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The westernmost Tibetan plateau, despite being internally drained, has a high topographic relief. Here,
using apatite (U-Th-Sm)/He and “He/?He thermochronometry, we reconstruct the exhumation history
of the Rutog batholith during the Neogene. Thermal modeling in 1D using the QTQt program indicates
that relatively slow cooling occurred from 30 Ma to 19 Ma, which we interpret as an exhumation rate of
~10 m/Ma. This was followed by two pulses of moderate cooling from 19 to 17 Ma and ~11 to 9 Ma
that correspond to a total exhumation of about 1500 m. Cooling since 9 Ma has been negligible. This
differs from exhumation patterns in central Tibet but reveals timing similarities with externally drained
portions of southern Tibet. We interpret our cooling constraints as recording two different transitions in
western Tibet from an externally to an internally drained system since the Oligocene. External drainage
allowed this part of the Tibetan plateau, unlike internally drained portions of central Tibet, to record
regional-scale processes. The first cooling event, at about 20 Ma, was likely related to a major geodynamic
event such as slab breakoff that induced contemporaneous potassic and ultrapotassic magmatism. The
second rapid cooling pulse from ~11 Ma to 9 Ma and subsequent negligible cooling was most likely
controlled by a local factor such as Indus and Shyok river network reorganization caused by dextral
motion of the Karakorum fault. We discuss these interpretations and their limitations in this contribution.

© 2016 Elsevier B.V. All rights reserved.
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low relief formed in central Tibet from middle to late Miocene
and corresponds to an erosion surface. However, for northern cen-
tral Tibet (Qiangtang block) Rohrmann et al. (2012) suggest that
a transition from a fast to slow exhumation regime, similar to
the modern one, occurred during Late Cretaceous-early Cenozoic
times. Haider et al. (2013) reconstruct a similar exhumation his-

1. Introduction

Tibet, the highest and widest plateau on Earth, is usually de-
scribed as a high elevation, low relief geomorphic feature. How-
ever, relief (i.e. elevation difference between the highest and low-
est points in a given area) is not uniform across the plateau, with

distinct morphological contrast between different parts of Tibet
(Fielding et al., 1994; Liu-Zeng et al., 2008).

Central Tibet has the lowest relief compared to the rest of the
plateau, likely because it is internally drained (Fig. 1a) and has low
precipitation rates (Liu-Zeng et al., 2008). The internal drainage
favors low relief because of internal deposition, which tends to
smooth topography. Areas with significant relief (=2 km) are lim-
ited to active rifts, such as the Nyaingentanglha range (Armijo et
al., 1989). Early studies (Shackleton and Chang, 1988) suggest that

* Corresponding author at: Geologisches Institut, ETH, Ziirich, Switzerland.
E-mail address: loraine.gourbet@ens-lyon.fr (L. Gourbet).

http://dx.doi.org/10.1016/j.epsl.2016.09.037
0012-821X/© 2016 Elsevier B.V. All rights reserved.

tory for the southern part of central Tibet (Lhasa block), and using
thermochronology, Hetzel et al. (2011) suggest that the low-relief
surface on the northern Lhasa block formed before 50 Ma. In ad-
dition, paleoelevation studies imply that central Tibet was already
near its present elevation by late Eocene (for a review, see Quade
et al, 2011). Thus, modern elevation and relief in central Tibet
might have been reached by 45 Ma.

In the southern, externally drained plateau margin, Tremblay
et al. (2015) use thermochronometry data from the eastern Lhasa
terranes to propose that the landscapes are the result of a major
reorganization of the river network between 10 and 15 Ma. This
modification consisted of a transition from N-S transverse rivers
flowing from the plateau margin across the Himalaya, to longitudi-
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nal E-W rivers with lower channel slope and stream power flowing
parallel to the Yarlong Suture zone (Tremblay et al, 2015). This
river diversion allowed the sustainability of low-erosion conditions
that are characteristic of the plateau.

In this work, we focus on western Tibet, which has thus far not
been studied in detail. Unlike central Tibet, western Tibet has high
relief of approximately 1.8 km, with mean and peak elevations of
~5100 and 6400 m, respectively. The main geomorphic features
are E-W trending flat-floored valleys that are up to 120 km long.
Like central Tibet, it is mostly internally drained. It is also the dri-
est part of the plateau. Precipitation is less than 100-200 mm/yr
(Domroes and Peng, 1988; Maussion et al., 2014).

There are a few active N-S rifts in this region, like in the rest of
the Tibetan plateau (Fig. 1b). They affect relief at a local scale only
and they are not the origin of the regional high relief (Gourbet et
al., 2015). The only major tectonic feature that strongly influences
topography is the Karakorum fault, which does not belong to the
plateau sensu stricto because it forms the boundary between the
western plateau and the Ladakh and Karakorum ranges. Local ac-
tive strike-slip faults do not affect landscape, except for the dextral
Bangong Co fault (BCF) that is responsible for the shape of the
40-km-long southeastern portion of the Bangong Lake (Fig. 1b).
In other words, minor tectonic activity and modern precipitation
cannot explain such high relief. The presence of high relief in west-
ern Tibet raises the question of the possible influence of an older,
inherited relief on the present topography. Gourbet et al. (2015)
suggest that the deep E-W trending valleys belong to an inherited
paleotopography that formed prior to Oligocene time, when the
western Tibetan plateau was externally drained. By late Oligocene
time, these valleys were filled, at least partially, with red conti-
nental alluvial fan sediments that today are exposed along their
flanks. Because these fans have been partially eroded away and
this missing detritus is not present on the plateau, it suggests a
second episode of external drainage since the Oligocene (Gourbet
et al, 2015). These authors further hypothesize that a drainage
reorganization occurred when the externally drained western Ti-
betan plateau transitioned at ca. 4 Ma to the internally drained
regime that exists today. An externally drained area is sensitive to
geodynamic processes; for example, river incision can respond to
uplift variations. If the hypothesis that western Tibet was exter-
nally drained at times in the past is correct, then western Tibet
was sensitive to the geodynamic evolution of the plateau and can
provide useful information not only regarding its local history, but
also the general history of the whole plateau. Here, we focus on
examining the relief evolution of the westernmost Tibetan plateau
by quantifying the exhumation history of this region in the Rutog
and Shiquanhe area. We use apatite (U-Th-Sm)/He and “He/?He
thermochronometry, and infer exhumation rates that are converted
into erosion rates.

2. Geologic setting of western Tibet

Western Tibet is bounded by the Tarim basin to the north,
by the Karakorum range to the west and the Gangdese arc to
the south (Fig. 1a). This study focuses on the area encompassing
the Lhasa and Qiangtang blocks, between the Longmu-Gozha Co
left-lateral strike-slip fault system (LGCF) and the active dextral
strike-slip Karakorum Fault Zone (KFZ) that bounds the Karako-
rum, Bangong, Ladakh and Ayilari ranges (Fig. 1b). The LGCF sepa-
rates the Qiangtang bock to the south from the Tianshuihai block
to the North (Tapponnier and Molnar, 1977; Matte et al., 1996;
Leloup et al.,, 2012). It is the westernmost (Liu, 1993) and youngest
(Chevalier et al., 2015) segment of the active Altyn Tagh strike-
slip fault system. According to Raterman et al. (2007), the LGCF
was activated at ca 9 Ma and interacts not only with the Al-
tyn Tagh fault, but also with the KFZ, the LGCF intersecting the

KFZ and thus forming a triple junction separating the NW Hi-
malaya, the Tianshuihai block, and the western Tibetan plateau.
The KFZ extends for 1000 km and is related to the eastward ex-
trusion of the plateau (Tapponnier and Molnar, 1977; Tapponnier
et al., 1982). Recent estimates of the total offset range from
~50 km (Murphy et al., 2000) to ~250 km (Leloup et al., 2013;
Gourbet et al., 2015) and its initiation in the Shiquanhe area ranges
from before 23 Ma (Lacassin et al., 2004; Valli et al., 2007, 2008)
to 17-14 Ma (Phillips et al., 2004; Murphy et al., 2009). Locally
the KFZ also has a component of normal motion, as evidenced by
>300 m-high facets facing the Tibetan plateau in the Ladakh and
Ayilari ranges. In the Ayilari range, the normal motion has been
dated to 14 Ma using feldspar, muscovite and biotite 49Ar/3°Ar
and apatite (U-Th-Sm)/He thermochronology (Valli et al., 2007).
Van Buer et al. (2015) propose that the N-S normal Angmong fault
connects to KFZ and the LGCF (Fig. 1b) and would be the surface
expression of ~E-W Miocene ductile flow in the lower crust.

Western Tibet terranes are dominated by Paleo-Mesozoic sed-
iments (Fig. 1b), e.g. limestones (Carboniferous to Triassic), fly-
schoid shales (Jurassic) and conglomerates (Triassic) (Matte et al.,
1996; Pan et al., 2004). These terranes are overlayed by rare con-
tinental red sandstones and conglomerates (red beds). Absolute
dating of interbedded and underlying ultrapotassic lava flows in-
dicate a late Oligocene-early Miocene age for the red beds deposi-
tion near Shiquanhe (Arnaud, 1992; Kapp et al., 2003; Williams et
al., 2004; Gourbet et al., 2015) and a pre-35 Ma deposition age
near Rutog (Cheng and Xu, 1987). However, analysis of detrital
zircons contained in the red beds performed by Raterman et al.
(2007) further north in the Domar area indirectly suggests a Juras-
sic deposition age. Magmatic rocks in western Tibet are dominated
by granitoid plutons of Jurassic (Pan et al., 2004) and Cretaceous
(Matte et al., 1996; Pan et al., 2004) ages. Volcanic rocks consist of
ultrapotassic lavas mentioned above, and Jurassic basalts (Qiang-
tang block, Arnaud and Vidal, 1990).

The study area experienced a multi-stage deformation history.
An early Paleozoic stage is recorded in the Qiangtang block and
is interpreted to be related to the northern Gondwana-Asia con-
vergence (Raterman et al., 2007). It was followed by a poorly
understood late Paleozoic deformation phase (Matte et al., 1996;
Kapp et al, 2003; Raterman et al., 2007). The main Mesozoic
shortening event corresponds to the Lhasa-Qiangtang collision; it
occurred during the Late Jurassic-Late Cretaceous and is respon-
sible for significant N-S shortening in the Domar fold-and-thrust
belt (Raterman et al., 2007). Emplacement of the Rutog batholith
occurred at ~80 Ma (Zhao et al., 2008). Afterwards, the India-
Asia collision led to Cenozoic ~NS shortening that induced ~EW
trending structures, including the Jaggang and Shiquanhe thrusts
and the Risum anticlinorium (Fig. 1b). The Jaggang thrust, which
bounds the Risum anticlinorium to the south, is believed to have
absorbed >40 km of shortening in the late Cretaceous—early Meso-
zoic times (Kapp et al., 2003). Because ophiolites are found north
and south of the Risum anticlinorium (Fig. 1b), Matte et al. (1996)
interpreted it as a microcontinental block sandwiched between
two north-dipping subductions: the Bangong one to the north
(Early Cretaceous) and the Shiquanhe one to the south (Late Cre-
taceous). After that interpretation, the Shiquanhe suture would be
the equivalent of the Shyok suture (Late Cretaceous), located west
of the KFZ. This implies a >200 to 240 km offset due to the KFZ
(Valli et al., 2008). Alternatively, Kapp et al. (2003) suggest that the
Risum anticlinorium belongs to the basement of the Lhasa block
and that the two ophiolitic belts correspond to a single suture
zone, i.e. the Bangong suture zone. This interpretation would im-
ply that the Shyok suture would have no counterpart on the other
side of the KFZ. The Shiquanhe thrust is ~E-W trending, dips 20°N
and truncates Cenozoic conglomerates (Fig. 1b). These conglom-
erates are interbedded with previously mentioned lava flows that
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Fig. 1. a) Geologic and geomorphic framework of Tibet. Tectonic features are from Tapponnier and Molnar (1977) and Pan et al. (2004). Slope distribution was calculated
using SRTM images with a ~800 m/pixel resolution. The blue dashed line is the boundary of the modern internally drained area (Strobl et al., 2012). Green dashed lines
are sutures zones: IYS = Indus-Yarlung; BNS = Bangong-Nujang; JS = Jinsha; SKS = South Kunlun. Black lines are active faults: KFZ = Karakorum Fault Zone; ATF = Altyn
Tagh Fault, LGCF = Longmu-Gozha Co fault; MFT = Main Frontal Thrust. K = Karakorum range; T = Tianshuihai block. Numbers refer to articles discussed in section 5.3. 1:
Copeland et al. (1995); 2: Dai et al. (2013); 3: Sanchez et al. (2013); Carrapa et al. (2014); 4: Tremblay et al. (2015); 5: Shen et al. (2016). b) Regional map of western Tibet.
The topography is shown by a shaded relief SRTM (Shuttle Radar Topography Mission) mosaic, which has a 30 m/pixel resolution. Faults and geology are drawn after Pan et
al. (2004), Matte et al. (1996), Tapponnier and Molnar (1977), Leloup et al. (2012), Valli et al. (2007), Gourbet et al. (2015) and our own field observations and interpretations
from satellite imagery. The purple dashed line differentiates the internally drained area from the Indus and Shyok river drainage basins, and was drawn by ascertaining flow
directions of all rivers in the area, using Google Earth. The black square indicates the location of the age-elevation profile. The Paleo-Shyok river that used to flow in the
present-day Bangong valley (see section 5.3.2) is highlighted in white. BCF: Bangong Co fault. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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have been dated at 21-24 Ma (Arnaud, 1992; Kapp et al., 2003;
Williams et al., 2004; Gourbet et al., 2015) indicating that the fault
was active after 21 Ma.

3. Sampling and method description
3.1. Sample selection

3.1.1. Rutog area

Both the western Qiangtang and Lhasa blocks include sev-
eral kilometer-scale granitic plutons, one of which is the Rutog
batholith (Fig. 1b). A total of 11 samples were collected for ap-
atite (U-Th-Sm)/He and “He/>He thermochronology from the Ru-
tog batholith, which is composed of several km-large plutons of
granodiorite and granite. 8 samples (T11R01-T11R11) were col-
lected along an age-elevation profile in a N-S trending, narrow
valley, 15 km south of the southernmost edge of the Bangong
Lake (Fig. 1b). The seven highest elevation samples come from
the western flank of the valley, and the lowest comes from the
eastern flank. Because the river in this valley flows into the Ban-
gong Lake, we consider them the same geomorphic feature with
interrelated histories. Total elevation difference is 700 m and the
horizontal distance along the seven highest samples is 1200 m.
All samples have the same lithology, i.e. a pale granodiorite rich
in amphibole and cm-scale K-feldspar (Supplementary Fig. Fla).
Amphiboles are chloritized and plagioclase feldspars are slightly al-
tered into sericite. K-feldspars are fresh. Minor phases include zir-
con and apatite. We did not observe any faults within the pluton.
It is locally cut by mm to cm-scale aplitic veins (Supplementary
Fig. F1b). On its lowest portion the pluton also contains several
dark, centimeter-scale dioritic xenoliths and is cut by a 1-m-wide,
strongly weathered basalt dyke (Supplementary Fig. F1c). A ~4-m-
wide vein of microgranite rich in biotite and hornblende cuts both
the aplites and the granodiorite pluton. This microgranite was sam-
pled for U/Pb dating (sample T11R08, Supplementary Fig. F1d), in
order to constrain the age of pluton crystallization.

Sampling along a horizontal transect can be used to constrain
the past topography (House et al., 1998) by taking advantage of
isotherms mimicking topography at shallow depths (Mancktelow
and Grasemann, 1997). However, we were only able to collect one
sample in a granitic biotite-rich pluton (T11B26, ~4 km NE of the
Bangong Lake, Fig. 1b). We use it for comparison with the Rutog
age-elevation profile samples.

About 50 km south of the vertical profile site, on the hanging
wall of the Shiquanhe thrust, a similar pluton, except for weath-
ered K-feldspars, is surrounded by a metamorphic hornfels aureole.
This pluton was also sampled for (U-Th-Sm)/He dating (sample
T11R13 and T11R14, Fig. 1b).

3.1.2. Shiquanhe area

3 samples were collected south of the Shiquanhe thrust fault
(footwall), near the Indus River (Fig. 1b). Lithologies are diverse.
Sample T11K01 is a microgranite and was collected on a high ele-
vation pass. Sample T11K03 and T11K14, collected on the eastern
side of the Indus River valley, are unweathered granodiorites that
are rich in pink K-feldspar and biotite. Sample T11K14 also con-
tains amphibole. Minor phases include zircon and apatite.

3.2. Methods

3.2.1. U/Pb geochronology of zircon

U/Pb dating was performed by laser ablation inductively cou-
pled plasma mass spectrometry (LA-ICP-MS) at the Laboratoire
Magmas et Volcans, Clermont-Ferrand, France. 15 measurements
were done in situ on 10 zircons selected from a thin section of
sample T11R08. The method is fully described in the supplemen-
tary section B.

3.2.2. (U-Th-Sm)/He thermochronology of apatite

(U-Th-Sm)/He dating has been widely used for reconstructing
exhumation through geological time (e.g. Ehlers and Farley, 2003).
For apatite, the closure temperature of that system is about 65°
(Shuster et al., 2006, calculated after Dodson, 1973). This value can
vary through time as radiation damage modifies He diffusivity in
apatite, thus leading to closure temperatures ranging from about
45 to 120°C (Shuster et al., 2006; Flowers et al., 2009). A par-
tial retention zone spanning between 85-40°C (Wolf et al., 1998)
makes this system useful when examining exhumation processes
in the upper 2 km of the crust.

For each sample, at least 3 euhedral apatite crystals containing
minimal inclusions were selected for single-crystal (U-Th-Sm)/He
measurements (Table 1). All analyses were completed in the Noble
Gas Thermochronometry Laboratory at the Berkeley Geochronology
Center, California. Detailed information on the analytical proce-
dures can be found in Tremblay et al. (2015).

3.2.3. *He/3He thermochronology of apatite

To further constrain the cooling history, “He/3He thermochro-
nometry was conducted on 4 samples. “He/>He thermochronome-
try constrains continuous cooling path of individual rock samples
below ~90°C (Shuster and Farley, 2004). This method is based on
a stepwise degassing “He/>He analysis of a single apatite crystal
containing 3He generated by energetic proton irradiation (Shuster
et al., 2004), and constrains the spatial distribution of “He within
the grain, which resulted primarily from radiogenic production and
thermally controlled diffusive loss through geological time. Com-
bining both (U-Th-Sm)/He ages and “He/>He thermochronometry
allows us to model the continuous thermal evolution of the sam-
ples, as explained in paragraph 5.2. This numerical method is fully
described in Schildgen et al. (2010) and Tremblay et al. (2015). All
4He/>He measurements were performed in the Noble Gas Ther-
mochronometry Laboratory at the Berkeley Geochronology Cen-
ter.

4. Results
4.1. U-Pb geochronology of zircon

Zircon U/Pb dating of sample T11R08 yielded 5 concordant
analyses at ca. 74 Ma (29Pb/238U age, Fig. 3, supplementary Ta-
ble S1.). Linear regression through 12 spots indicates a lower in-
tercept at 74.4 £ 1.9 Ma (MSWD = 3.9), which is interpreted as
the crystallization age. This late dyke age is in agreement with
the 80.0 £1.2 Ma (sample RT-1) and 79.4 £ 0.9 Ma (sample RT-7)
zircon U/Pb ages of the batholith reported by Zhao et al. (2008).
These authors suggest that formation of this batholith is best ex-
plained by partial melting of a thickened continental crust, in good
accordance with the hypothesis of a Late Cretaceous formation of
the Shiquanhe suture to the south (Matte et al., 1996).

4.2. (U-Th-Sm)/He thermochronology of apatite

Most single grain apatite (U-Th-Sm)/He (AHe) ages from the
Rutog area (T11B26, T11R01 to T11R11, Fig. 1b) range from 11.9
to 29.2 Ma (Table 1 and Fig. 2). Single grain apatite AHe ages
of samples T11R14 and T11R13 range from 36.35 to 48.62 Ma.
Replicates from sample T11R13 show a high degree of dispersion
(standard deviation ~11 Ma). AHe ages from the age-elevation
profile show a clear age-elevation correlation (Fig. 2), and a linear
regression through the median ages provides an apparent exhuma-
tion rate of ~70 m/Ma (r? = 0.7). Apatite fission track ages from
two samples from the Rutog batholith of 50.35 4+9.73 Ma (sample
K89G131) and 56.96 + 5.7 Ma (sample K89G111, precise latitude
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Table 1
(U-Th-Sm)/He apatite dating results.

Sample  Grain  Lat. Long. Elevation 238U 232Th eU 1475m 4He a Raw age Fr Corrected age =+
() (°) (m) (nmol/g)  (nmol/g) (nmol/g) (nmol/g) (nmol/g) (nm) (Ma) (Ma) (Ma)
Rutog
T11B26 X 33.572 79.978 4281 36 124 65 490 11 551 13.22 0.73 18.22 0.25
y 36 127 66 514 12 58.4 13.81 0.75 18.64 0.24
z 79 379 168 919 2.8 56.2 12.83 0.74 17.70 0.19
T11R01 X 33315 79.676 5030 104 388 196 164 3.2 52.8 12.79 0.72 18.20 0.19
y 140 516 261 228 5.0 49.7 14.81 0.70  21.58 0.98
z 42 151 78 82 1.6 578 16.26 0.74 2231 0.28
T11R02 X 33.316 79.679 4897 106 205 154 100 2.5 46.8 12.67 0.68 18.85 0.5
y 51 65 66 37 15 473 17.64 0.69 26.00 0.33
z 57 126 87 80 1.6 59.6 14.51 0.75 19.61 0.33
al 27 100 51 26 3.0 543 10.92 0.73 15.37¢ 1.54
T11R03 X 33314 79.679 4776 133 533 259 350 4.4 70.9 13.09 0.79 16.83 0.17
y 89 317 163 125 24 49.7 114 0.70 16.67 0.22
z 83 273 147 109 2.9 45.6 15.24 0.68 2313 0.31
T11R04 bis 33313 79.681 4652 92 354 176 176 24 55.8 10.54 0.71 1511 0.19
y 85 294 154 115 23 55.9 11.62 0.74 16.11 0.18
z 40 128 70 58 0.8 49.8 8.86 0.74 1215 0.17
T11R05 X 33311 79.683 4516 57 138 90 181 12 78.0 10.51 0.81 1311 0.14
y 46 132 77 70 0.9 50.9 9.32 0.71 1341 0.21
z 104 286 171 102 2.6 52.4 11.99 0.72 17.03 0.22
T11R06 X 33311 79.686 4409 94 268 157 71 3.9 0.7 19.12 0.67 29.25 0.31
y 71 143 104 58 1.7 514 12.32 0.71 17.59 0.24
z 73 128 103 44 13 48.1 9.99 0.69 14.65 0.22
T11R10 X 33311 79.688 4361 62 125 91 89 11 53.0 9.73 0.72 13.71 0.7
y 70 115 97 84 1.7 62.6 13.28 0.76 17.58 0.22
z 56 147 91 71 1.0 49.6 8.21 0.70 11.93 0.15
T11R11 X 33.290 79.695 4346 139 213 190 89 23 574 9.37 0.74 13.27 0.16
y 203 486 317 216 4.0 60.9 9.9 0.76 12.77 0.14
z 34 42 44 10 2.6 49.3 19.18 0.70 15.95 0.18
b_z 212 361 296 136 3.7 64.8 9.7 0.75 13.08 0.14
T11R13 X 32.827 79.808 4600 46 118 74 452 4.2 459 42.77 0.68 36.35 0.77
y 28 920 49 336 2.2 515 3331 0.71 4710 0.68
z 37 95 59 326 21 571 2745 0.76  63.55 0.67
T11R14 X 32.827 79.808 4606 121 30 128 89 4.2 441 32.39 0.67 48.62 0.45
Shiquanhe
T11K01 X 32.320 80.009 4760 421 555 552 916 17.9 56.9 24.95 0.74  34.02 0.33
y 437 1009 674 1095 24.8 66.4 28.44 0.78 37.04 0.5
z 461 901 673 1008 833 59.5 95.17 0.75 128.07° 1.68
T11K03 X 32.268 80.030 4336 164 547 292 551 8.3 58.5 2444 0.75 29.98 1.68
y 87 252 146 339 48 614 22 0.76  33.77 0.34
z 30 118 57 76 7.7 55.6 25.26 0.73 34 0.45
T11K14  x 31454 80.561 4747 298 1300 603 200 14.6 449 18.86 0.67 2211 0.2
y 341 61 355 428 9.5 56.3 20.51 0.74 2781 114
z 318 1158 590 106 12.9 69.9 1711 0.79 28.98 0.29

a = radius of a sphere with equivalent volume to surface ratio, calculated from measured cross-dimensions of the analyzed grain.

Underlined samples are from the altitudinal profile.
2 Indicates one or a few microscopic inclusions.

b Replicate excluded from interpretation due to high He content and an assumed Cretaceous age of crystallization of the sample.

¢ Age calculated using “He/>He degassing steps.

The corrected grain ages are obtained after applying the alpha-ejection factor Fy to the raw ages.

The uncertainties reported in the table are 1 SD analytical uncertainties, which commonly provide a lower bound on the uncertainty of a given (U-Th)/He age, due
to other sources of uncertainty that are difficult to estimate, e.g. associated with alpha ejection, radiation damage and its influence on diffusivity, and the possibility of
microscopic mineral inclusions that may contain U or Th. Since reproducibility of (U-Th-Sm)/He ages between mineral aliquots of monitor samples (Durango apatite) is
typically 6%, we use this fixed value as an estimate of the (U-Th-Sm)/He age uncertainty in our analysis.

and longitude unknown but collected along the same narrow val-
ley) (Arnaud and Vidal, 1990) are older and thus consistent with
our data. van der Beek et al. (2009) reported a 17.2 £ 0.6 AHe
age from a granitic boulder (K1L-23/24, Fig. 1b) in the Longmu Co
range, 140 km north of our samples, south of the GLCF. Samples
from the Shiquanhe area (T11KO1, T11KO03, T11K14) have single
grain AHe ages ranging from 22.11 to 37.04 Ma (Table 1).

For all samples, it appears that there is no link between anoma-
lously old ages and the presence of inclusions in some grains,
except for one sample (T11R06). T11R06 has poor reproducibility
(standard deviation ~16 Ma), due to anomalously high Th content

in one of the replicates, likely resulting from an unidentified inclu-
sion. This sample was excluded from thermal modeling.

4.3. “He/?He thermochronometry

We analyzed four samples of the Rutog age-elevation pro-
file (T11R02, T11R04, T11R05 and T11R10) using *He/?He ther-
mochronometry. Degassing “He/>He release spectra are provided in
Fig. 4 and supplementary Table S2. When using apatites for cool-
ing history reconstruction purposes, it is often assumed that the
4He/?He spectrum is solely due to diffusion and alpha ejection pro-
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Fig. 3. Tera-Wasserburg diagram for sample T11R08. Empty ellipses correspond to
zircons that experienced Pb loss and were not used in the age calculation. Errors
are 20.

cesses, and that natural “He was produced homogeneously within
the grain. However, Farley et al. (2011) demonstrated that zonation
in eU (effective uranium = [U] + 0.235*[Th], which weights these
elements by their relative alpha productivity), can significantly af-
fect the shape of the “He/?He spectrum and subsequent interpreta-
tion. Qualitatively, sample T11R02 shows no evidence of zonation
because the shape of its spectrum (Fig. 4a) has a similar shape
to that of theoretical spectra of unzoned crystals as calculated
by Shuster and Farley (2004). The grain used for “He/>He ther-
mochronometry was also dated using the (U-Th-Sm)/He method
by measuring the U and Th content of the same crystal. eU spatial
distribution was estimated for samples T11R04 and T11R10 follow-
ing the method described in Farley et al. (2011) and Tremblay et al.
(2015) (supplementary section D). Sample T11R10 presents a clear
zonation in eU whereas sample T11R04 shows limited evidence of
zonation.

5. Discussion
5.1. A possible inherited topography?

The two lowest-elevation samples from the age-elevation pro-
file with an elevation close to that of T11B26 (4281 m, median
AHe age = 18.6 Ma, 40 km NW of the vertical profile) have median
AHe ages of 13.3 and 13.7 Ma. The cooling age difference between
these samples and T11B26 is about 5 Ma. Samples from the age-
elevation profile with cooling ages close to the age of T11B26,
such as sample T11R02 (4897 m) and sample T11R03 (4776 m),
are ~570-620 m higher than the elevation of T11B26 (Fig. 5).
Such age or elevation differences suggest that the elevation of the
closure temperature isotherm is at shallower depth beneath the
vertical profile than beneath T11B26, i.e. below the Bangong valley.
To investigate if this difference could be the effect of an inherited
topography, we used the 2D equation of Turcotte and Schubert
(2002) to calculate the shape of isotherms (equation (1)), taking
into account the effect of heat flow and topography on crustal tem-
perature. This equation allows us to calculate temperature beneath
a periodic topography, as a function of depth under the mean el-
evation (z) and horizontal distance along a transect perpendicular
to the ridges and valleys (x). Parameters are given in Table 2.

Gmz | pHsh?

T=To4 Im& PO _ oW
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Although the topography in western Tibet is not periodic sensu
stricto, it is characterized by roughly parallel valleys at ~4200-
4400 m, separated by crests as high as 6000 m. We used a periodic
topography that approximately fits the local topography (Fig. 5a):
a 60-km-wavelength and an amplitude of 1600 m. Beneath the val-
ley floor (T11B26, Fig. 5b), the 60°C isotherm is ~600 m deeper
than beneath the ridge (at the Rutog age-elevation profile loca-
tion). If such an elevation difference existed at ~19 Ma (AHe age
of T11B26) it may explain why samples at the Rutog age-elevation
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profile that are similar in age to T11B26 are located 570-620 m
higher. This calculation suggests that by 19 Ma, topography had the
same amplitude, and valleys were located at the same location as
today. However, this reconstruction is based on a single valley bot-
tom sample (T11B26), and additional samples would be required to
test this hypothesis. Despite this limitation, our hypothesis is con-
sistent with a recent morphological and sedimentary study sug-
gesting that the present day Bangong Valley morphology is mostly
inherited from a topography formed 24 Ma or 37 Ma ago (Gourbet
et al,, 2015).

5.2. Evolution of erosion rates in western Tibet

5.2.1. Rutog batholith age-elevation transect first-order interpretation
A linear regression through the median ages gives an appar-
ent exhumation rate of ca. 70 m/Ma between 23 and 12 Ma
(Fig. 2). This is an oversimplification because it is based on the
assumptions that all samples have the same closure temperature,
corresponding isotherms remained horizontal through time with
no heat advection or post-magmatic cooling, and that the pro-
file is purely vertical and the area was not tilted. Given the age
difference between the AHe ages and the last documented plu-
tonic event at about 74 Ma, post intrusion cooling is unlikely.
Because the general wavelength of the topography in this area
is about 60 km, i.e. 20 times greater than the maximum hori-

zontal distance between the samples, the wavelength of the to-
pography should not affect these samples. The valley is 700 m-
wide; at short wavelengths (<8 km), the topography does not
significantly deflect low-temperature isotherms in the crust (Braun,
2002). Therefore, we can use the order-of-magnitude of the ap-
parent exhumation rate as a proxy for the erosion rate, which
indicates that erosion rates were already low in western Tibet dur-
ing Miocene time. This value of 70 m/Ma is similar to the Holocene
erosion rates from 110 to 40 m/Ma estimated in central Tibet
based on exposure dating (Lal et al., 2003; Hetzel et al., 2011;
Strobl et al., 2012). Climatic conditions are similar in central and
western Tibet, with western Tibet being slightly drier (Yatagai et
al.,, 2012), suggesting that erosion rate in western Tibet has the
same order-of-magnitude as in central Tibet. Thus, the apparent
Miocene exhumation rate interpreted from the AHe data has the
same order-of-magnitude as the probable modern erosion rate in
western Tibet.

5.2.2. 1D thermal history modeling

The age-elevation profile can reflect cooling histories that are
more complex than a single phase of exhumation. Combining both
4He/?He and (U-Th-Sm)/He data allows us to better reconstruct
the local exhumation history. “He/>He profiles provide additional
constraints on the cooling history from ~90°C to the surface
(Shuster and Farley, 2004). To integrate both “He/>He and (U-Th-
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Table 2

Parameters used in equation (1) to approximate the crustal temperature beneath a periodic topography.

Parameter Dimension

Value Reference

B Lapse rate of surface temperature, °C/m
Ts Mean surface temperature, °C

K Thermal conductivity, W/K/m

qm Reduced heat flow (mantle), W/m

hy Characteristic depth of heat production, m

ho Relief 1/2 amplitude, m
A Relief wavelength, m

PHs Crustal radioactive heat production, W/m?

0.006
0

2.5 Turcotte and Schubert (2002)
0.025 Turcotte and Schubert (2002)
1000 Turcotte and Schubert (2002)
800

6E+04
1.5E-6

Turcotte and Schubert (2002)

Craig et al. (2012)

Sm)/He data, we used the 1D QTQt program (Gallagher, 2012), in
order to infer thermal histories from the Rutog pluton. This pro-
gram calculates the most probable cooling path of a single sample,
as well as multiple samples from an age-elevation profile. It re-
quires an assumed geothermal gradient. Estimates from central
Tibet are 25°C/km (Qiangtang block) and 39 °C/km (Lhasa block)
(Mechie et al., 2004), and 17°C/km in the northern Qiangtang
block since 3 Ma (Hacker et al., 2000). Although we recognize that
this is an assumption based on present conditions applied to the
Miocene, we used a value of 30°C/km. The reader is referred to
the supplementary section (Appendix B) for detailed information
on QTQt.

First, we modeled samples T11R02, T11R04, T11R05 and T11R10
individually (Fig. 6). For each sample, we used both AHe ages
and “4He/?He data. All models imply a three-phase cooling his-
tory: 1) an early slow cooling phase, 2) an increase in the cooling
rate, and 3) a final slow cooling phase. Additionally, sample T11R10
shows a slight reheating from 20 to 10 Ma. This might be due to
the location of the sample. Indeed, T11R10 was collected ~5 m
from the 1-m-thick basaltic dyke described in section 3.1.1. The

Time (Ma)
50 40 30 20 10 0

Temperature (°C)

100

1204

140

Fig. 6. Individual cooling histories modeled with QTQt. Envelopes delimit the 95%
confidence intervals.
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dyke might have caused the apparent reheating experienced by
sample T11R10, but the duration of the reheating (10 Ma) does
not match the timescale of heating events due to volcanism, which
are usually much shorter (Reiners, 2005). In addition, samples that
are higher in elevation do not seem to record any reheating event
and clearly show a decrease in temperature. Although we cannot
rule out the thermal effect of this narrow dyke, it is unlikely that
it caused a wide portion of the pluton to reheat during 10 Ma.
The main differences between the models for each sample are the
timing and amplitude of the second, rapid cooling step: the sam-
ples appear to record different rates of rapid cooling, ranging from
8.5°C/Ma to 20°C/Ma, and the timing varies from 20 to 8 Ma
(Fig. 6).

Because the confidence envelopes overlap, the discrepancy be-
tween these 4 models could be due to insufficient resolution of
our data. We tested this hypothesis by conducting additional mod-
eling presented in the supplementary section C and Fig. 4. These
tests show that when modeled individually, the samples do not
seem to record the same cooling history and the data resolution
is not the cause for the discrepancies described above. In sum-
mary, all thermal histories inferred from individual samples seem
to point to a 3-phase history, characterized by an acceleration of
the cooling during the middle Miocene, but the timing and ampli-
tude of this acceleration cannot be accurately resolved using solely
modeling of individual samples. To determine if the models can be
reconciled with a thermal history that reflects the evolution of the
whole Rutog pluton, we used QTQt to model the dataset from the
age-elevation transect (Fig. 7a). Because the precise elevation and
elevation of the samples from Arnaud and Vidal (1990) are not
known, we did not include his apatite fission tracks ages in the
model.

The resultant model reproduces both the “He/>He data (Fig. 4)
and the observed ages (Fig. 7b). As in the case of sample T11R02,
the model also implies very slow cooling prior to 20 Ma. Apatite
fission track ages of ~50 Ma and ~57 Ma (Arnaud and Vidal, 1990)
are consistent with this slow cooling phase that could have started
in early Eocene. This was followed by two pulses of rapid cooling,
from 19 to 17 Ma and ~11-9 Ma. Given the discrepancies in cool-
ing histories inferred from individual “He/>He spectra, one could
argue that these two rapid cooling phases may actually be one sin-
gle phase, starting at ca. 20 Ma and ending at 9 Ma. We tested this
hypothesis using additional modeling presented in supplementary
section C. Based on these models, we are confident that our pre-
ferred cooling path is the most appropriate to explain all of the
observations and experimental data that we present here. Finally,
after the last cooling pulse ended at 9 Ma, the cooling appears to
be very slow.

Using a mean geothermal gradient of 30 £ 10°/km, convert-

. . . : vec ~oA70 210
ing the two cooling pulses into exhumation rates gives ~420"7 s

m/Ma (from 19 to 17 Ma) and ~840f‘§8 m/Ma (from ~11 to
9 Ma). Since there is no field evidence of local tectonic denudation,
exhumation in the Rutog area is likely solely due to erosion. Based
on the models, the total erosion during the two pulses would be
about 1500 m. Although the AHe age of 17.2 in the Longmu Co
range (van der Beek et al., 2009) falls in the range of our AHe ages,
we do not have sufficient data to assess whether the Rutog and
Longmu Co areas experienced comparable low temperature cool-
ing histories.

5.3. Control of exhumation and geomorphic evolution of western Tibet

Previous studies of the central Tibetan plateau suggest that
following India-Asia collision, the plateau experienced continu-
ous slow cooling and erosion (van der Beek et al., 2009; Hetzel
et al., 2011; Rohrmann et al., 2012; Haider et al.,, 2013) consis-
tent with an internally drained plateau. In western Tibet, except
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Fig. 7. a) Time-temperature paths of 7 samples from the Rutog age-elevation profile,
modeled with QTQt, with input of AHe ages and *He/>He data. The orange Tt path
corresponds to the lowest sample (T11R11) and the dark blue Tt path to the highest
sample (T11R01). The pink and light blue curves form the 95 % confidence intervals
for the orange and light blue Tt paths, respectively. The intervening grey Tt paths
correspond to intermediate samples. The black rectangle corresponds to the initial
Tt constraint input in the model. b) Fit of the modeled ages with the age-elevation
relationship. Black and grey lines indicate the dispersion associated with the ob-
served and modeled AHe ages, respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

for the 19-17 Ma and 10-9 Ma events, the cooling rate is also
very slow and similar to the ones reconstructed in central Ti-
bet. Indeed, samples from the Shiquanhe area (T11K) have simi-
lar AHe age-elevation relationships to those found in central Ti-
bet, as do the two samples located north of the Shiquanhe thrust
(T11R13-T11R14) whilst these two last samples have a low repro-
ducibility (Fig. 2a, Table 1). The other samples (Bangong area) are
slightly younger for a similar elevation (Fig. 2a). This suggests that
most of the exhumation history of western Tibet is similar to that
of central Tibet except for two short episodes of fast cooling and
exhumation. These episodes may be regionally or a locally con-
trolled.

5.3.1. Regional control of the exhumation in western Tibet

Gourbet et al. (2015) hypothesize that western Tibet was con-
nected to the Indus drainage network during Miocene time, before
the damming of the Bangong Lake that was caused by the right-
lateral motion along the Karakorum fault. This connection made
western Tibet sensitive to external parameters, such as regional cli-
mate and geodynamics. Therefore, we compare our results with
thermochronology studies focusing on externally drained south-
ern Tibet instead of internally drained central Tibet. In particu-
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lar, in the Kailas area, Sanchez et al. (2013) and Carrapa et al.
(2014) show that rapid exhumation occurred between 19 and
15 Ma and between 18 and 15 Ma, respectively (3 on Fig. 1a).
Shen et al. (2016) also document a regional exhumation event at
18-15 Ma in the Gyirong area (5 on Fig. 1a). Near Lhasa (1 and
2 on Fig. 1a), the Gangdese batholith experienced several phases
of rapid exhumation between 20 and 8 Ma (Copeland et al., 1995;
Dai et al.,, 2013). Further SE, Tremblay et al. (2015) use AHe and
apatite “He/*He thermochronology to show that a rapid cooling
phase occurred in middle Miocene time (4 on Fig. 1a). Although
the mechanisms regarding the change in exhumation rate differ
between these studies and the timing does not necessarily match
exactly our observations in western Tibet, most cases show pulses
of rapid exhumation between 20 and 8 Ma.

First, regional climate, e.g. the evolution of the Asian monsoon
system, is a potential external control for changes in the exhuma-
tion rate and, by inference, the incision rate in western Tibet. The
increase in the incision rate could be related to an increase in
the precipitation during the Miocene. However, knowledge of the
Tibetan climate at that time is poor, and global climate models fo-
cusing on the Asian monsoon evolution rather suggest a decrease
in the precipitation for the western plateau at that time (Ram-
stein et al., 1997). Global atmosphere circulation simulations from
Fluteau et al. (1999) also show low precipitation in western Ti-
bet at 30 and 10 Ma. DeCelles et al. (2007) show evidence of arid
climate conditions in central Tibet (N Lhasa block) during the late
Oligocene. In the late Miocene-Pliocene Zhada basin of the NW Hi-
malaya (200 km south of the Bangong Lake, Fig. 1b), Saylor et al.
(2010) show that sediments deposited in a lake that expanded and
regressed following Milankovitch forcing, suggest that global cli-
mate controlled the environmental evolution. Saylor et al.’s (2010)
findings are compatible with a monsoon, or at least a seasonal cli-
mate in SW Tibet. However, the Zhada basin and our study area
are presently separated by the Ayilari range that includes peaks
higher than 6000 m. As a consequence, western Tibet receives
less precipitation than the Zhada area. In any case, our study area
was probably protected from precipitation by the early Himalayan
range. Thus, although we do not definitively know how sensitive
western Tibet was to the monsoon during the Miocene, its influ-
ence on the plateau was probably limited.

Second, western Tibet exhumation may be related to regional
geodynamics. In particular, the 19-17 Ma increase of the exhuma-
tion is contemporaneous with the emplacement of potassic and
ultrapotassic magmas in southern Tibet, including the studied area
(e.g. Turner et al., 1996; Miller et al., 1999, 2000; Williams et al.,
2004; Chung et al., 2005) (Fig. 1b). This magmatic event has been
associated with various geodynamic settings, including subduction
of the Indian continental margin (Ding et al., 2003), delamina-
tion of the Tibetan plateau lithospheric mantle (e.g. Chung et al,,
2005) or breakoff of the subducting Indian plate (e.g. Mahéo et
al,, 2002, 2009). Among these models, delamination may induce
uplift and potential exhumation of the studied area induced by
isostatic rebound (Houseman et al., 1981). Slab breakoff may also
induce uplift following the thickening of the Tibetan crust caused
by the underplating of the Indian continental crust (Mahéo et al.,
2009). Heating of the Tibetan crust by magma injection and/or the
thermal anomaly associated with mantle partial melting may in-
duce uplift of the southern margin of the Tibetan plateau. The
abundance of potassic volcanic rocks dated at 24-16 Ma in west-
ern Tibet (Arnaud, 1992; Kapp et al., 2003; Williams et al., 2004;
Gourbet et al., 2015) clearly implies that a significant thermal
perturbation affected the mantle in this area. Additionally, geody-
namic changes, such as slab breakoff or delamination, may result
in the modification of the dynamic topography (i.e. the part of to-
pography that is due to sublithospheric mantle flow) that affects
the Earth’s surface at scales ranging from 10 to >1000 km and

can be transient over a few Ma to 10 Ma (see review from Flament
et al., 2013). These wavelengths and timescales are similar to the
area (from western to central Tibet) and duration (1.5-10 Ma) of
the rapid exhumation pulses affecting western and central Tibet
(this study and references therein). Therefore, dynamic topogra-
phy is a potential mechanism that could explain the exhumation
pattern inferred from our data. In particular, Husson et al. (2014)
reconstructed the dynamic component of topography during the
Neogene, based on mantle flow above the Indian subducting slab
during slab breakoff. The predicted relative surface uplift from 25
to 15 Ma in the Himalaya and Lhasa block is ~1000 m (Husson
et al, 2014), and can thus explain the first exhumation episode
recorded in western Tibet.

Therefore, the short and moderate 19-17 Ma exhumation pulse
recorded in the Rutog area might be related to the geodynamic
process that is responsible for the volcanic activity that occurred
from ~24 to 16 Ma. However, there is no evidence for a significant
regional event that can be correlated with the main exhumation
event at about 10-9 Ma, which indicates a more local effect should
be considered.

5.3.2. Local control of exhumation in western Tibet

Local tectonics could be responsible for the moderate cooling
phases that appear to punctuate an otherwise slow cooling history.
Few fault have kinematics (sense and age) that could have played
a role in the exhumation of the Rutog batholith.

NW of the Bangong Lake, based on geomorphic features Van
Buer et al. (2015) propose the existence of two NS oriented, E dip-
ping normal faults, called the Angmong fault system. Although
Van Buer et al. (2015) do not show structural evidence of a nor-
mal fault in the Angmong area, an age of 13.7 £ 0.2 Ma in a
deformed leucocratic dyke (LB12-48, 35 km west of the West
Angmong fault) yields them to propose that normal faulting linked
with lower crustal flow lasted until at least that age. It appears
however that this sample is located along a ductile strand of
the KFZ where dykes of similar age have been described (e.g.,
Boutonnet et al, 2012) and that this age relates more to the
kinematics of the KFZ rather that of the Angmong fault system.
In any case, because our samples are located >140 km east of
the proposed Angmong fault, and would be in the hanging wall,
this fault should not affect their exhumation history. The Ban-
gong Co fault is located about 40 km north of the age-elevation
profile. It is an active WNW-ESE dextral strike-slip fault, as evi-
denced by m-scale offset of riverbeds north of the Bangong Lake.
Although the precise activation age of the fault is unknown, ac-
cording to Cheng and Xu (1987) Cenozoic detrital sediments (red
beds) are offset by the fault. Thus, it is possible that the Ban-
gong Co fault was active during the Miocene. However, the fault
geometry and the associated geomorphology suggest purely strike-
slip motion and there is no evidence of local uplift that may be
induced by transpressive tectonics. Kinematics of the BCF cannot
account for the Rutog batholith exhumation. The Jaggang (Kapp
et al.,, 2003) and the Shiquanhe (Matte et al., 1996) north-dipping
thrusts stand south of the Risum anticlinorium and have both been
considered as responsible for its uplift. The Jaggang thrust is con-
sidered to be Late Cretaceous—early Cenozoic (Kapp et al., 2003).
The Shiquanhe thrust was active after 21 Ma (Kapp et al., 2003;
Gourbet et al.,, 2015) and might explain the first rapid cooling
event. If the Shiquanhe thrust propagated 50 km north of where
it reaches the surface, thrusting could induce formation of local
relief north of the fault trace, which would increase local river in-
cision rate and, consequently, the apparent cooling rate. This is
consistent with the older AHe ages from 3 samples located in
the footwall of the fault; the median ages of samples T11KO01,
T11K03 and T11K14 range from 27 to 35 Ma (Fig. 2a). However,
low reproducibility samples T11R13 and T11R14, also located in
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A. Before 35Ma, high relief and crestline higher than1300m
> P

C. ~13Ma, Bangong - Shyok connection

E. ~4-5Ma, damming of the Bangong Lake

Fig. 8. Landscape evolution of western Tibet at prior to 35 Ma to prior to 24 Ma (A), 18-25 Ma (B), 13 Ma (C), 9-10 Ma (D) and 4-5 Ma (E).

the hangingwall (Fig. 1b), have much older ages than those of the
vertical profile and are even older than the samples in the footwall
(Fig. 3a). Furthermore, the Shiquanhe thrust seems to have a lim-
ited lateral extent (<100 km) and its throw is about 7 km (Kapp
et al., 2003). This implies that motion on that fault is unlikely to
have triggered the exhumation of rocks located 50 km away.

Another possible explanation of the ~11-9 Ma event is the re-
organization of the river network. Morphologic and sedimentary
reconstruction of western Tibet by Gourbet et al. (2015) implies
two shifts from an internally to externally drained system since
Oligocene time. They demonstrated that some of the modern relief
features (2-8 km wide, up to 120 km long valleys) were inherited
and that a relief of at least 1.3 km existed during late Oligocene
time (Fig. 8A) that was partly filled by detritus (red beds) during
the Miocene (Fig. 8B). Such a history is similar to the one proposed
for central Tibet (Liu-Zeng et al., 2008) where the decrease in re-
lief by valley filling results from internal drainage (Liu-Zeng et al.,
2008). However, the present day geology of western Tibet shows
that the detritus that once filled the Oligocene valleys was partly
removed from the plateau, which requires external drainage. Ulti-
mately, western Tibet shifted again to a mostly internally drained
system, as in present time, despite outburst floods of the Bangong
Lake during Holocene time (Dortch et al., 2011).

Gourbet et al. (2015) suggest that major river network reorga-
nization is related to the strike-slip motion along the Karakorum
fault. This fault system has been active since at least 14-16 Ma

(Wang et al, 2012 and references therein) or prior to 23 Ma
(Leloup et al., 2013 and references therein). It offsets the In-
dus River by about 120 km and its total offset may reach
280-300 km (see Valli et al., 2008 and Leloup et al.,, 2013 for
reviews). Based on a mean slip rate of the Karakorum fault of 11
mm/yr assuming an onset at ~23 Ma (e.g. Lacassin et al., 2004;
Valli et al., 2008; Boutonnet et al., 2012; Leloup et al., 2013),
river offsets and location and timing of slip along the two main
Karakorum fault branches, Gourbet et al. (2015) propose a detailed
reconstruction of the river network offset by the Karakorum fault
since its initiation. This reconstruction suggests that the Bangong
valley became connected to the Shyok river (a major Indus trib-
utary) ~13 Ma ago, thus constituting a paleo-upper Shyok. This
configuration (Fig. 8C) corresponds to an offset of 130 km along
the Karakorum fault. This would have increased the total length
of the Paleo-Shyok channel of 200 km. In addition, the present
day Bangong Lake is about 800 m and 100 m higher in eleva-
tion than the Shyok and Indus rivers respectively, west of the
Karakorum fault. The 200-km length gain would have increased
the drainage area and, combined with the modification of the el-
evation distribution of the drainage area, led to a disequilibrium
state of the Paleo-Shyok. This configuration corresponds to the
theoretical scenario depicted by Willett et al. (2014) where an in-
stantaneous increase of the upstream area leads to an increase of
the average erosion rate. Here, a transient increase of the erosion
rate due to the connection between the Bangong valley and the
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Shyok river would explain the 840 m/Ma exhumation rate from
~11 to 9 Ma, especially if the Bangong valley was previously filled
by detrital red beds as proposed by Gourbet et al. (2015). The
discrepancy between the reconstructed timing of Shyok-Bangong
connection at ~13 Ma and the recorded timing of increased ero-
sion at ~9-10 Ma could be related to (1) uncertainties in the
offset reconstruction, especially in the assumed slip rate of the
Karakorum fault that may have varied through time and/or (2)
propagation of erosion from the area proximal to the Karakorum
fault to the Rutog area, in which the age-elevation profile is lo-
cated (~100 km).

Finally, the last stage of the exhumation history is the transi-
tion to a low exhumation rate regime, persistent from 9 Ma until
today. A possible reason for this transition would be the timelag
necessary for the Paleo-Shyok river channel to reach an equilib-
rium state. Then, the persistence of a negligible exhumation was
caused by the transition from an external to an internal drainage;
indeed, the connection between the Bangong valley and the lower
Shyok ended ~4 Ma ago (Gourbet et al, 2015), leading to the
damming of the Bangong Lake. Given the time resolution of our
thermal models, a hypothesis to explain both the decrease of the
exhumation at ~9 Ma and the persistent very low exhumation that
followed would be that the abrupt decrease of the exhumation rate
is directly related to the separation between the lower Shyok and
the Bangong valley due to the continuous motion of the Karako-
rum fault.

In summary, the most likely scenario is that during a first stage,
the Bangong valley was connected to the sea and deep valleys
formed (Fig. 8A). Later, this topography was filled with detritus,
probably in an internally drained environment (Fig. 8B). Dating
of the volcanics that are interbedded with these sediments im-
ply that sedimentation was ongoing around 24-20 Ma (Fig. 8C).
Then, due to the strike-slip motion of the Karakorum fault, the
Bangong valley connected with the Shyok/Indus system at about
13 Ma (Fig. 8C). This major river network reorganization triggered
the evacuation of the Bangong valley sedimentary fill and inci-
sion of tributaries such as in the Rutog valley, in which samples
from the age-elevation profile were collected (Fig. 8D). This event
was relatively short and is followed by a still ongoing slow cool-
ing phase due to equilibration between the Bangong and Shyok
rivers and/or separation between both rivers due to Karakorum
fault strike-slip and normal motion. (Fig. 8E).

6. Conclusion

Apatite (U-Th-Sm)/He and “He/>He thermochronometry in the
Rutog area (Rutog batholith), between the Karakorum dextral
strike-slip fault and the sinistral Longmu-Gozha Co strike slip
fault indicate that western Tibet experienced slow exhumation
rates since the Oligocene, except during two moderate exhuma-
tion pulses occurring from 19 to 17 Ma and ~11-9 Ma, leading
to a total incision of about 1500 m. We attribute the first pulse
of rapid exhumation to the geodynamic processes responsible for
the early Miocene potassic and ultrapotassic volcanic activity oc-
curring in this region. The latest pulse is related to a river network
reorganization due the strike-slip motion of the Karakorum fault
that connected the Bangong valley to the paleo-Shyok river, lead-
ing to an externally drained system and a transient acceleration
of the erosion. The exhumation has been negligible since 9 Ma,
partly because western Tibet has been mostly internally drained
since 4 Ma, due to the damming of the Bangong Lake. Finally, this
case study shows the importance of river network distribution on
the control of exhumation. Not only does the river distribution
control whether or not geodynamic change can be imprinted on
the thermochronological record, but it can also directly affect the
exhumation rate.
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