8. Major rifts in south-central Tibet and the Himalaya with initiation ages of normal faulting given in
millions of years (Ma). Black arrows indicate the India-Asia convergence vector, whereas the arc-parallel and arc-
orthogonal components are shown as gray arrows. The gray band indicates the symmetry axis of Kapp and Guynn
(2004). Note that rifts with high-angle normal faults occur mainly near this symmetry axis, whereas low-angle normal
faults are located farther west and east, where the arc-parallel component increases. The ages of individual rifts are
based on age data from (a) Blisniuk et al. (2001), (b) Styron et al. (2013), (c) this study, (d) Laskowski et al. (2017),
(e) Harrison et al. (1995) and Ratschbacher et al. (2011), (f) Thiede et al. (2006) and Langille et al. (2012), (g) McCallister
et al. (2014), (h) Coleman and Hodges (1995), (i) Lee et al. (2011), (k) Kali et al. (2010), and (m, n) Ratschbacher et al.
(2011). Suture zones are shown as dashed gray lines. IYS p Indus-Yarlung suture.
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upper and ductile lower crust, thus favoring the for-
mation of core complexes and detachment faults
(Wijns et al. 2005; Wu et al. 2015; Labrousse et al.
2016). On the other hand, a low intracrustal strength
contrast and a greater integrated lithospheric strength
favor the formation of narrow rifts bounded by high-
angle normal faults (Labrousse et al. 2016).
In the Lhasa and Qiangtang terranes, lateral tem-

perature variations in the lower crust and upper
mantle have been documented by the study of
crustal andmantle xenoliths that occur inOligocene
to Pliocene volcanic rocks (Hacker et al. 2000; Ding
et al. 2007; Chan et al. 2009). Lateral temperature
variations are also indicated by shear-wave speed
anomalies beneath south-central Tibet (e.g., Ceylan
et al. 2012; Chen et al. 2017). Processes that may be
responsible for such temperature variations include
the tearing of the Indian slab (Ceylan et al. 2012) and/
or the foundering of lower crust and mantle litho-
sphere (Chen et al. 2017) after crustal thickening
during subduction and collision, as has been docu-
mented in the Pamir Mountains by petrological and
geochronological studies of eclogite and granulite
xenoliths (e.g., Ducea et al. 2003; Hacker et al. 2005;
Gordon et al. 2012; Kooijman et al. 2017). Another
factor that may have influenced both the structural
style and the extension rate of rifts in Tibet is the
underthrusting of cold Indian lithosphere beneath
Tibet (Li et al. 2008; Nábělek et al. 2009; Ratsch-
bacher et al. 2011; Sundell et al. 2013; Styron et al.
2015), which also ended the volcanism in southern
Tibet (Chung et al. 2005; Liu et al. 2011).
Conclusions

Our new set of geochronological data constrains the
cooling history of a granite body in the Lhasa ter-
rane from its intrusion at mid-crustal depth to its
exhumation at the surface. The granite intruded in
This content downloaded from 128.17
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the Late Cretaceous at ∼87 Ma, as shown by U/Pb
zircon dating. After emplacement and initially rapid
cooling, the granitic rocks experienced a long phase
of slow cooling, which lasted at least until the early
Paleocene and was presumably the result of slow
erosion in this part of the Lhasa terrane. The
younger episode of rifting and high-angle normal
faulting at the Tangra Yumco graben began at
∼15 Ma, as revealed by thermokinematic modeling
of our low-temperature thermochronological data.
Normal faulting and footwall exhumation pro-
ceeded at rates of about 0.2–0.3 km/My and accel-
erated to 0.6–0.8 km/My in the late Pliocene. The
occurrence of both low-angle detachment and high-
angle normal faults in Tibet and the Himalaya is
presumably controlled by lateral temperature vari-
ations in the lower crust, which affect the strength
ratio between upper and lower crust. A weak lower
crust leads to a high intracrustal strength ratio and
allows the formation of low-angle normal faults
with large displacements. Conversely, a relatively
strong lower crust causes the strength ratio to be
low, which favors the generation of high-angle nor-
mal faults with limited displacement on individual
faults.
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