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Abstract Both climatic and tectonic processes affect bedrock erosion and exhumation in convergent
orogens, but determining their respective influence is difficult. A requisite first step is to quantify long-term
(~10° year) erosion rates within an orogen. In the Himalaya, past studies suggest long-term erosion rates varied
in space and time along the range front, resulting in numerous tectonic models to explain the observed erosion
rate distribution. Here, we invert a large data set of new and existing thermochronological ages to determine
both long-term exhumation rates and the kinematics of Neogene tectonic activity in the eastern Himalaya in
Bhutan. New data include 31 apatite and five zircon (U-Th)/He ages, and 49 apatite and 16 zircon fission-track
ages along two north-south oriented transects across the orogen in western and eastern Bhutan. Data inversion
was performed using a modified version of the 3-D thermokinematic model Pecube, with parameter ranges
defined by available geochronologic, metamorphic, structural, and geophysical data. Among several important
observations, our three main conclusions are as follows: (1) Thermochronologic ages do not spatially correlate
with surface traces of major fault zones but appear to reflect the geometry of the underlying Main Himalayan
Thrust; (2) our data are compatible with a strong tectonic influence, involving a variably dipping Main
Himalayan Thrust geometry and steady state topography; and (3) erosion rates have remained constant in
western Bhutan over the last ~10 Ma, while a significant decrease occurred at ~6 Ma in eastern Bhutan, which
we partially attribute to convergence partitioning into uplift of the Shillong Plateau.

1. Introduction

The topography of convergent orogens results from the balance between tectonic processes accreting crustal
material by thrust faulting and processes eroding rocks. It has been suggested that climate-induced erosion
drives deformation along the Himalayan orogenic front [e.g., Beaumont et al., 2001; Grujic et al., 2002, 2006;
Hodges et al., 2004; Thiede et al., 2004], but there is little consensus about the respective impact of tectonic and
climate-related surface processes on the upper crustal exhumation of the orogenic wedge [e.g., Burbank et al.,
2003; Reiners et al., 2003; Whipple, 2009]. A first step toward unraveling this problem is to carefully quantify long-
term (~10° year) erosion rates along the orogen using low-temperature thermochronology data. Past studies
yielded complex temporally and spatially variable results from the western [Thiede et al., 2009], central [e.g.,
Blythe et al., 2007; Robert et al., 2009; Streule et al., 2012; Whipp et al., 2007], and eastern [Grujic et al., 2006; Long
et al, 2012; Adlakha et al., 2013; Chirouze et al., 2013] parts of the Himalayan orogen. Furthermore, while some
studies suggest Himalayan erosion rates have either accelerated [Huntington et al., 2006; Wobus et al., 2008] or
decelerated [Grujic et al., 2006; Long et al., 2012] over the last 10 Ma, others advocate near-constant rates over
the last 12 Ma [Bernet et al., 2006; Galy et al., 2010]. These dissimilar results suggest that Himalayan erosion likely
varies in space and time along the strike of the range front.

To put these results into a tectonic framework, three distinct tectonic models prevail: (a) Out-of-sequence
thrusting and possible reactivation of the Main Central Thrust, driven by climatically enhanced exhumation of
the Himalayan front [e.g., Hodges et al., 2004; Thiede et al., 2005; Wobus et al., 2003], (b) steady slip on the Main
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Himalayan Thrust and growth of the Himalayan wedge via underplating and the development of a duplex at
midcrustal depth [e.g., Avouac, 2003; Bollinger et al., 2006], and (c) crustal overthrusting on a laterally geo-
metrically variable Main Himalayan Thrust [e.g., Gansser, 1964; Robert et al., 2009, 2011]. Discriminating be-
tween these tectonic models is critical to the understanding of Himalayan mountain building and can be only
achieved through thermokinematic modeling of thermochronologic data [e.g., Herman et al., 2010; Robert
et al, 2011].

In active convergent orogens, the upper crustal thermal field is strongly affected by thrusting on crustal-scale
faults and by the resulting thermal advection [e.g., Bollinger et al., 2004; Célérier et al., 2009; Herman et al.,
2010; Whipp et al., 2007]. Low-temperature thermochronologic data record cooling of rocks through the
upper crust, from depths of up to ~10 km. Hence, they also record the perturbations of the subsurface
thermal field and can thus be used to extract not only a record of rock exhumation, but also the geometry
and slip rate on active major faults driving exhumation [e.g., Ehlers, 2005; Robert et al., 2011].

Originally named the Main Detachment Thrust by Schelling and Arita [1991], the Main Himalayan Thrust
(MHT) is a crustal-scale detachment that marks the underthrusting of the Indian subcontinent beneath the
Himalayan orogenic wedge. Major shear zones that have accommodated the Indo-Tibetan convergence
branch off the MHT [Makovsky et al., 1996, 1999; Nelson et al., 1996; Zhao et al., 1993]. From the surface at
the toe of the Himalayan range front down to midcrustal depths beneath the southern Tibetan Plateau,
geophysical studies based on seismic reflection profiles (International Deep Profiling of Tibet and the
Himalaya (INDEPTH)) Alsdorf et al., 1998a, 1998b; Hauck et al., 1998; Hirn et al., 1984; Makovsky et al., 1996;
Nelson et al., 1996; Zhao et al., 1993] and on receiver functions [Acton et al., 2011; Caldwell et al., 2013;
Ndbélek et al., 2009; Schulte-Pelkum et al., 2005] have imaged portions of the MHT in Garhwal, Eastern
Nepal, Sikkim, and southern Tibet. Surface geological structures have also been used in balanced cross
sections to infer the subsurface geometry of the basal detachment of the Himalayan fold-and-thrust belt
from Pakistan in the west to Indian Arunachal Pradesh (India) in the east [Bhattacharyya and Mitra, 2009;
Coward and Butler, 1985; DeCelles et al., 1998, 2001; Long et al., 2011a; McQuatrrie et al., 2008; Mitra et al.,
2010; Schelling and Arita, 1991; Srivastava and Mitra, 1994; Tobgay et al., 2012; Yin et al., 2010]. In addition,
forward [Adlakha et al., 2013; Bollinger et al., 2006; Célérier et al., 2009; Whipp et al., 20071 and inverse
[Herman et al., 2010; Robert et al., 2011] thermokinematic modeling of the crustal thermal field and low-
temperature thermochronologic data have been used to constrain the late Miocene to present tectonic
evolution of the Himalayan range as well as variations of the MHT geometry along strike from western
(Garhwal) to eastern India (Arunashal Pradesh). In the eastern Himalaya, however, the MHT geometry
derived from balanced cross sections and inversion of low-temperature thermochronometer data gener-
ally shows a poor fit to the geological and geophysical data; it also fails to both reproduce the distribution
of low-temperature thermochronologic ages and to explain the exhumation of lower crustal material (from
depths of ~70 km) as documented in NW Bhutan [Grujic et al., 2011] (Figures 1 and 2).

To address these questions, we focus our study on the Bhutanese Himalaya. A new multithermochronologic
data set comprising 101 new apatite and zircon (U-Th)/He and fission-track cooling ages combined with pub-
lished data sets by Grujic et al. [2006], Long et al. [2012], and McQuatrrie et al. [2014] (Table S1 in the supporting
information) are inverted using parameter ranges defined by available geochronologic, metamorphic, struc-
tural, and geophysical data. Data inversions are performed using a modified version of the 3-D thermokinematic
model Pecube [Braun, 2003; Braun et al,, 2012] that uses the neighborhood algorithm [Rickwood and Sambridge,
2006; Sambridge, 1999a, 1999b)], allowing us to test an adequate tectonic model for Bhutan, define permissible
geometry and kinematics of the MHT, constrain the overall thermal structure and properties of the middle-to-
upper crust, and determine the rates and spatial distribution of upper crustal exhumation in the Bhutan
Himalaya over the last 10 Ma.

2. Geologic Setting

The continuity of the principal lithotectonic units and structures along the 2500 km long range front [e.g., Gansser,
1964; Hodges, 2000] is a remarkable feature of the Himalaya, and in this respect Bhutan does not differ from the
rest of the orogen. From north to south, major shear zones include (Figures 1 and 2) the South Tibetan
Detachment System (STDS), the Main Central Thrust (MCT), the Main Boundary Thrust (MBT), and the Main
Frontal Thrust (MFT) [e.g., Hodges, 2000; Le Fort, 1975], all but the last having been active during the Miocene.
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Figure 1. Geological map of the Eastern Himalaya [after Grujic et al., 2011, and references therein]. Dark grey frame on map in inset shows location of Figure 1.
Abbreviations are: MFT, Main Frontal Thrust; MBT, Main Boundary Thrust; RT, Ramgarh Thrust; MCT, Main Central Thrust; HHT, High Himalayan Thrust; KT,
Kakhtang Thrust; O-STD, Outer South Tibetan Detachment; I-STD, Inner South Tibetan Detachment.

Respectively, these structures separate the very low-grade metamorphic Tethyan Sedimentary Sequence (TSS),
the amphibolite to granulite/eclogite facies rocks of the Greater Himalayan Sequence (GHS), the greenschist fa-
cies rocks of the Lesser Himalaya Sequence (LHS), and the Mio-Pliocene synorogenic sub-Himalaya foreland
sediments, which are thrust over the modern Ganges-Brahmaputra foreland basin along the active MFT. Aspects
of the geology and geomorphology in the Bhutan Himalaya, however, suggest a unique tectonic history likely
owing to its pre-Neogene tectonometamorphic and exhumation history [Grujic et al., 1996, 2002, 2006; Hollister
and Grujic, 2006; Kellett et al., 2009; Swapp and Hollister, 1991; Warren et al,, 2011b]. In the sections below, we
summarize the results of previous geological and geophysical studies that will serve as key constraints for the
parameter range of the thermokinematic models. We emphasize that we are not intending to give a full account
of the thermokinematic evolution of the Himalayan orogeny, but we focus on the Bhutanese part only.

2.1. Geology of Bhutan

2.1.1. The Tethyan Sedimentary Sequence (TSS) and the South Tibetan Detachment System (STDS)
The TSS in Bhutan comprises deformed sedimentary cover from the northern margin of the Indian Plate
separated from the underlying high-grade metamorphic rocks of the GHS by the two structurally distinct
segments of the STDS [Burchfiel and Royden, 1985; Burg and Chen, 1984; Hollister and Grujic, 2006]. The TSS is
exposed between the Indus-Tsangpo suture and the trace of the STDS as well as in a string of klippen atop
the GHS (Figures 1 and 2). Preserved at the base of klippen, the Outer South Tibetan Detachment shear zone
(O-STD) [Kellett et al., 2009] is characterized by top-down-to-the-north shearing with a strong component of
vertical shortening and was active between circa 24-22 Ma and circa 16 Ma [Chambers et al., 2011; Corrie et al.,
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Figure 2. North-south geological cross section across western Bhutan (modified after Grujic et al. [2011]). For location, see
Figure 1, line A-A’. Ages indicate the onset (<) or termination (>) of ductile shearing and brittle faulting on the main
structures. The green squares indicate the outcrop location in northwestern Bhutan of granulitized eclogites and their
estimated minimum burial depth at the time of peak pressure metamorphism in the late Miocene [Grujic et al., 2011; Warren
et al,, 2011b]. Abbreviations are as follows: KD, Kangmar dome; TSS, Tethyan Sedimentary Sequence; GHS, Greater
Himalayan Sequence; LHS, Lesser Himalayan Sequence; Sw, Siwaliks sediments; MHT, Main Himalayan Thrust.
Abbreviations of other structures are as in Figure 1.

2012; Grujic et al., 2002; Kellett et al., 2009, 2010; Tobgay et al., 2012]. Straddling the Bhutan-Tibet border, the
Inner South Tibetan Detachment (I-STD) was active until circa 11 Ma as a ductile shear zone [Edwards et al.,
1996, 1999; Kellett et al., 2009; Wu et al., 1998] and is crosscut by steep brittle normal and strike-slip faults of
minor magnitude, which offset Quaternary moraines [Meyer et al., 2006; Wiesmayr et al., 2002].

2.1.2. The Greater Himalayan Sequence, Kakhtang Thrust (KT), and Main Central Thrust

In Bhutan, the Greater Himalayan Sequence (GHS) comprises amphibolite- to granulite-grade rocks including
migmatitic orthogneisses and paragneisses and granulitized mafic eclogites [Daniel et al., 2003; Davidson et al.,
1997; Gansser, 1983; Grujic et al., 2002, 2011; Swapp and Hollister, 1991; Warren et al., 2011b] that lie between
the STDS and the MCT. The unit is characterized by widespread leucogranites with crystallization ages of circa
24-11 Ma [Carosi et al., 2006; Daniel et al., 2003; Edwards and Harrison, 1997; Kellett et al., 2009] and is duplicated
along the out-of-sequence Kakhtang Thrust (Figures 1 and 2) [Davidson et al., 1997; Edwards et al., 1996;
Gansser, 1983; Grujic et al., 2002], which cuts both penetrative ductile fabrics associated with the south
directed shearing and metamorphic isograds [Davidson et al., 1997]. The maximum age for KT's activation
is circa 14-15 Ma [Daniel et al., 2003; Grujic et al., 2002, 2011], while thermochronological data indicate the
two KT blocks experienced a common cooling history after circa 11-10 Ma [Warren et al., 2011a]. The MCT
(Figures 1 and 2) is a north dipping, top-to-the-south shear zone up to 2 km wide [Grujic et al., 1996, 2002]
containing a protolith boundary separating the LHS- and GHS-derived mylonites and protomylonites
[Davidson et al., 19971. In Eastern and western Bhutan, (Figure 1), monazite and xenotime ages [Daniel et al.,
2003; Tobgay et al., 2012] indicate that prograde metamorphism accompanied by partial melting and
deformation was underway by circa 23 Ma and 20 Ma, respectively, and suggest that deformation related
to the MCT lasted until at least 13 Ma.

2.1.3. The Lesser Himalayan Sequence, Main Boundary Thrust, and Main Frontal Thrust

The LHS contains metasediments deposited on the northern margin of the Indian Plate during Paleo-
Proterozoic to Paleozoic [e.g., Schelling and Arita, 1991] and deformed during the Tertiary under greenschist
facies conditions in a fold-and-thrust belt partly located underneath the southern parts of the GHS nappe and
partly exposed at the toe of the modern range front (Figure 1) [Gansser, 1983; Long et al., 2011a, 2011b;
McQuarrie et al., 2008]. The LHS is interpreted to comprise two superposed duplexes separated by the
northward dipping Ramgarh (locally Shumar) Thrust (RT) (for details, see Long et al. [2011a]). In their structural
and lithological differences, the two blocks separated by the RT correspond to the “Outer” and “Inner” LHS of
the western Himalaya. In eastern Bhutan, the deformation of the outer LHS is interpreted to have occurred
between 14.9 and 10.5 Ma and was completed when displacement along the Ramgarh Thrust stopped by
circa 10.5Ma [Long et al., 2012]. In western Bhutan, duplexing of the outer LHS is interpreted to have devel-
oped between 12 and 9 Ma [McQuatrrie et al., 2014].
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Figure 3. Geological and geophysical constraints on the Main Himalayan Thrust geometry for (a) western and (b) eastern
Bhutan. Dashed lines in blue are from geophysical data from Acton et al. [2011], Lee et al. [2000], Mitra et al. [2005], and
INDEPTH [; lines in green are from balanced cross sections from Long et al. [2011a] and Tobgay et al. [2012]; the line in black is
from 3-D thermokinematic modeling [Robert et al,, 2011]. Red bars and boxes labeled 1 to 5 represent the geometric parameters
that are free search parameters in our inversions. Abbreviations are as in Figures 1 and 2.

The MBT places the upper units of the LHS atop the Siwaliks Group (Figures 1 and 2) and the MFT forms the
southern boundary of the Himalaya. The MBT in Bhutan appears to have been activated after cessation of the
ductile shearing on the MCT, the KT, and the RT, about 10 Ma ago. The timing of activation of the MFT is poorly
constrained; two detrital samples from the Siwaliks sediments yield discordant single grain-age apatite fis-

sion-track (AFT) distributions (Coutand, unpublished data, 2013), suggesting both the burial depth required
to reset apatite fission tracks and the magnitude of erosion necessary to expose reset rocks were not reached.

2.2. Constraints on the Main Himalayan Thrust Geometry

Here we summarize the results of previous geophysical and structural studies on the geometry of the MHT
along two transects across western and eastern Bhutan (Figure 3) that will serve as the key geometric con-
straints for the parameter range of the thermokinematic models. Previous inversion of the Bhutanese AFT data
from [Grujic et al., 2006] using thermokinematic modeling [Robert et al., 2011] suggests the MHT is essentially
planar extending from the surface trace of the MBT northward at a constant dip of 5-7° beneath all of the
Bhutan Himalaya and southern Tibet, but several studies suggest that the MHT geometry is more complex.
2.2.1. Geometric Constraints Along the Western Transect (Figure 3a)

Projected receiver function data from Sikkim [Acton et al., 2011] suggest the MHT is horizontal at a depth of
~10-15 km from 26.9°N to 27.45°N, where it starts to dip northward at 15-20°, connecting at 27.75°N with the
MHT imaged at a depth of ~ 38 km on INDEPTH profile Tib-1 (For location of INDEPTH profiles, see Hauck et al.
[1998, Figure 1]). Further north, below the Kangmar dome, the MHT is interpreted to dip northward at 35°-40°
from ~42 to 45 km down to 70 km depth (Figure 3a) [Hauck et al., 1998, profile Tib-5]. A balanced cross section
at 89.55°E longitude suggests the MBT branches off the MHT at ~7 km depth and the MHT dips uniformly
northward at 4-5° until circa 28°N [Tobgay et al., 2012] (Figure 3a). Similarly, in the neighboring Darjeeling-
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Figure 4. Digital Elevation Model with the main shear zones and tectonic units (modified after Grujic et al. [2006]) showing the location of both transects in shaded grey. The circles
represent the distribution of in situ cooling ages used in the numerical models. Ages are from this study, Grujic et al. [2006], Long et al. [2012], Tobgay et al.[2012] and McQuarrie et al.
[2014] (see Table S1 for details). Color coding: green, Apatite (U-Th)/He ages; blue, Apatite fission-track ages; pink, Zircon (U-Th)/He ages and grey, Zircon fission track ages.

Sikkim Himalaya at circa 88°20'E, the MHT is interpreted to dip 4° north (although separated in three flats and
ramps) at a depth of 8-12 km beneath the Tista-Rangit double window [Bhattacharyya and Mitra, 2009].
2.2.2. Geometric Constraints Along the Eastern Bhutan (Figure 3b)

Data are sparse across eastern Bhutan, providing fewer constraints on the MHT geometry (Figure 3b) than for
the western transect. Receiver function data [Mitra et al., 2005] at one site located between the MCT and the
MBT in neighboring Arunachal Pradesh, about 90 km to the east of the study transect, suggest the MHT is at
circa 8 km depth at 27.3°N (Figure 3b). Other geophysical data displayed by Mitra et al. [2005] along the same
transect were projected along a same latitude (i.e., not along strike of the structures) from the INDEPTH
stations previously described. Two balanced cross sections at the longitude of Tashigang and along the Kuru
Chu Valley (Figure 1) suggest the MBT branches off the MHT at 6-7 km depth [Long et al., 2011a]. The MHT is
marked by two ramps dipping northward at 30° separated by subhorizontal segments; north of 27.5°N, the
MHT dips northward at a constant angle of about 3° (Figure 3b) [Long et al., 2011al.

2.2.3. Geometric Inconsistencies and Their Geologic Implications

Beyond the variable geometries obtained from these different methods (Figures 3a and 3b), some results simply
do not reproduce important geologic observations. The details of the discrepancies themselves are beyond the
scope of this paper. However, on the first order, previous results from the inversion of thermochronologic data
[Robert et al., 2011] and, to a lesser extent, balanced cross sections, yield MHT depths that are far shallower than
those interpreted from the INDEPTH data (Figure 3). This is important because these MHT depths and slopes are
far too shallow (10-20 km below sea level beneath the surface trace of I-STD and slopes dipping to the north at
5-10°) to allow (1) isothermal decompression of widespread exposed GHS gneisses and migmatites from crustal
depths of 37-45 km (average pressures at peak temperature of 10-12 kbar) to 22-15 km in the middle Miocene
(18-23 Ma ago) [Chakungal, 2006; Corrie et al,, 2012; Daniel et al., 2003; Davidson et al., 1997], and (2) the ex-
humation of 15-14 Ma granutilized eclogites found in the hanging wall of the Kakhtang Thrust, exhumed from
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crustal depths of ~70 km to midcrustal levels (20-30 km) in ~2 Ma (see Figure 2, green square) [Grujic et al., 2011;
Warren et al., 2011b]. In northern Bhutan, we therefore favor the MHT geometry imaged by geophysical data
along the western transect because these data are in agreement with the tectonic, metamorphic, and geo-
chronologic data presented in the previous sections. Further south, the geometry of the MHT between the
traces of MBT and MCT as inferred by geophysical data in Sikkim [Acton et al., 2011] and by cross-section
balancing in Darjeeling-Sikkim [Bhattacharyya and Mitra, 2009], western [Tobgay et al., 2012], and eastern
Bhutan [Long et al., 2011a] are mutually compatible and in agreement with other geological data.

In summary, we base the geometric constraints and bounds for the search parameters of our
thermokinematic models (Figures 3a and 3b, red boxes and bars) on geophysical data. For the eastern
Bhutan, the lack of geophysical data requires a larger number of free geometric model parameters, and we
used most constraints from geophysical data from the western transect.

3. Thermochronologic Data
3.1. Data Collection

We performed a formal inversion of a data set comprising four different low-temperature thermochronologic
systems including apatite and zircon (U-Th)/He and fission-track analysis, subsequently referred to as AHe, ZHe,
AFT, and ZFT, respectively. These thermochronometers were chosen due to their ability to record cooling and
exhumation through the upper 5 to 10 km of the crust. Typical effective closure temperatures [e.g., Reiners and
Brandon, 2006], which vary with chemical composition of the crystals, concentration of alpha radiation damage,
grain size, and cooling rate among other factors, are 240+ 30°C (ZFT) [e.g., Bernet, 2009; Brandon et al., 1998],
170+ 20°C (ZHe) [e.g., Reiners, 2005], 120 + 20°C (AFT) [e.g., Donelick et al., 2005; Green et al., 1985; Ketcham et al.,
1999] and 60 + 10°C (AHe) [e.g., Farley and Stockli, 2002; Reiners and Brandon, 2006; Shuster et al., 2006]. Details of
the analytical techniques used for data acquisition are reported in the Data Set S1 (Appendices B to E).

Samples were collected along two north-south transects, oriented perpendicular to the strike of the main
structures (i.e., subparallel to the dip-slip motion on the MHT), traversing both the LHS and the GHS in western
(89.2-89.8°E and 26.5-28.5°N) and eastern (91.1-91.6°E and 26.5-28.5°N) Bhutan (Figure 4). Previously published
data from Grujic et al. [2006], Long et al. [2012], and McQuatrrie et al. [2014] located within the two transects are
also included in the data inversion.

It is worth noting that the data reported in this study are restricted to samples north of the MBT (Figures 4 and 5).
This choice is motivated by either the absence of datable outcrop south of the MBT along the western transect
(Figure 4) or by the occurrence of unreset AFT ages from the Siwaliks in eastern Bhutan (Coutand, unpublished
data, 2013). In the north, data are restricted to the footwall of the I-STD due to inaccessibility of the hanging wall.
For details about the location of samples, see Table S1 and Figures 4 and 5.

3.2. Results

3.2.1. Apatite (U-Th)/He (Table 1)

Out of 39 samples that were processed for (U-Th)/He dating, seven samples yielded ages that were, within er-
rors, older than the AFT ages for the corresponding samples, and one sample could not be dated due to low
concentrations of uranium, thorium, and helium. Of the 31 datable samples displayed in Table 1, 21 are located
along the western, and 10 along the eastern transects (Figures 4 and 5). The vast majority of the data are derived
from the GHS, in part due to the poor quality of LHS apatite, limiting available inclusion- and crack-free euhedral
crystals suitable for (U-Th)/He thermochronology. AHe ages range from 2.6 + 0.3 Ma from sample BH287 located
in northwestern Bhutan, north of Laya to 6.8 + 0.6 Ma for sample BH101 located east of Mongar (Figure 4).
3.2.2. Apatite Fission Track (Table 2)

A total of 66 samples were collected and analyzed along both transects in leucogranites, gneisses, and
migmatites from the GHS and four samples from granitic gneisses in the LHS (for samples location, see Table
S1). Only 49 samples yielded results because of low sample quality due to low U concentrations, U zoning,
cracks, inclusions or absence of apatite; only those samples are reported in this paper (Table 2). Between 7
and 30 grains were dated per sample, and all passed the x? test indicating that the single-grain ages are
consistent with a common age for each sample. The ages are between 2.2 + 0.4 Ma and 6.9 = 0.5 Ma (Table 2).

Due to their critical location along the western transect, their low uranium content and a different fission-
track analyst, five samples (FO1a, FO4 to FO7) taken from Grujic et al. [2006] were reprocessed to ensure
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Figure 5. North-south distribution of cooling ages along (a) western and (b) eastern (b) Bhutan. Mean topographic profile for
each transect is represented by the bold black line and minimum/maximum elevations by the thin black lines. The location of
the main shear zones are represented by vertical dotted lines. Abbreviations are as in Figure 1. Color coding is as in Figure 4.

reproducibility, reliable comparison with ages produced by this study, and to improve age accuracy by
increasing the number of dated grains. These samples labeled BHF in Table 2 yielded ages similar to the
original ages, within errors, except for FO4/BHF04 and FO7/BHF07 for which older ages were obtained
(compare Grujic et al. [2006] and Table 2). To increase the data density along the transects, we added five
ages from Grujic et al. [2006] and seven ages from Long et al. [2012] (Table S1).

3.2.3. Zircon (U-Th)/He (Table 3)

Five new samples were processed (Table 3) complementing preexisting data sets [Long et al., 2012;
McQuarrie et al., 2014] (Table S2); one sample is located in northeastern Bhutan (BH357) and four (BH211,
BH260, BH406, and BHFO05) in western Bhutan (Tables S1 and 3). Four samples produced three excellent age
replicates and yielded mean ages between 7.42 + 0.55 Ma and 10.44 + 0.61 Ma. However, only one aliquot
was processed for BH406 yielding a single-grain age of 6.15 + 0.08 Ma (Table 3). When merged with pub-
lished data, these new ZHe ages display very well defined north-south trends for both western and eastern
Bhutan (see Figure 5 and description in section 3.3).

3.2.4. Zircon Fission Track (Table 4)

Sixteen samples were processed for ZFT, 10 located along the Western profile (samples BH406 to 428) and six
along the Eastern profile (samples BH352 to BH380), (Tables S1 and 4).
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Table 1. Apatite (U-Th)/He Data®

238

232

U Th 475m “He MeanL MeanR  Raw Age Corrected Age  Age Error  Mean Age  Error
Samples (mol) (mol) (mol) (mol) (um) (um) (Ma) Ft (Ma) (%) (Ma) (Ma)
BH101-1 361E-13  7.09E-14  5.09E-13  2.23E-15 1844 72.28 453 0.81 5.62 341 6.8 0.6
BH101-4 7.07E-13  2.05E-13  7.33E-13  5.49E-15 235.1 65.78 5.61 0.8 7.02 3.17
BH101-5 1.13E-12  3.72E-13  553E-13  9.28E-15 236.8 5245 5.88 0.76 7.75 3.13
BH163-1 1.54E-12  1.03E-13  3.65E-12  4.60E-15 293 60 2.25 0.79 2.85 2,03 5.7 0.8
BH163-2 9.75E-12  6.28E-13  1.75E-11 5.25E-14 342 102.5 4.07 0.87 4.69 1.81
BH163-3 5.83E-12  449E-13  8.68E-12  4.85E-14 318 91.25 6.28 0.85 7.36 1.81
BH163-4 1.08E-11 7.26E-13  1.24E-11 7.89E-14 362 101.25 5.56 0.87 6.41 1.8
BH163-5 7.73E-12  521E-13  1.16E-11 6.18E-14 421 92.5 6.05 0.86 7.03 1.81
BH409-1 1.77E-13  4.17E-14  635E-13  8.81E-16 157 48 3.6 0.73 4.94 3.18 54 0.6
BH409-2 3.14E-13  7.35E-14  1.16E-12  1.60E-15 224 55.25 3.68 0.77 48 2.58
BH409-4 123E-12  455E-13  2.11E-12  8.94E-15 257 60.5 5.17 0.79 6.57 1.93
BH689-1 3.35E-12  4.37E-13  6.58E-12  1.14E-14 277 78 2.54 0.83 3.06 1.7 3.2 0.4
BH689-2 244E-12  1.87E-13  3.54E-12  1.16E-14 335 74.75 3.59 0.83 4.34 1.9
BH689-4 1.85E-12  1.85E-13  568E-12  6.78E-15 266 97 2.73 0.86 3.18 1.93
BH689-5 137E-12  847E-14  577E-12  3.58E-15 356 90.25 1.95 0.85 2.28 2.09
BH161-1 2.03E-12  1.56E-13  8.11E-12  2.01E-14 237 86.25 7.39 0.84 8.8 1.83 55 33
BH161-3 533E-12 6.71E-13  9.21E-12  1.32E-14 273 101.5 1.85 0.86 2.15 1.97
BHF04-1 2.32E-14  290E-15 7.11E-14  5.88E-17 318 88.5 1.88 0.85 2.21 233 3.7 0.7
BHF04-3 121E-14  1.19E-15  853E-15  6.67E-17 260 72 417 0.82 5.1 19.1
BHF04-4 391E-14  290E-15 6.50E-14  1.31E-16 239 107.25 2.54 0.86 293 11.78
BHF04-5 1.63E-13  3.44E-14  299E-13  8.83E-16 306 87.25 3.97 0.85 4.69 3.16
F09-1 1.63E-12  4.15E-13  5.01E-13  5.70E-15 374 94 2.56 0.86 2.98 2.01 29 0.2
F09-2 2.01E-12  9.94E-13  2.94E-13  7.89E-15 268 90.5 2.73 0.85 3.22 1.95
F09-3 6.71E-13  6.34E-14  589E-13  1.95E-15 322 124.5 2.19 0.89 247 2.38
F09-4 9.18E-13  237E-13  3.52E-13  2.01E-15 354 75.5 1.6 0.83 1.93 23
F09-5 2.18E-12  6.02E-13  4.53E-13  4.58E-15 269 84.25 1.53 0.84 1.82 2
02-102-F-1 251E-12  1.09E-13  3.79E-12  1.68E-14 307 82.75 5.1 0.84 6.07 1.85 6.0 0.3
02-102-F-3  1.22E-12  3.58E-14  1.95E-12  8.34E-15 230 64.5 522 0.8 6.55 193
02-102-F-4  5.24E-13  1.62E-14  8.71E-13  2.65E-15 320 43.75 3.85 0.73 5.29 2.26
02-102-F-5  593E-13  1.75E-14  7.57E-13  3.56E-15 226 48.25 4.59 0.74 6.19 2.13
02-235-F-2  3.24E-13  6.20E-14  4.22E-13  1.07E-15 217 51 243 0.75 3.23 2.14 2.7 0.2
02-235-F-3  5.94E-13  834E-14  592E-13  1.92E-15 201 64 241 0.79 3.04 23
02-235-F-4  2.31E-12  9.94E-14  8.00E-13  5.68E-15 208 71.75 1.88 0.81 2.32 197
02-235-F-5  2.03E-12  9.20E-13  8.52E-13  5.20E-15 228 70.5 1.79 0.81 222 2
02-104-F-1 9.74E-13  3.49E-13  297E-12  5.26E-15 215 68.5 3.81 0.8 474 1.9 6.5 1.2
02-104-F-3  2.75E-13  526E-14  1.08E-12  1.43E-15 248 90 3.78 0.85 447 2.59
02-104-F-4  131E-12  469E-13  481E-12  1.49E-14 278 76.25 7.96 0.83 9.64 1.88
02-104-F-5  7.10E-13  341E-13  4.22E-12  6.14E-15 222 79.75 5.87 0.83 7.11 1.96
BH438-1 831E-13  3.22E-14  1.34E-12  532E-15 297 53.75 4.87 0.77 6.32 197 6.5 0.4
BH438-3 9.61E-13  9.46E-14  1.76E-12  7.83E-15 228 81.75 6.11 0.83 7.35 1.87
BH438-5 2.84E-13  1.15E-14  5.14E-13  1.65E-15 156 50.75 442 0.74 5.96 2.38
BH437-1 151E-12  6.78E-14  232E-12  1.15E-14 278 76.25 5.81 0.83 7.03 191 6.8 0.3
BH437-2 217E-12  937E-14  3.83E-12  1.53E-14 257 97 5.35 0.86 6.25 1.83
BH437-3 2.24E-12  7.09E-14  3.65E-12  1.98E-14 324 85.25 6.74 0.85 7.97 1.82
BH437-4 6.17E-12  2.25E-13  7.69E-12  4.44E-14 405 116 5.49 0.88 6.21 1.82
BH437-5 2.18E-12  3.36E-14  5.77E-12  1.55E-14 340 89 5.41 0.85 6.34 1.88
BH284-1 856E-12  1.65E-12  2.04E-12  2.71E-14 208 89.75 2.35 0.84 2.79 1.84 36 0.5
BH284-2 345E-11  443E-12  1.10E-11 2.13E-13 342 116 4.63 0.88 5.26 1.79
BH284-3 1.98E-11 196E-12  524E-12  9.82E-14 293 118.25 3.75 0.88 4.26 1.81
BH284-4 7.84E-12  947E-13  1.62E-12  1.96E-14 244 84.75 1.88 0.84 2.24 1.84
BH284-5 9.44E-12  3.28E-13  3.03E-12  3.59E-14 315 77 2.92 0.83 3.51 1.84
BH436-2 7.60E-13  2.08E-14  131E-12  4.39E-15 184 72 441 0.81 5.46 2 6.3 0.5
BH436-3 9.44E-13  7.99E-15 148E-12  7.01E-15 163 67 5.69 0.79 7.18 1.95
BH211-3 3.83E-12  3.53E-13  8.28E-12  3.24E-14 336 103 6.33 0.87 7.29 1.84 4.6 13
BH211-4 3.04E-12  1.04E-13  6.27E-12  1.08E-14 306 97.75 2.7 0.86 3.13 1.89
BH211-5 429E-12  7.44E-13  698E-12  1.69E-14 356 95.25 291 0.86 338 1.86
BH39-3 4.76E-13  1.28E-14  441E-13  2.79E-15 244 98.75 4.49 0.86 5.24 2.15 54 0.1
BH39-5 2.63E-14  2.07E-15 1.92E-14  1.30E-16 132 40.25 3.75 0.68 549 7.69
BH287-1 762E-12  3.43E-11 1.94E-12  536E-14 246 113.25 2.67 0.86 3.1 1.84 26 0.3
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Table 1. (continued)

238y 2321h “Sm “He MeanL MeanR  Raw Age Corrected Age  Age Error  Mean Age  Error
Samples (mol) (mol) (mol) (mol) (um) (um) (Ma) Ft (Ma) (%) (Ma) (Ma)
BH287-2 8.28E-12  5.25E-11  296E-13  7.02E-14 259 102 267 0.85 3.14 1.83
BH287-3 7.31E-12 4.24E-11 5.57E-13 4.11E-14 244 100.75 1.87 0.85 22 1.84
BH287-4 4.03E-12  232E-11  247E-13  1.57E-14 228 93 13 0.84 1.55 1.88
BH287-5 336E-12  334E-11  268E-13  3.52E-14 371 119.5 247 0.87 2.83 1.84
BH417-1 1.03E-12  3.99E-14  1.26E-12  4.92E-15 174 72 3.66 0.81 4.54 2,01 5.0 04
BH417-2 199E-12  1.06E-13  225E-12  1.05E-14 230 80.75 4.01 0.83 4.82 191
BH417-3 2.77E-12  6.00E-14  2.60E-12  1.37E-14 237 80 3.79 0.83 4.56 1.89
BH417-4 137E-12  2.60E-14  1.59E-12  9.50E-15 183 74.5 53 0.81 6.52 1.93
BH417-5 1.36E-12  3.74E-14  1.28E-12  6.03E-15 181 59.75 3.39 0.78 4.36 1.99
F08-1 1.67E-12  4.00E-13  1.74E-12  1.25E-14 217 60.5 5.46 0.78 6.97 1.89 54 0.8
F08-3 5.06E-13  6.47E-14  1.27E-12  2.26E-15 230 59 333 0.78 4.26 2.19
F08-5 3.27E-13  462E-14  797E-13  1.66E-15 215 47.25 3.75 0.74 5.1 2.34
BH109b-1 6.61E-12  9.01E-13  6.64E-12  3.84E-14 418 109 435 0.88 4.95 1.89 5.1 0.1
BH109b-2 351E-12  3.85E-13  2.66E-12  1.99E-14 277 87 4.27 0.84 5.05 1.93
BH109b-3 1.22E-12  1.56E-13  1.64E-12  6.35E-15 221 67.25 3.89 0.8 4.85 2.1
BH109b-4 6.58E-12  5.69E-13  4.82E-12  4.16E-14 340 1115 4.79 0.88 5.46 1.89
BH109b-5 3.38E-12  2.33E-13  293E-12  2.08E-14 288 103.5 4.68 0.87 541 1.93
BH111b-1 434E-13  3.34E-14  6.88E-13  2.28E-15 224 555 3.96 0.77 5.15 24 49 0.1
BH111b-2 7.80E-13  8.84E-14  896E-13  4.11E-15 340 66.25 3.95 0.81 4.88 2.19
BH111b-3 648E-13  522E-14 1.01E-12  3.01E-15 333 58.25 35 0.79 445 233
BH111b-4 898E-13  1.69E-13  7.74E-13  4.95E-15 250 58.25 4.07 0.78 522 2.02
BH111b-5 433E-13  6.61E-14  456E-13  2.22E-15 213 56.5 3.81 0.77 4.95 2.25
BH412-1 7.03E-13  6.43E-14  233E-12  3.54E-15 221 63.25 3.76 0.79 474 2.26 5.1 0.1
BH412-2 154E-12  1.62E-13  5.09E-12  891E-15 259 84.5 4.31 0.84 5.14 2.02
BH412-3 336E-12  3.06E-13  849E-12  1.98E-14 362 93.5 441 0.86 5.14 1.92
BH412-4 1.71E-12  1.69E-13  5.15E-12  1.07E-14 262 90.75 4.67 0.85 55 1.87
BH412-5 1.71E-12  1.69E-13  491E-12  9.79E-15 259 83 4.27 0.84 5.1 1.94
F5-3 9.72E-13  361E-14  132E-12  4.56E-15 235 67.75 3.58 0.81 4.44 2.05 49 0.5
F5-4 1.86E-12  4.50E-14  2.62E-12  1.10E-14 242 84.25 4.51 0.84 5.39 1.94
BH352-1 1.23E-12  3.09E-13  1.11E-12  6.74E-15 265 88.75 4.00 0.85 4.74 2.08 43 0.2
BH352-2 1.25E-12  1.98E-13  1.64E-12  6.11E-15 347 95.75 3.64 0.86 4.23 213
BH352-3 332E-12  844E-13  1.37E-12  1.83E-14 322 85.5 4.03 0.84 477 191
BH352-4 4.16E-13  2.04E-13  6.45E-13  2.03E-15 277 69.5 3.38 0.81 4.16 1.48
BH352-5 136E-12  250E-13  132E-12  547E-15 253 98.25 2.98 0.86 348 2.01
BH357-1 480E-12  9.76E-13  347E-12  227E-14 269 58.75 349 0.78 4.46 1.87 44 04
BH357-2 237E-12  483E-13  231E-12  1.13E-14 201 62.5 3.51 0.79 4.46 191
BH357-4 260E-12  2.51E-13  2.42E-12  9.25E-15 190 73 2.68 0.81 3.31 1.94
BH357-5 2.00E-11  3.99E-12  1.58E-11 1.25E-13 387 116.25 4.62 0.88 523 1.85
BH362-1 3.69E-13  443E-14 6.69E-13  1.08E-15 260 47.25 2.19 0.74 2.96 3.08 37 0.4
BH362-2 6.53E-13  1.23E-13  136E-12  291E-15 275 65 3.28 0.80 4.09 2.18
BH362-3 245E-13  6.70E-14  5.88E-13  7.96E-16 282 52 2.34 0.76 3.08 3.94
BH362-4 8.02E-13  1.60E-13  1.41E-12  4.09E-15 300 66 3.75 0.81 4.65 2.05
BH378-1 6.60E-13  1.24E-13  2.05E-12  2.56E-15 219 52 2.84 0.76 3.75 2.27 29 0.5
BH378-2 212E-12  4.19E-13  4.22E-12  2.60E-15 326 62.75 0.90 0.80 1.13 231
BH378-3 140E-12  3.29E-13  3.10E-12  4.84E-15 259 59.25 2.52 0.78 3.21 1.98
BH378-4 2.65E-12  596E-13  5.24E-12  1.05E-14 264 65 2.88 0.80 3.59 1.92
BH378-5 1.66E-12  3.93E-13  431E-12  5.43E-15 211 73.25 237 0.81 2.92 1.99
BH60-1 1.02E-12  1.15E-12  1.03E-12  4.13E-15 415 74.25 248 0.83 3.00 2.02 55 1.1
BH60-2 580E-13  134E-12 1.07E-12  591E-15 266 79 512 0.82 6.21 197
BH60-3 5.82E-13  4.55E-13  6.19E-13  6.02E-15 222 79.75 6.76 0.82 8.20 1.96
BH60-4 4.02E-13  565E-14  2.73E-13  3.20E-15 244 62.75 5.94 0.79 7.49 2.08
BH60-5 550E-13  3.88E-14  4.24E-13  1.65E-15 269 75 2.28 0.82 2.76 2.34
BH70-1 368E-12  2.35E-13  3.25E-12  1.56E-14 199 85.25 3.22 0.83 3.86 1.89 3.7 0.1
BH70-2 345E-12  2.14E-13  299E-12  1.44E-14 217 72.75 3.18 0.81 3.91 1.89
BH70-3 196E-12  1.28E-13  201E-12  7.24E-15 212 65 2.81 0.80 3.53 1.96
BH70-4 6.55E-12  3.53E-13  7.67E-12  2.82E-14 275 104.5 3.28 0.87 3.79 1.86
BH70-5 2.09E-12  9.25E-14  3.11E-12  7.49E-15 202 77.25 273 0.82 333 1.95
BH53-2 143E-13  1.08E-14  1.43E-13  5.89E-16 166 58.25 3.13 0.77 4.07 341 4.8 0.4
BH53-4 3.14E-13  1.59E-14  8.24E-14  1.83E-15 230 73 4.46 0.82 5.46 2.34
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Table 1. (continued)

238y 2321h “Sm “He MeanL MeanR  Raw Age Corrected Age  Age Error  Mean Age  Error
Samples (mol) (mol) (mol) (mol) (um) (um) (Ma) Ft (Ma) (%) (Ma) (Ma)
BH53-5 5.05E-14  535E-15 6.68E-14  2.36E-16 175 46 3.51 0.72 4.85 5.76
BH63-1 9.55E-13  2.53E-13  4.81E-12  5.30E-15 253 79.5 3.96 0.83 4.77 2.00 42 0.4
BH63-2 1.38E-12  3.08E-13  3.18E-12  7.59E-15 269 59.5 4.02 0.79 5.11 1.93
BH63-3 6.65E-13  1.52E-13  229E-12  2.34E-15 206 57.5 2.55 0.77 3.30 2.17
BH63-4 9.39E-13  2.12E-13  3.51E-12  347E-15 248 65.5 2.67 0.80 334 2.07
BH63-5 127E-12  4.04E-13  3.23E-12  6.19E-15 226 60 348 0.78 4.45 1.96

@Abbreviations: L, grain length; R, grain radius; Ft, alpha-ejection correction factor. Mean ages are the mean of each selected aliquot and the age error is the
standard deviation between selected aliquots divided by the square root of the number of aliquots.

Table 2. Apatite Fission-Track Data®

ps X 10%cm™ pi X 10%cm—2 pd X 10%cm—2 P(XZ) Central Age+ 10

Sample N (Ns) (Ni) (Nd) (%) (Ma)

BH38 25 0.0898 (214) 4.0739 (9706) 1.2744 (5807) 57.2 52+04
BH63 14 0.0670 (83) 4.0375 (5002) 1.3144 (5807) 759 40+04
BH161 15 0.0579 (48) 3.6991 (3067) 1.4508 (11881) 94.3 42+0.6
BH163 19 0.2213 (388) 11.4142 (20015) 1.3444 (5807) 56.4 48+0.3
BH164 8 0.1157 (75) 6.8730 (4454) 1.4364 (11881) 319 45+0.6
BH211 20 0.0949 (179) 4.7029 (8874) 1.4221 (11881) 93.7 53+04
BH284 18 0.3941 (498) 15.8585 (20040) 1.3643 (5807) 45.1 6.3+0.3
BH339 17 0.063 (84) 45818 (6113) 1.4068 (5807) 96.7 36+04
BH342 24 0.0282 (62) 1.862 (4099) 1.4162 (5807) 97.9 40+0.5
BH351 7 0.0332 (7) 1.9531 (412) 0.9660 (10677) 88.7 30+1.2
BH352 20 0.1198 (219) 5.3181 (9719) 0.97839 (10677) 99.7 41+03
BH355 18 0.1349 (229) 6.4656 (10974) 0.99077 (10677) 31 3.8+03
BH357 21 0.1731 (347) 8.0171 (16070) 1.00320 (10677) 80.1 40+0.2
BH362 25 0.0435 (99) 1.8741 (4263) 1.01560 (10677) 88.2 42+04
BH363 22 0.0663 (135) 4.9585 (10103) 1.02790 (10677) 91.9 25+0.2
BH378 29 0.0497 (132) 3.5203 (9349) 1.05270 (10677) 91.5 27+0.2
BH380 17 0.0715 (37) 1.6726 (865) 1.06510 (10677) 743 84+14
BH406 30 0.0247 (69) 1.1817 (3306) 0.77583 (6663) 98.8 3.0+04
BH408 20 0.0414 (70) 2.5327 (4279) 0.79265 (6663) 96.2 24+03
BH409 23 0.0662 (107) 2.2690 (3668) 0.80105 (6663) 97.1 43+04
BH411 24 0.0501 (96) 1.7316 (3316) 0.88660 (6663) 97.3 4.7+0.5
BH412 30 0.0779 (215) 2.7995 (7726) 0.93027 (6663) 98.6 48+03
BH413 26 0.0846 (175) 3.9973 (8265) 0.97386 (6663) 91.6 3.8+03
BH415 26 0.0588 (126) 3.0031 (6437) 1.01750 (6663) 92.4 3.7+03
BH416 23 0.0363 (39) 1.2073 (1298) 1.0610 (6663) 89.7 59+1.0
BH417 20 0.1455 (265) 5.9251 (10788) 1.10460 (6663) 56.3 5003
BH424 19 0.0302 (38) 1.4720 (1853) 1.05980 (12962) 90.1 40+0.7
BH426 30 0.0185 (27) 0.6668 (971) 1.07420 (10962) 95 55+1.1
BH430 9 0.0420 (31) 2.5839 (1909) 1.10300 (12962) 99.8 3306
BH431 24 0.0228 (31) 0.9406 (1281) 1.1174 (12962) 99.7 5.0+09
BH436 27 0.1069 (192) 3.3750 (6178) 1.1749 (12962) 75.6 6.9+0.5
BH437 24 0.0927 (212) 3.0806 (7046) 1.4225 (5948) 99.7 7906
BH438 25 0.0872 (146) 3.8943 (6517) 1.4256 (5948) 95.2 59+05
BH651 19 0.0620 (104) 3.8735 (6497) 1.3093 (11881) 90.2 39+04
BH683 19 0.2331 (422) 10.4418 (18907) 1.2699 (11881) 42.6 52+03
BH686 15 0.0963 (78) 5.6527 (4579) 1.2502 (11881) 85 3905
BH687 21 0.1859 (236) 10.1135 (12838) 1.2305 (11881) 99.5 42+03
BH689 20 0.0992 (189) 5.9428 (11327) 1.1714 (11881) 62.6 36+03
BH695 19 0.0897 (92) 4.5727 (4689) 1.3313 (6118) 90.5 48+0.5
02-102F 25 0.1363 (291) 4.6845 (10000) 1.1546 (5807) 122 6.2+04
02-232F 19 0.0435 (65) 4.2508 (6356) 1.2345 (5807) 99.1 23+03
02-235F 20 0.0380 (43) 3.9473 (4469) 1.2445 (5807) 99.5 22+03
BHFO1a 21 0.0362 (20) 3.6889 (2039) 13776 (6118) 52.8 25+06
BHFO1b 18 0.0403 (17) 4.1925 (1770) 1.3416 (6118) 93.1 24+0.6
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Table 2. (continued)
ps X 10%cm 2 pi X 10%cm 2 pd X 10%cm 2 P(Xz) Central Age+ 10

Sample N (Ns) (Ni) (Nd) (%) (Ma)
BHF02 1 0.0796 (17) 3.3260 (710) 1.3725 (6118) 90.7 6.1+15
BHF04 21 0.0238 (29) 1.0903 (1330) 1.3828 (6118) 87.7 56+1.0
BHFO05 15 0.0671 (76) 2.5844 (2926) 1.3622 (6118) 82.2 6.5+0.8
BHF06 20 0.0662 (118) 2.8713 (5117) 1.393 (6118) 75.1 59+0.6
BHFO7 20 0.1066 (127) 4.1771 (4976) 1.321 (6118) 96.7 6.2+0.6

@Abbreviations: N, number of individual grains dated per sample; p, spontaneous track density; Ns, number of spontaneous tracks counted in the sample; p;,
induced track density in external detector (muscovite); Ni, number of induced tracks counted in external detector; pg, induced track density in external detector
adjacent to CN5s dosimetry glass; Nd, number of induced tracks in external detector adjacent to dosimeter; and P(XZ), chi-square probability.

Table 3. Zircon (U-Th)/He Results

For the western transect samples, only 6 to 15 grains per sample were analyzed because of poor zircon
quality (U zoning, fracturing, and inclusions), yielding ages between 7.9+ 1.1 Ma and 13.5 + 1.6 Ma (Table 4).
Samples BH406, BH408, BH409, and BH415 were collected in the GHS, while the remaining samples were
derived from the metasedimentary rocks of the Paro Formation in the Paro window [Gansser, 1983; Tobgay
et al., 2012] (Figure 1). Four samples did not pass the »? test, indicating that the single-grain ages are not
consistent with a common age for those samples. The limited number of grains analyzed per sample does not
permit clear identification of different age peaks; at least 20 grains per age peak would be needed
[Vermeesch, 2004]. Because the pooled ages are within the 20 error of the central ages of the samples that
failed the y? test, we report central ages for all samples (Table 4).

Along the eastern transect, 10 to 12 grains per samples were dated, and the samples yield ages ranging from
7.9+ 1.3 Ma to 17.5+0.7 Ma (Table 4). Again, the zircon quality was poor. Sample BH378 fails the »? test.
Samples BH355, BH357, and BH362, derived from the GHS, yield ages from 14.2 +0.7 Ma to 17.5 Ma.
Consistent with the samples from the western transect, we report the central ages in Table 4. In our data
inversion, we use only samples that passed the ;(2 test.

3.3. Age Pattern Along the Transects

Ages plotted against latitude show similar characteristic patterns in both profiles with, from south to north,
ages increasing from the MBT to and across the MCT, then progressively decreasing with a minimum at about
27.75°N and increasing again in the footwall of the I-STD (Figure 5).

3.3.1. Western Transect

From south to north along the western transect, all four thermochronometer systems show similar age
patterns, with ages generally increasing across the LHS, decreasing across most of the GHS and then again
increasing again in the upper GHS near the I-STD. Between 89.1 and 89.82°E, traces of the MBT and the MCT
are subparallel and separated by a horizontal distance that does not exceed 10-15 km (Figures 4 and 5a). In
this short distance, ZHe ages increase from 3.36 + 0.05 Ma immediately north of the MBT to 9.74+1.07 Ma

He V] Th Th/U Raw Age  Error Raw Age (£ 10) Rs Corrected Age  Age Error (10) Mean Age  Age Error (10)
Samples  (pmol) (ng) (ng) (Ma) (Ma) (um) (Ma) (%) (Ma) (Ma)
BHF05-1 0.0562  1.7038 0.3664  0.2206 5.8433 0.0810 42 8.15 1.39 7.74 044
BHF05-2 0.0444 1.5972 0.2334  0.1499 49980 0.0731 45 6.85 147
BHF05-3 0.0964  2.8445 0.2948 0.1063 6.1599 0.0871 48 8.21 1.42
BH406-1 0.6595 24.5990 7.0844 0.2954 4.6709 0.0625 51 6.15 134 6.15 0.08
BH357-1 09741 32.7154 57079 0.1790 53223 0.0883 72 6.44 1.66 7.42 0.55
BH357-2 0.7944 239443 5.0904 0.2181 5.8787 0.0978 58 7.46 1.67
BH357-3 03955 109104 52102 0.4899 6.0599 0.0973 44 8.35 1.61
BH260-1 0.8922 222489 28576 0.1318 7.2428 0.1263 57 9.21 1.75 10.44 0.61
BH260-2 2.0139 424225 2.1631 0.0523 8.7296 0.1298 57 11.09 1.49
BH260-3 1.2907 26.3789 22422  0.0872 8.9255 0.1319 65 11.01 1.48
BH211-1 1.9067 40.6037 15.9721 0.4035 7.9918 0.1112 112 9.02 139 8.67 0.31
BH211-2 29799 748896 15.0023 0.2055 7.0696 0.1033 104 8.05 1.46
BH211-3 0.8307 17.9465 9.8991 0.5658 7.6152 0.0977 86 8.94 1.29
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Table 4. Zircon Fission-Track Results®

Ps X 10°cm ™2 pi X 10°cm 2 pd X 10%cm—2 P(;(Z) Central Age+ 10 U
Sample N (Ns) (Ni) (%) (Ma) (ppm)  +20
BH352 15 8.38 (206) 15.2 (373) 1.32 246 125+1.3 172 19
BH355 15 73.6 (1856) 94.8 (2392) 1.32 94.2 17507 1078 60
BH357 15 39 (802) 61.6 (1268) 1.32 50.5 142+0.7 703 47
BH362 12 52.1 (770) 73.7 (1089) 1.31 92.0 159+0.8 843 60
BH378 10 12 (249) 34.1 (707) 1.31 0.0 79+13 391 33
BH380 15 8.21 (299) 16.2 (592) 1.30 93 11.3+£0.9 187 17
BH406 7 29.0 (212) 57.5 (420) 1.26 1.7 10614 687 70
BH408 10 5.47 (108) 14.5 (286) 1.25 47.0 8.1+1.0 174 21
BH409 15 324 (783) 60.3 (1457) 1.25 0.0 11.3£0.9 726 44
BH411 15 10.2 (334) 25.8 (844) 1.24 0.1 8.1+0.9 311 23
BH412 6 12.9 (89) 34.5 (238) 1.24 36.9 79+1.1 418 56
BH413 15 12.6 (276) 26.0 (569) 1.24 58.9 103+0.8 315 28
BH415 15 31.2 (661) 58.7 (1234) 1.23 1.2 11.2+0.8 715 46
BH424 15 10.1 (229) 23.0 (521) 1.23 9.5 93+1.0 281 26
BH426 10 13 (154) 27.1 (322) 1.22 393 10.0£1.1 332 38
BH428 1 8.36 (138) 12.9 (213) 1.22 89.0 135+1.6 158 22

@Abbreviations are the same as for Table 2.

south of the MCT (Figure 5a). One sample located in the hanging wall of the MCT is, within error, slightly
younger at 7.74 £ 0.44 Ma, an age which slowly, steadily decreases northward reaching 6.15 +0.08 and
6.11£0.33 Ma at about 27.5°N (Figure 5a). Finally, north of 28°N at higher elevations and closer to the I-STD,
ages increase to 8.67 +0.31 and 10.44 + 0.61 Ma (Figure 5a). Similarly, the southernmost AFT ages are young
(2.4 to 2.5+ 0.6 Ma), increase to 6.1+ 1.5 Ma south of the MCT and, within errors, remain similar or slightly
increase across and north of the MCT until approximately 27.25°N (Figure 5a). North of 27.25°N there is an
abrupt decrease of AFT ages toward the north, reaching a minimum of 2.2 and 2.3 £0.3 Ma around 27.75°N
(Figure 5a). North of 28°S, AFT ages become progressively older with a maximum of 6.3 +0.3 Ma in the
footwall of the I-STD. AHe ages show more scatter and are often equal within error of the AFT ages, following
the same north-south pattern (Figure 5a). Finally, the ZFT data between 27.3 and 27.5°N show a clear decreasing
trend from 10.3 + 0.8 Ma in the south to 8.1 £ 1.0 Ma in the north.

3.3.2. Eastern Transect

In spite of differences in the surface geology, the general age pattern along the eastern transect is similar to
the western transect. ZHe data show an abrupt increase from 7.50+0.13 to 11.60+0.27 Ma in less than a 15 km
horizontal distance between 26.9 and 27°N (Figure 5b). From that point, ZHe ages steadily decrease to
4,05 +0.07 just north of the MCTn at 27.65°N and finally increase to 7.42 +0.55 Ma at 28°N (Figure 5b). (U-Th)/He
ages recently published by Adams et al. [2013] fill the gap north of 27.75°N and perfectly fit with these
trends. However, these data were published too late to be included in our inversions.

AFT ages increase from 3.0 £ 0.6 north of the MBT to 8.4 + 1.4 Ma immediately southeast of Mongar at 27.27°N
(Figures 4 and 5b). Then, as observed in the west, AFT ages decrease northward to 2.7 +0.2 Ma at 27.66°N and
increase again to 4.2 £ 0.4 Ma in the northernmost section of the transect (Figure 5b). AHe data are, within error,
equal to their fission-track counterparts and follow the same trends. Finally, three ZFT ages between 27.27 and
27.97°N reflect the trends described for the other thermochronometers, with ages decreasing north of 27.25°N
from 11.3+0.9 to 7.9+ 1.3 Ma at 27.66°N, then increasing to 12.5+ 1.3 Ma at ~28°N (Figure 5b).

It is important to note that, except for ZHe data along the western transect, inflections in the double-curved
characteristic age pattern do not spatially coincide with the surface trace of the MCT, suggesting that the
pattern does not result from displacement on this structure (Figure 5). This is supported by previous studies
suggesting that the end of activity of the MCT occurred by 15 Ma in western Bhutan [Tobgay et al., 2012] and
13 Ma in eastern Bhutan [Chambers et al., 2011; Daniel et al., 2003]. This is true both in the west, where the
MCT occurs as a single structure, and in the east, where between 91.1 and 91.6°E, the surface trace of the MCT
defines a pronounced reentrant due to the incision of the Kuru Chu Valley along the hinge of a N-S trending,
north plunging antiform of the MCT and the GHS in its hanging wall (Figures 1 and 4), the “Kuru Chu Spur” of
Gansser [1983]. In that case, the MCT appears apparently twice along the age profile (Figure 5b), and we have
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Figure 6. Thermokinematic model boundary conditions, free parameters, and example thermal solution (parameters are
given in Table 5). (a) The kinematic model has Indo-Tibetan convergence partitioned on either side of the MHT, which is
defined by a series of points along its length that may occupy any position within each corresponding search box. (b)
Isotherms (thin white lines) show significant perturbations to the subsurface thermal field, mainly from advection using the
velocity field (black arrows) generated by the kinematic model. Instantaneous exhumation rates in the numerical model
correspond to the vertical component of the velocity vectors at the surface (insets).

labeled the southernmost and northernmost intersection of the MCT with the topography, MCTs and MCTn,
respectively.

4. Thermokinematic Modeling

The large thermochronologic data set presented in the previous section can be used to extract information
about fault slip rates, fault geometry, and thermal parameters in the surrounding crust. This procedure is not
trivial, however, because thermochronologic ages are nonunique, and many combinations of kinematic,
geometric, and thermal parameters are capable of producing equivalent ages within typical sample uncer-
tainties. We address this challenge by using a numerical thermokinematic modeling approach to formally
invert the data and define the parameter ranges that provide a satisfactory fit to the observations. The two-
stage inversion procedure involves (1) a search through the multidimensional parameter space for parameter
combinations that provide a good fit to the observed ages and (2) an appraisal of the search results to define
acceptable parameter ranges. Predicted ages are calculated from 3-D forward models that use input pa-
rameters selected by the inversion search algorithm based on the goodness-of-fit of prior predictions. Below,
we first detail the forward model before describing the inversion method.

4.1. Forward Model (Pecube) and Model Input Parameters

Thermochronometer cooling ages are predicted for comparison with observed ages by forward modeling of
the 3-D crustal thermal field using a modified version of the software Pecube [Braun, 2003; Braun et al., 2012].
The functionality of Pecube is described well by Braun [2003] and Braun et al.[2012], so here we provide only
a brief overview of the general operation of the code and indicate how the code was modified for this study.
In essence, Pecube consists of three main components: (1) A kinematic model that calculates rock transport
(advection) velocities as a function of defined fault geometries, (2) a thermal model that calculates the
thermal field as a function of rock thermal properties, thermal boundary conditions, fault motion, and surface
erosion, and (3) a set of age prediction algorithms that calculate thermochronometer ages from thermal
histories recorded as particles cool during exhumation from depth to the model surface.
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Table 5. Models Parameters®
Parameter Name Parameter Range Units Parameter Symbol Reference

Material Properties

Thermal conductivity 2.5 W/m/K k Whipp et al. [2007]
Specific heat capacity 800 J/kg/K c Whipp et al. [2007]
Crustal density 2750 kg/m3 Pc
Thermal diffusivity 35 ka/Mg/ a
Volumetric radiogenic heat production 0-2 pW/m H
Radiogenic heat production 0-30 °C/Myr A

Pecube Model Parameters

Mean annual surface temperature 25 °C Ul NOAA
in the foreland
Atmospheric lapse rate 6 °C/km L Naito et al. [2006]
Basal temperature 500-1000 °C Tb
India-Eurasia convergence rate 20-24 mm/yr Ve Banerjee et al. [2008]
Hanging wall overthrusting - mm/yr Vo
Hanging wall underthrusting = mm/yr Vu
Convergence partitioning 0.5-0.9 n/a A
Model time step Optimal years
Horizontal node spacing 0.9 km
Vertical node spacing (0-5 km) 0.9 km
Vertical node spacing (5-15 km) 2.7 km
Vertical node spacing (15-50 km) 8.1 km
Model domain, western transect 62 x 220 x 50 km
Model domain, eastern transect 60 x 220 x 50 km
Fault geometry Variable km X, Zn)

@Mean annual surface temperature taken for Guwahati (Assam) located 55 m above sea level; NOAA, ftp://dossier.ogp.
noaa.gov/GCOS/WMO-Normals/RA-II/IN/42410.TXT. Values in bold indicate free parameters.

Rock transport in the model is defined by a modified version of the fault model in Pecube, simulating
overthrusting and underthrusting of rock on either side of the MHT in Bhutan. The geometry of the faults is
determined by a series of input points; X, the horizontal distance with respect to the surface trace of the MBT and
Z, the vertical distance (depth) with respect to sea level (Figure 6). For individual faults in Pecube, a spatially
constant, but temporally variable slip velocity is associated with each planar fault dip segment, and segments are
defined by depth-distance coordinate pairs [Braun et al.,, 2012]. Where fault velocity fields overlap or diverge,
velocities are averaged. We modified the Pecube fault model, similar to Herman et al. [2010], to utilize a single-
model input convergence rate between India and Tibet, v and a partitioning factor, 4, that splits the con-
vergence velocity into hanging wall overthrusting, v, = (1 — A)v¢ony and footwall underthrusting, v, = Avon, With
respect to the position of the MHT (Table 5 and Figure 6).

Previous studies suggest Indo-Tibetan convergence rates in Bhutan may be slightly faster than elsewhere in
the Himalaya, but the range of overthrusting rates is poorly constrained. Inversion of estimated Quaternary
fault slip rates and modern interseismic geodetic velocities across the MFT/MHT yields convergence rates of
21.0 £ 0.2 mm/yr along the MFT from eastern Nepal to eastern Bhutan [Lave and Avouac, 2000; Loveless and
Meade, 2011]. In Bhutan, convergence rates appear more rapid, with orogen-normal GPS velocity vectors
showing velocities that are ~10 mm/yr faster than in the western Himalaya [Banerjee et al., 2008], comparable
to the difference suggested by plate reconstructions over the past ~11 Ma [Molnar and Stock, 2009]. If the
Shillong Plateau region moves southward at 4-7 mm/yr, as suggested by the model of Banerjee et al. [2008],
the residual convergence rate across the Bhutan Himalaya is 18-23 mm/yr, which, to a certain extent, compares
with the rate of 17 mm/yr found by Jade et al. [2007]. Preliminary testing indicated that values < 20 mm/yr
do not yield good fits to the data for any of our tectonic scenarios, so we use a convergence rate range of
20-24 mm/yr for inversion of the thermochronometer data. The factor controlling the partitioning of the
convergence rate into overthrusting and underthrusting components, 4, has a range that is more difficult
to define. This is, in part, because the partitioning depends on the combination of the convergence rate
and the fault geometry. Previous studies from the central and eastern Himalaya suggest partitioning values
of 1=0.75, corresponding to overthrusting rates of 5-6 mm/yr [Herman et al., 2010; Robert et al., 2011;
Whipp et al., 2007]. For rocks in the GHS, for example, this overthrusting rate range would yield exhumation
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Table 6. Inversion Results®

Transect Name WBI1 WB2 EB1 EB2
Number of models 20816 15414 24222 20424
Best misfit 0.65 0.63 043 043

Tb (°C) 841 (500:1000) 840 840 840

A (°C/Myr) 0.13 (0:30) 0.15 0.15 0.15

X5 (km) n/a n/a 177 177

Zs (km) n/a n/a 32.2 (30:40) 35

X4 (km) 182 182 142 (130:150) 131 (130:150)
Z4 (km) 38.5 (35:40) 37.5 (35:40) 17.4 (15-35) 25.7 (15:35)
X3 (km) 126 126 109 (90:110) 93.1 (90:110)
Z3 (km) 30 30 15.9 (10:25) 17.1 (10:25)
X5 (km) 70 70 51 (50:70) 50.3 (50:70)
Z5 (km) 14.9 (10:15) 14.9 11.3 (10:20) 10.6 (10:20)
X1 (km) 5.1 (0:15) 5.8 (0:15) 5.6 (0:15) 13.3 (0:15)
Z; (km) 14.7 (5:15) 14.8 (5:15) 5.1 (5:15) 11.2 (5:15)
Convergence rate (vcony) (MmM/yr) 20.2 (20:24) 23.4 (20:24) 225 (20:24) 22.7 (20:24)
Time step 1 2 1 2
Running time (Ma) 12-0 12-0 12-0 12-0
Transition time (Ma) n/a 43 (7:2) n/a 59 (7:2)
Partitioning 1 (44) 0.68 (0.5:0.9) 0.69 (0.5:0.9) 0.53 (0.5:0.9) 0.56 (0.5:0.9)
Partitioning 2 (45) n/a 0.73 (0.5:0.9) n/a 0.79 (0.5:0.9)

Values in brackets indicate the investigated range of the free parameters, and the lowest misfit values for each pa-
rameter are indicated in bold.

rates of ~2-3 mm/yr, comparable to Late Tertiary exhumation rate estimates in the Bhutan Himalaya of ~1-
2 mm/yr [Grujic et al., 2006]. Because our model geometry and the convergence rate are variables in the
inversion, we have selected a broad range for the partitioning factor of A=0.5 — 0.9 (Table 5).

In our models, we treat the MBT and the MFT as a single structure located at the modern surface trace of the
MBT, considering that the two are geographically close (0-6 km in horizontal distance as measured in the
field) (Figure 1) and because reset thermochronologic data along both profiles are restricted to the north of
the MBT suggesting the MFT has little contribution to the wedge exhumation since its activation.

For both transects, two tectonomorphic scenarios spanning the last 12 Ma are tested: (1) steady slip on the
MHT and (2) two-stage slip on the MHT (Figure 6 and Table 6). We start our models at 12 Ma for two reasons:
First, thermochronometer ages in our data are all younger than 12 Ma, recording cooling and exhumation
after that time, and second, structural, metamorphic, and geochronological data indicate that prior to
11-15Ma, the Himalayan range in Bhutan was hot and deformed ductily [Grujic, 2006; Grujic et al.,
2002, 2006, 2011; Hollister and Grujic, 2006; Warren et al.,, 2011b]. Ductile deformation cannot currently
be simulated using the fault model in Pecube.

Other than the MBT, we do not simulate other faults that sole into the MHT, as there is no evidence for sig-
nificant activity between 0 and 12 Ma. Previous studies suggest that the MCT was no longer active by 15 Main
western Bhutan [Tobgay et al.,, 2012] and 13 Ma in eastern Bhutan [Chambers et al., 2011; Daniel et al., 2003],
which is further supported by the age patterns presented in the previous section. In addition, duplexing
episodes in the outer LHS are interpreted to have been completed by 9 to 10.5 Ma in western [McQuarrie
et al,, 2014] and eastern [Long et al., 2012] Bhutan, respectively. Finally, displacements on the STDS, the KT,
and the RT are not considered, because they were mostly inactive by 12 Ma (see section 2.1).

Temperatures within the 3-D crustal block are calculated by iterative solution of the 3-D advection-diffusion
equation using the finite element method [Braun, 2003; Braun et al., 2012],

pc<%+vVT) = kV2T +H, (1)

where p is density, ¢ is heat capacity, Tis temperature, t is time, v is the velocity field, k is thermal conductivity,
and H is volumetric radiogenic heat production (for units and symbols, see Table 5). The input kinematic model
parameters are used to calculate a steady state thermal solution at 12 Ma as the initial conditions for the sub-
sequent transient thermal solution. As mentioned above, this initial solution not only simulates fault kinematics
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for the approximate onset of activity on the MBT but also produces the first-order thermal influence of defor-
mation and uplift of the Himalayan orogenic wedge above the subducting Indian Shield. The transient thermal
field is calculated from 12 to 0 Ma subject to constant temperature boundary conditions at the base and free
surface of the model (Table 5). A basal boundary temperature of 500-1000°C is applied at 50 km depth below
sea level, corresponding to an average crustal geothermal gradient of 10-20°C/km. Tests performed with a
much larger model thickness of 130 km and corresponding increase in model basal temperature (1200-1500°
Q) show no significant differences in the predicted cooling ages, so we have chosen to use a thinner model de-
sign with a higher horizontal finite element mesh resolution. At the model surface, temperature decreases with
elevation from 25°C in the foreland (NOAA data for the town of Guwahati, ftp://dossier.ogp.noaa.gov/GCOS/
WMO-Normals/RA-11/IN/42410.TXT) following an atmospheric lapse rate of 6°C/km [Naito et al.,, 2006]. Steady
state model topography is down sampled to ~0.5-1 km resolution from a Shuttle Radar Topography Mission
[Farr et al, 2007] 90 m digital elevation model of Bhutan. The extent of the model topography is minimized
but large enough to ensure the zero-flux lateral boundaries of the model do not influence the predicted cooling
ages. For example, the northernmost sample locations are ~40 and ~60 km from the northern margin of the
model for the Western and Eastern transects, respectively. Typical crustal values are used for rock thermal prop-
erties in the model (Table 5) (see also Ehlers [2005]), but we invert for the crustal average radiogenic heat pro-
duction in the range 0-2uW/m3. For simplicity, we do not consider the potential thermal influence of
groundwater flow or fault shear heating on the crustal thermal field. The current version of Pecube does not
include an option for groundwater flow, and modifying the code to include this effect is well beyond the scope
of this study. Furthermore, since fault geometry and kinematics have a much larger influence on the thermal
field than shear heating [Whipp et al., 2007] we have opted not to consider its influence in order to minimize
the free parameter space. See Table 5 for a complete list of model input parameters.

Lastly, cooling ages are predicted using the thermochronometer age prediction algorithms available in Pecube
[e.g., Braun, 2003; Braun et al., 2012], but faults in the model are kinematically translated to simulate lateral
advection of the model topography [e.g., Herman et al., 2007; Whipp et al., 2009]. Lateral advection of the model
topography provides near-vertical exhumation pathways for the bedrock sample locations in the model, which
prevents potential problems arising from the use of steady state topography and rock transport trajectories
above fault segments with shallow dip (<20°) (see Data Set S1, Appendix F for additional discussion).

4.2, Inversion Algorithm: Neighborhood Algorithm (NA)

We use the neighborhood algorithm [Rickwood and Sambridge, 2006; Sambridge, 1999a, 1999b] with the for-
ward model Pecube [Braun, 2003; Braun et al., 2012] to perform a formal inversion of the thermochronometer
data presented in section 3. The goal of the inversion is to place bounds on allowable geometries and slip rate of
the MHT and thermal properties in the crust. Because we follow the procedure used by a number of previous
studies [Braun and Robert, 2005; Campani et al., 2010; Herman et al., 2010; Robert et al., 2011; Valla et al., 2010],
below we provide only a brief overview of the two stages of the inversion.

The first stage of the neighborhood algorithm is designed to search through the multidimensional parameter
space and find parameter combinations that minimize the misfit between observed and predicted data
[Sambridge, 1999a]. To start, a set of input values are randomly selected within the parameter space and
forward models are run with those parameters, generating a misfit value for each parameter combination. For
our use of Pecube, this misfit value reflects the goodness-of-fit between our observed thermochronometer
dataset and a set of predicted cooling ages based on the input parameter combination in Pecube.
Mathematically, the misfit function, @, used in Pecube is,

1 \/ , (PredAge, — ObsAge;)” @

o= n i=1 0,_2
where n is the number of thermochronometer ages, PredAge is the age predicted by Pecube, ObsAge is the
observed age, and g is the 1 sigma uncertainty in the observed age. After generating misfit values for the ini-
tial set of points, the parameter space is divided into a set of Voronoi cells [Sambridge, 1999a], which comprise
the nearest neighborhood about each point in the parameter space. Misfit values for each point are assigned
to the surrounding Voronoi cell, and input values for subsequent forward models are selected within a subset
of Voronoi cells containing the points with the lowest misfit values, thereby guiding the search to regions
with the best fit to the data. This process was traditionally done iteratively [Sambridge, 1999al, but we use
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Figure 7. Cooling and exhumation of four rock samples (A, B, C, and D) now exposed at the surface (white dots) in the hanging
wall of an active structure (black bold line) with variable dip angle. Light grey arrows represent the velocity field and light colored
lines are isotherms. Black dashed lines indicate the exhumation pathway to the surface and the coloured dots represent the
position at which the exhumation pathway crosses the effective closure temperature isotherm for the AHe (green), AFT (blue),
ZHe (pink), and ZFT (grey) thermochronometers. The four plots above the cross section show cooling (red dots) and exhumation
(grey dots) curves for samples A, B, C, and D between 12 and 0 Ma. The colored lines indicate the time at which the samples
passed through their respective effective closure temperature isotherms with same color coding as for the dots. Long-term and
instantaneous exhumation rates (vz) are reported for each thermochronometer and sample location in mm/yr.

a modified version of the neighborhood algorithm that continually samples the best Voronoi cells containing
the models with the lowest misfit for each new forward model [Rickwood and Sambridge, 2006]. For our in-
versions, we resample 90% of the previous Voronoi cells and typically converge on a good fit (@ < 1) to
the observed thermochronometer data in less than ~20,000 forward models.

Once the parameter search stage is finished, the complete set of forward model results is resampled in the
appraisal stage to place statistical bounds on the parameter ranges that provide a satisfactory fit to the data.
Appraisal of the suite of forward model misfits is done using Bayesian inference [Sambridge, 1999b]. This
stage of the neighborhood algorithm produces posterior probability density functions (PPDFs) for each
model parameter, in our case, using the likelihood function below,

PredAge; — ObsAge,)?
L: exp _E\/Zn ( re gel S gel) (3)

2\ 71 o?

Output from this stage of the neighborhood algorithm calculation will be presented in the results in the form
of 1-D and 2-D PPDFs for the inversion parameters.

4.3, Interpretation of Cooling and Long-Term Exhumation Rates

Our thermokinematic models involve continuous slip on a single structure (MHT) with steady state topog-
raphy, and exhumation rates in the model orogen that are a function of the time over which they are cal-
culated. Instantaneous exhumation rates (vz;,s) in thermokinematic models are equal to the vertical
component of the velocity vectors at the model surface. In contrast, longer-term exhumation rates calculated
for a given thermochronometer (Vziermochronometer), COrrespond to the depth (with respect to the surface) of
a sample at the time equal to its apparent cooling age divided by its apparent cooling age (Figure 7). Clearly,
this depth will depend on both, the subsurface thermal field and the particle pathway to the surface. For
samples with multiple thermochronologic measurements, the long-term exhumation rate will represent the
increment of the integrated exhumation history recorded over the sample age (Figure 7). Thus, the long-term
and instantaneous exhumation rates may not be equal, especially in areas where some fault segments have
shallow dip angles or samples are exhumed above multiple fault dip segments. For example, in a situation
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where exhumation recorded by a given thermochronometer occurred while the sample was being
transported above a fault of uniform dip angle, the instantaneous and long-term exhumation rates may be
equal (e.g., Figure 7, sample D). Where this is not true, the instantaneous and long-term exhumation rates are
likely different (e.g., Figure 7, samples A-C), with important implications for the interpretation of those
samples, as discussed below.

As emphasized by previous studies [e.g., Batt and Brandon, 2002; Ehlers, 2005; Stiiwe and Hintermidiller, 2000],
lateral or horizontal particle displacement is critical for data interpretation. Samples may have traveled tens of
kilometers horizontally but little vertically between cooling below their effective closure temperature isotherm
and reaching the surface (Figure 7). As a result, the use of simpler 1-D modeling techniques that assume vertical
exhumation only may yield erroneous long-term exhumation rates that are spatially offset. Furthermore, it is
often assumed in low-temperature thermochronology that cooling relates to upper crustal exhumation. This may
be true in some tectonic settings, but in a shallowly dipping fold-thrust belt, this assumption is unlikely to be true,
as cooling and exhumation curves may be decoupled even in the shallowest portions of the crust (Figure 7).

We note that it may be difficult to compare our thermokinematic results with equivalent studies in the
Himalaya because (1) previous thermokinematic modeling-based studies used different fault models, data
sets, tectonomorphic scenarios, software, and analytical solutions [Adlakha et al., 2013; Bollinger et al., 2006;
Célérier et al., 2009; Herman et al., 2010; Robert et al., 2011; Whipp et al., 20071, (2) some have used simpler one-
dimensional thermal models [Long et al., 2012; Thiede et al., 2009] that do not take into account the geometric
complexities of the subsurface thermal field and the horizontal component of particle paths, potentially bi-
asing exhumation rates, and (3) exhumation rates calculated from near-vertical age-elevation profiles [e.g.,
Blythe et al., 2007; Grujic et al., 2006; Huntington et al., 2006] imply a range of assumptions [e.g., Ehlers, 2005;
Huntington et al., 2007; Mancktelow and Grasemann, 1997] regarding the particle paths and the geometry of
isotherms at depth that also may yield poor estimates of the long-term exhumation rates.

4.4. Modeling Results

In the following sections, we describe inversion results from the two tectonomorphic scenarios (for details,
see Table 6) and for each transect.

4.4.1. Constant Slip Rate on the MHT

4.4.1.1. Inversion Set Western Bhutan 1 (WB1)

As described in section 2, available geophysical constraints for the MHT along the western transect (Figure 3a)
are used to evaluate the model’s ability to reproduce realistic age patterns and fault geometries for the basal
detachment. In this initial inversion, we let the geometry of the MHT vary within the range defined by geo-
physical and geological data at points 1, 2, and 4, as indicated in Figure 3a (red bars/box). The Himalayan
shortening rate range is 20-24 mm/yr and the convergence partitioning range is 0.5-0.9 (these ranges are
also used in subsequent inversions; see Table 6). We allowed the basal temperature and the heat production
to vary between 500-1000°C and 0-30°C/My, respectively. This first inversion set comprises 20,816 forward
models (Figure 8), and parameter values for the best fit solution can be found in Table 6.

The results of the inversion demonstrate the data are particularly sensitive to the geometric and kinematic
parameters, with NA appraisal producing Gaussian- and exponential-shaped 1-D PPDFs for Z,, X;, and 4
(Figure 8). The minimum misfit value observed was 0.65, indicating a good overall fit to the data. The calculated
MHT geometry is in excellent agreement with geophysical data for points 2-4 (see Figures 8b and 9c¢). The flat
segment of the detachment in the shallowest part of the section (between points 1 and 2) located at 15 km
depth is consistent with the highest values proposed in Sikkim by Acton et al. [2011] but 5 km deeper than cross-
section balancing results by Bhattacharyya and Mitra [2009] and Tobgay et al. [2012] (Figures 8c and 9c¢). The
location of point 1 produces a steep (65-70°) frontal fault segment linking the 15 km deep point 1 to the surface
exposure of the MBT. This geometry is likely the result of the model attempting to reproduce the steep age
gradient observed in the southernmost part of the western transect (Figure 5a). The convergence rate is poorly
resolved with values ranging between 20 and 23 mm/yr (Figure 8d), but the partitioning value of 0.68 is very
well defined and indicates that about one third of the convergence is accommodated by overthrusting at rates
of 6-7 mm/yr, consistent with previous studies [Herman et al.,, 2010; Robert et al., 2011; Whipp et al., 2007]. The
preferred temperature at the base of the model falls between 800 and 900°C, with a best fit at 841°C and
coupled with a low radiogenic heat production of 0.13°C/My (Figure 8a). Although the thermal parameters in
the model appear to be well defined, we found in test inversions that this good fit occurs both for combinations
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Figure 8. Inversion results for model West Bhutan 1 (WB1) solving for eight free parameters. In the largest frames, each dot
represents a single forward model, and the color scheme associated with each dot corresponds to the goodness of fit to the
data set (see color scale: red dot = highest misfit, blue dot =lowest misfit). The white triangle represents the parameter
values used in the forward model with the lowest overall misfit. One-dimensional posterior Probability Density Functions
(PPDFs) derived from the NA appraisal are shown adjacent to the axes for each parameter. The red lines indicate parameter
values for the lowest misfit forward model. Two-dimensional PPDFs are represented by lines overlying the scatter diagram
where the solid black line is the 1o confidence interval and the dashed line the 20 confidence interval.

of high basal temperature and low heat production and vice versa, suggesting the model can produce similar
ages for both. For example, correlation matrices between the different free parameters calculated for each in-
version from the neighborhood algorithm [Sambridge, 1999b] (see Data Set S1, Appendix G) show that the
strongest correlation of parameters in model WBT1 is an anticorrelation between the basal temperature of the
model (Tb) and the heat production (A). With that in mind, and in order to reduce the number of model-free
parameters in subsequent inversions, we have chosen to fix the basal temperature and radiogenic heat pro-
duction to the best fit values from inversion WB1 (Table 6). Predicted ages obtained from a forward model using
the parameters yielding the lowest misfit fit reasonably well with observed AFT, ZHe, and ZFT data, but the
predicted AHe ages are much younger than the observed (Figure 9a).

Instantaneous exhumation rates extracted from the model velocity field show very rapid exhumation in the
immediate MBT hanging wall, rapid exhumation across the LHS and southern GHS, and slow to no exhu-

mation further north. Instantaneous exhumation rates are derived from the model velocity field at t=0Ma
and correspond to the vertical component of the velocity vectors at the surface (Figure 6b, vz, ins), Which are
controlled by the fault geometry and slip rate. The modern distribution of instantaneous exhumation from
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Figure 9. Cooling ages and preferred MHT geometry for the western transect inversions. Observed cooling ages along the west-
ern transect with the predicted cooling ages from the forward model with the lowest misfit in inversions (a) WB1 and (b) WB2. (c)
MHT geometry for lowest-misfit forward model in inversions WB1 (red) and WB2 (orange) with resulting MHT geometry data.

model WB1 (Figure 10b) indicates that from south to north, there is a 2-3 km wide band of rapid exhumation
of up to 6 mm/yr located above the frontal MBT ramp, an exhumation rate decrease to 3 mm/yr until 50 km
north of the MBT, an abrupt decrease to near 0 values at the northern extremity of the flat segment, an in-
crease between 100 and 170 km north of the MBT to values of ~1.8 mm/yr, and finally, a decrease to 1 mm/yr
due to the slightly shallower dip of the MHT north of 170 km (Figure 10b).

The results of our inversions highlight the significant tectonic/advective distortion of the crustal isotherms;
deformation of the subsurface thermal field induces substantial north-south changes in the geothermal
gradient (Figure 10a). Mean surface heat flow predicted by the model vary from 8.8 + 1.0 mW/m? in the
foreland to 56.6 + 12.3 mW/m? in the hinterland (Figure 10c). Moreover, the obliquity of the particle paths
with respect to these deformed isotherms (Figures 7 and 10c) variably impacts the cooling ages exposed at
the surface for the different thermochronometers, as was discussed in section 4.3.

4.4.1.2. Inversion Set Eastern Bhutan 1 (EB1)

Geophysical constraints on the MHT geometry beneath eastern Bhutan are scarce to nonexistent, requiring a
larger number of geometric free parameters (Table 6 and Figure 3b). In this inversion, all points are free pa-
rameters in both the X and Z directions (except for point 5, free only in the Z direction), with ranges defined
based on a balanced cross section by Long et al. [2011a] for the southern points and geophysical data
projected from the west for the northern point 5 (Table 6 and Figure 3b). Similar to WB1, the convergence
rate and partitioning are also free parameters. As mentioned in the previous section, input thermal param-
eters are the best fit values from inversion WB1. We however note that we have performed a test inversion
letting the basal temperature free and that it returned similar results as those described below. This inversion
set required 24,222 forward models (Table 6).
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Figure 10. Thermal field and instantaneous exhumation rates for single-stage inversions in western and eastern Bhutan. Cross sections showing MHT geometry with
thermal field, instantaneous exhumation rates, and velocity vectors for the (a-c) western (WB1) and (d—f) eastern (EB1) transects. Values of the predicted mean heat
flow (mW/m?) are provided in Figures 10c and 10f for the foreland, LHS, and GHS units.

Again, the model shows strong sensitivity to the geometric parameters and convergence partitioning factor,
with Gaussian- and exponential-shaped PPDFs produced for parameters /, Zs, X4, Z4, Z3, Z>, X1, and Z;. The depth
of the northernmost point (Zs) is constrained between 31 and 35 km (Figure 11a), which is consistent, but
slightly shallower than the equivalent on the western transect. Most other geometric points also yielded narrow
position ranges (Figures 11b-11d). In the south, these results are in good agreement with Long et al. [2011a],
and in the north, they imply the presence of a major crustal ramp north of 28°N, dipping 23° northward
(Figure 12¢), which is a feature that is not observed in geophysical data in the west (Figure 3a). This ramp pro-
duces young predicted ages at 28°N for all thermochronologic systems (Figure 12a), which are significantly
different from the observed ages, specifically for ZHe and ZFT where the difference can reach 5 and 10 Ma,
respectively (Figure 12a). Finally, similar to WB1, the convergence rate is poorly defined, (Figure 11f), and the
convergence partitioning factor hits the range value with a low best fit value of 0.53 (Table 6). The latter implies
that up to 47% of the convergence is accommodated by overthrusting, yielding abnormally high overthrusting
rates of up to 9.5-11 mm/yr as compared to the 25-30% suggested by previous studies [e.g., Herman et al.,
2010] and that from the western transect.

The distribution of instantaneous exhumation rates is comparable to WB1 in that exhumation is most rapid in
the immediate MBT hanging wall, but EB1 also shows rapid exhumation in the far north of the eastern
transect. From south to north, the instantaneous exhumation rates are highest across a narrow range in the
first 10 km from the trace of the MBT with rates of 7.5 to 4.5 mm/yr (Figure 10e). From there the rates decrease
progressively northward down to values of 0.5 mm/yr at 180 km before finally increasing to 4 mm/yr above
the northern ramp (Figures 10e and 10f). The resulting thermal field is heavily perturbed in the northern
section of the eastern transect, where heat is rapidly advected above the steep ramp, whereas thermal dif-
ferences between the hanging and footwall are less pronounced in the south, atop the flatter segment of the
MHT (Figure 10d). Mean surface heat flow predicted by the model vary from 12.2 + 0.3 mW/m? in the foreland
t0 94.3 + 27.9 mW/m? in the hinterland (Figure 10f).

4.4.2. Two-Stage Partitioning of Slip on the MHT

In order to explore the potential for temporal variations in exhumation rates over the 12 Ma model run time,
we ran two sets of inversions that permitted a change in the convergence partitioning factor (explored range
between 0.5 and 0.9) at a transition time between 7 and 2 Ma. This range encompasses the timing of pro-
posed changes in exhumation rate suggested by previous studies [e.g., Grujic et al., 2006; Huntington et al.,
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Figure 11. Inversion results for model East Bhutan 1 (EB1) solving for 11 free parameters. Symbols and plot layout are as in Figure 8.

2006]. Because the models have steady state topography, any change in convergence partitioning from the
first stage to the second stage (4; and 4, respectively) would produce a proportional change in exhumation
rates in the hanging wall of the MBT. If A, > A,, it would correspond to an increase in exhumation rate, and if
A1 < 4y, the exhumation rate will decrease. Note that the thermal and geometric parameters and the con-
vergence rate do not change with time in these simulations but are allowed to be different than in WB1
and EB1.

4.4.2.1. Inversion Set Western Bhutan 2 (WB2)

In spite of adding free parameters for the transition in convergence partitioning, inversion WB2 has one less
free parameter than WB1 and converges more rapidly. We reduced the number of free geometrical param-
eters to two points (1 and 4) and relied on the geophysical data for the others. As mentioned above, the
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Figure 12. Cooling ages and preferred MHT geometry for the eastern transect inversions. Observed cooling ages along the east-
ern Bhutan with the predicted cooling ages from the forward model with the smallest misfit in inversions (a) EB1 and (b) EB2. (c)
MHT geometry for lowest-misfit forward model in inversions EB1 (purple) and EB2 (blue) with resulting MHT geometry data.

convergence rate (vcony), Partitioning factors 1, 15, and the transition time were also investigated (Table 6).
Convergence was reached after running 15,414 forward models, with a minimum misfit value of 0.63, similar
to that found in inversion WB1.

Similar to WBT1, the data show sensitivity to the geometric parameters and convergence partitioning factors,
yielding a MHT geometry identical to that found in WB1 (Figures 9c¢, 13a, and 13b). The inversion produces
Gaussian- and exponential-shaped PPDFs for parameters 14, 1,, X7, and Z; (Figure 13). This inversion included
a two-stage exhumation history, but the transition time at ~4.3 Ma was poorly defined (Figure 13c). Part of the
poor transition time definition may relate to the fact that similar optimal partitioning factors were found
(Figure 13d) for the two stages; the forward model with the lowest overall misfit yielded values of 0.69 and
0.73 for A; and 1,, respectively (Figure 13d and Table 6). Although the best forward models, represented by
the clusters in Figure 13, are located on the upper left side of the steady exhumation line (Figure 13d, bold
grey dashed line) suggesting that there is a tendency for the exhumation to decelerate by 5-10% sometime
after 4-5 Ma, the 10 uncertainty in the rate change (Figure 13d, heavy black line) suggests there may be no
requirement for an exhumation rate change. Finally the forward model with parameters yielding the lowest
misfit shows that the predicted ages fit the observed ages just as well as they do for model WB1, except again
for AHe data (Figure 9b).

4.4.2.2. Model Eastern Bhutan 2 (EB2)

Due to the lack of geophysical data along the eastern Bhutan, eight geometric parameters were kept free and
a two-step evolution was allowed, as described in the previous section requiring a larger number of forward
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Figure 13. Inversion results for model western Bhutan 2 (WB2) solving for seven free parameters. Symbols and plot layout
are as in Figure 8.

models to reach convergence (Table 6). In total, 20,424 forward models were run, yielding a minimum misfit
value of 0.43, identical to the first step run for the same transect (EB1).

Surprisingly, in this inversion the model not only shows a significant change in the convergence partitioning
(exhumation rate) but the geometry of the MHT is also significantly different than that obtained in inversion
EB1 (Figure 12c¢). Similar to above, the model showed sensitivity to the geometric parameters and
partitioning factor, producing Gaussian- and exponential-shaped PPDFs for parameters 1y, 13, X4, Z3, X3, Z5, X,
Zy, X3, and the transition time (Figure 14). For the model geometry, the frontal segment dips at similar
moderate angle of 40° but roots deeper at 10 km (Figures 12c and 14d) and remains subhorizontal until point
2 (Figures 12c and 14c). North of that point, the MHT steadily dips northward at 9-11°, and there is no in-
flection or ramp north of 28°S as observed in EB1, (Figures 12c and 14a-14c). Note that Z, remains poorly
constrained (Figure 14a) and may vary between 20 and 30 km. A well-defined transition time at about 5.9 Ma
(Figure 14e) separates a pre-5.9 Ma time interval (stage 1) characterized by a low partitioning factor (best fit
model returned a value of 0.56) and a post-5.9 Ma stage 2 characterized by a higher partitioning factor (best
fitis 0.79) (Figure 14f). The convergence rate, again poorly defined, has a lowest-misfit value of 22.7 mm/yr
(Figure 14e), yielding overthrusting rates of ~10 and 4.7 mm/yr for stages 1 and 2, respectively. These results
suggest that along this transect, exhumation rates decelerated by about 30-50% after ~6 Ma (Figures 14e
and 14f), in this case reflecting a statistically significant rate change, as shown by the 2-D PPDFs for the
convergence partitioning factor (Figure 14f). Although this two-step model returned a similar misfit value
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Figure 14. Inversion results for model East Bhutan 2 (EB2) solving for 12 free parameters. Symbols and plot layout are as in
Figure 8.

than EBT, it yields a better fit between predicted and observed ages than EB1 for all the thermochronologic
systems (except for the three southern AFT data, Figure 12b), in particular north of 28°N, where a better fit can
be attributed to the absence of the steep ramp observed in that location in inversion EB1 (Figure 12c¢).

The spatial distribution of instantaneous exhumation rates for both stages is similar because the geometry of
the MHT does not change through time, but the rate decreases (Figures 15b and 15e). Higher overthrusting
rates before 5.9 Ma produce more rapid advection of heat and a larger thermal perturbation as compared to
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Figure 15. Thermal field and instantaneous exhumation rates for two-stage inversion in eastern Bhutan (EB2). Cross sections
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5.9Ma) and (d-f) step 2 (5.9 Ma to present) of the run. Values of the predicted mean heat flow (mW/mZ) are provided in
Figures 15c and 15f for the foreland, LHS, and GHS units.

the second stage from 5.9 Ma to present (Figures 15a and 15d) and trigger a drastic decrease of predicted
mean flow values at the surface (Figures 15c and 15f).

The instantaneous exhumation rates along the transect feature a 10 km wide domain of fast exhumation
located above the frontal ramp of the MHT in the south, with rates reaching 7-6.5 mm/yr during stage 1 and
3 mm/yr during stage 2. Further north, exhumation rates decrease abruptly to values near 0 above the
subhorizontal segment of the MHT where particle paths are horizontal, and north of the flat segment where
the MHT dips steadily at 9-11°, exhumation rates increase to about 1.5-2 mm/yr prior to 5.9 Ma and 0.8-1 mm/yr
between 5.9 Ma and the present (Figure 15).

5. Discussion

Before discussing our results, we emphasize that our thermokinematic model is not coupled to surface-
processes or landscape-evolution models. As a consequence, the model topography does not evolve with
time and exhumation is controlled by a combination of model topography and underlying fault kinematics.

5.1. Geometry of the Main Himalayan Thrust

In Bhutan, the MHT can be divided into three main segments, from north to south: (a) A deep crustal ramp
north of 27.5°N, (b) a flat section at ~ 10-15 km depth extending 26.8-27.3°N in the west and 27-27.3°N in the
east, and (c) a steep frontal ramp (Figures 9¢ and 12c). In the following discussion, we review our preferred
model geometries, their relationship to available data, and possible explanations for discrepancies in our
calculated MHT geometries. Along most of the western transect (where geophysical data provide both the
basis and support for our results), the model predicts the MHT geometry well, suggesting that tectonic dis-
placement on the MHT may be the dominant influence on upper crustal cooling and exhumation. Conversely,
geometric anomalies in some fault sections may reflect an oversimplified fault model or the influence of
external forcing (e.g., climate-driven erosion, variability in rock erodibility, and transient fluvial erosion) on the
cooling age distribution.

We find our preferred MHT geometries are in broad agreement not only with available geophysical data but
also with structural reconstructions and other important geological observations. North of 27.5°N, previous
thermokinematic modeling [Robert et al., 2011] and results from balanced cross sections [Long et al., 201 1a;
Tobgay et al., 2012] predict that the MHT is located at a depth ranging between 15 and 25 km below the
surface trace of the I-STDS. As previously mentioned, this geometry is incompatible with INDEPTH data
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Figure 16. Summary of the results for the western transect. (a) North-south distribution of cooling ages. Mean topographic
profile is represented by the bold black line and minimum/maximum elevations by the thin black lines. Mean annual rainfall
distribution represented by the bold blue line and minimum/maximum values by the thin blue lines. The location of the
main shear zones are represented by vertical dotted lines. Abbreviations are as in Figure 1. Color coding is as in Figure 5. (b)
Instantaneous (red line) and long-term (colored dots) exhumation rates; each dot represents the long-term exhumation
value returned by each sample reported in Figure 16a; (Color coding: green, AHe sample; blue, AFT sample; pink, ZHe
sample; and grey, ZFT sample). (c) Geometry of the MHT as obtained in run WB1.

(see Figure 3) and is too flat to allow for the occurrence at the surface of late Miocene granulitized eclogites
exhumed from crustal depths of ~70 km to midcrustal depths (20-30 km) in the hanging wall of the Kakhtang
Thrust in ~ 2 Ma [Grujic et al., 2011], nor of the MCT zone gneisses and migmatites isothermally decompressed
from crustal depths of 37-45 km to 22-15 km in the mid-Miocene [Chakungal, 2006; Daniel et al., 2003]. Robert
et al. [2011] inverted a much smaller and suboptimally distributed AFT data set, concluding that the MHT in
Bhutan is a plane steadily dipping northward at 5-7°, which does not fit the geophysical data (Figure 3). This
is confirmed by a test inversion with free thermal (basal temperature and heat production) and kinematic
(partitioning and convergence rate) parameters, allowing the dip of the MHT to vary between 5 and 7° to-
ward the north. Results from the test inversion are unable to reproduce the north-south distribution (and
variation) of the thermochronologic ages presented in this study. In contrast, we find geometries that place
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Figure 17. Summary of the results for the eastern transect. (a) North-south distribution of cooling ages. Mean topographic
profile is represented by the bold black line and minimum/maximum elevations by the thin black lines. Mean annual rainfall
distribution represented by the bold blue line and minimum/maximum values by the thin blue lines. The location of the
main shear zones are represented by vertical dotted lines. Abbreviations are as in Figure 1. Color coding is as in Figure 5. (b)
Instantaneous (red line: stage 12-5.9 Ma; yellow line: stage 5.9 Ma to present) and long-term (colored dots) exhumation
rates; each dot represents the long-term exhumation value returned by each sample reported in Figure 17a; same color
coding as in Figure 16. (c) Geometry of the MHT as obtained in run EB2.

the MHT at depths of 30-40 km at the northern extremity of our models (28.5°N) (Figures 9c and 12c). Further
south, the flat segment between points 1 and 2 (Figure 9¢) is in broad agreement with balanced cross sec-
tions, although the western flat is 2-7 km deeper than that of Tobgay et al. [2012] yet within error of the
geophysical data. In the east, the calculated MHT flat fits well with the geometric model of Long et al. [2011a],
although the resolution of the thermochronologic data set and the limited number of points defining the
MHT geometry preclude from predicting a geometry that includes alternating ramps and flats, as suggested
by Long et al. [2011a] (Figure 12c).

The southernmost segment of the MHT is a steeply northward dipping (65-70° in the west and 40° in the east)
frontal ramp rooted at 15 and 10 km in the west and east, respectively (Figures 9c and 12c). This geometry is
different from that documented by geological cross sections available at the toe of the wedge [Long et al.,
2011a; Tobgay et al., 2012]. These differences may reflect (1) biases introduced by the thermochronological
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data set characteristics (age, uncertainty, and spatial distribution of the data) and/or (2) erosion rates that are
not in balance with tectonic uplift rates. Each point is discussed separately below.

First, the misfit function we use (equation (2)) is quite sensitive to the size of the age uncertainties.
Comparisons between observed and predicted ages (Figures 9 and 12) suggest that the model is most
sensitive to ages with very small measurement uncertainties and will tend to minimize the misfit to the ZHe
data, because they have smaller uncertainties than AFT and AHe systems. For example, along the frontal part
of the western transect, sample BU07-60-z1 has a young ZHe age of 3.36 Ma and a very low analytical error of
0.05 Ma (Table S2), mostly because there is only one aliquot for this sample. To determine how sensitive the
inversion is to this sample and assess whether our results may be biased by the very low uncertainty, we
performed a test inversion equivalent to WB1 but without the ZHe age of sample BU07-60-z1 in the age data
set. The resulting geometry of the frontal segment has a rooting depth of 10 km and a dip of about 55°,
instead of 15km and 70° in WB1, suggesting the geometry is sensitive to this individual ZHe age. However,
sample BU07-60-z1 is likely not an outlier, because it is located next to and compatible with the cooling ages
of samples BHFO1a and b, with AFT ages of 2.5+ 0.6 and 2.4 + 0.6 Ma, respectively (Figure 5). Thus, we see no
objective reason that the ZHe age from sample BU07-60-z1 should be excluded from the age data set.

Second, there are several potential reasons why the proximal part of the MBT hanging wall may have
experienced rapid localized surface erosion. First, high erodability of surface rocks may facilitate focused
denudation. In western Bhutan this seems unlikely because the rocks exposed within 5 km north of the MBT
are quartzite intercalated with slates, phyllites, and dolomite of the Baxa Formation [see Tobgay et al., 2012,
Figure 3] that are resistant to erosion as compared to sandstones of the Siwaliks. In the east, the leading
edge of the steep frontal ramp is located beneath the mechanically weak Permian Gondwana sediments
[Gansser, 1983]; however, those rocks are only exposed along a narrow (1-2 km wide) strip [see Long et al.,
2012, Figure 2]. North of the Gondwana sediments, resistant Diuri and Baxa Formation are exposed similar
to western Bhutan. It thus seems unlikely that focused erosion of the Gondwana sequence alone would
generate significant change in the geometry of the model MBT. An alternative explanation for rapid
localized erosion on the MBT is that the southernmost sections of both transects reside within the high
monsoonal precipitation band located over the foothills of the wedge with rainfall of up to 6 m/yr
[Bookhagen and Burbank, 2010] (Figures 16 and 17). If this precipitation zone has remained at this position
for the past several million years and induced significant local erosion, it may compensate rapid rock uplift
on a steep frontal ramp and allow for persistent steep geometries. In addition, high, spatially localized
erosion rates may result in an upstream-propagating knickpoint that results in transient topography.
Depending on whether landscape has reached steady state after disturbance, the current topography may
represent a transient state and does not represent a balance between rock uplift and erosion. We note
again that transient topography is not accounted for in the thermokinematic model.

Lastly, in eastern Bhutan the lack of geophysical data makes it difficult to verify the geological accuracy of our
models results. The MHT geometries found by inversions EB1 and EB2 are very dissimilar (Figure 12c). EB1
predicts a steep northward dipping ramp north of 28°N that is not observed in the INDEPTH profiles in the west
and which induces young ages north of 27.5°N, incompatible with observed ages (Figures 12a and 12c). The
two-stage model, EB2, yields an overall better fit with the balanced cross-section data, is in better agreement
with INDEPTH data and produces predicted ages in better agreement with observed ages (Figures 12b and
12c). For these reasons, we favor model EB2 as representing best the geometry of the MHT in eastern Bhutan.

5.2. Tertiary Exhumation Rates

In Bhutan, there is growing evidence for a drastic change in regional crustal exhumation rates around 10 Ma.
Although our study mainly focuses on upper crustal exhumation in Bhutan after 10 Ma, it is important to first
briefly discuss the pre-late Miocene lower-middle crustal exhumation rates to provide a context for the late
Miocene to present upper crustal exhumation history as interpreted in this study.

5.2.1. Pre-10 Ma Exhumation Rates

Records of deformation in the Bhutanese Himalaya prior to 10 Ma include very rapid cooling of deep crustal
rocks, exhumation of granulite grade metamorphic rocks between synchronous, subparallel but opposite sense
shear zones that cannot be explained by conventional fold-thrust belt tectonics, suggesting exhumation by
ductile extrusion and channel flow tectonics [e.g., Grujic et al., 2002; Grujic, 2006; Hollister and Grujic, 2006].
Nonuniform, spatially variable early to middle Miocene exhumation of rock from midcrustal depths is
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documented across the GHS, including (1) in southeastern Bhutan (south of Tashigang, Figure 1), where ~17-
27 km of rapid exhumation in the MCT zone occurred between 18-13 Ma and present at rates of 3 to 9 mm/yr
[Daniel et al., 2003], (2) further north in the footwall of the Kakhtang Thrust, rocks were exhumed from midcrustal
depths by 21-17 Ma, possibly aided by synchronous slip on the O-STD and MCT [Chambers et al., 2011; Kellett
et al,, 2009, 2010; Tobgay et al,, 2012; Warren et al., 2011a], and (3) in the hanging wall of the Kakhtang Thrust in
NW Bhutan (Figure 2), where granulitized eclogites experienced 20-44 km of exhumation in 1-2 Myr, implying
exhumation rates of 10-44 mm/yr between 15 and 13 Ma, again possibly aided by coeval slip on the I-STD [Grujic
et al, 2011; Kellett et al., 2009; Warren et al.,, 2011b]. Peak temperature metamorphic ages combined with mus-
covite “°Ar/**Ar ages across the GHS and upper LHS suggest very rapid cooling until 13-11 Ma (that may also be
partly attributed to isotherm relaxation) and a common GHS-LHS cooling history by 10 Ma [Castelli and Lombardo,
1988; Gansser, 1983; Kellett et al., 2009, 2013; Long et al., 2012; Maluski et al., 1988; Stiiwe and Foster, 2001].
Combined, these observations closely match predictions from numerical geodynamic models of channel flow
tectonics in the Himalaya [Beaumont et al., 2004; Jamieson et al., 2004, 2006]. By 10 Ma, rock uplift/decompression
rates decreased, perhaps in response to a decrease in the India-Eurasia convergence rate [Molnar and Stock, 2009].
Tectonometamorphic data [e.g., Grujic et al., 2011, Figure 9b] suggest that by circa 10 Ma, the upper-middle crust
had cooled to temperatures at which the Himalayan range would dominantly deform by frictional plastic flow and
act as a critical wedge. Thus, we suggest common cooling of the GHS by 10 Ma correlates with activation of the
MBT and cessation of ductile deformation within the GHS, including the MCT, the KT, and the ductile STDS.
5.2.2. Post-10 Ma Exhumation Rates

Our thermokinematic models suggest contrasting late Miocene-to-present upper crustal exhumation histo-
ries for western and eastern Bhutan. In western Bhutan, post-10 Ma exhumation is compatible with steady
displacement on the MHT at overthrusting rates of 6-7 mm/yr consistent with previous studies in Nepal
[Herman et al., 2010; Robert et al., 2011; Whipp et al., 2007]. At a given location along our two transects, long-
term exhumation varies in space, from 1-1.5 mm/yr north of 27.5°N down to 0.7 mm/yr where the MHT
flattens, before increasing again up to ~3 mm/yr in the frontal part of the system (Figure 16). Note that the
distribution of long-term exhumation rates does not spatially correlate with and mimic the shape of cooling
ages distribution (Figures 16a and 16b) for the reasons explained in section 4.3. Where samples have been
exhumed above a fault segment of constant dip angle, instantaneous and long-term exhumation rates agree
(Figure 16), but where the MHT is subhorizontal, thermochronometer-derived exhumation rates calculated
over millions of years do not equal to instantaneous exhumation (surface erosion) rates.

In contrast to western Bhutan, long-term exhumation rates in eastern Bhutan show considerably less varia-
tion along the two transect (Figure 17). Inversion EB2 provides the favored tectonic scenario with high
overthrusting rates between 12 and 6 Ma that decrease considerably after ~6 Ma, causing instantaneous
exhumation rates to decrease 40-50% after the transition time (Figure 17). Long-term exhumation rates av-
eraged over the last 12 Ma, are spatially fairly constant along the transect with rates of 1 mm/yr in the north,
0.7 mm/yr along most of the transect, and 1-1.5 mm/yr above the MBT (Figure 17). Because the thermal field
is relatively cool in the vicinity of the MBT during the last 6 Ma (Figure 15d), long-term exhumation rates do
not match the instantaneous exhumation rates above the MBT.

5.2.3. Decrease in Exhumation Rates at 6 Ma: Western Versus Eastern Bhutan

Our model results suggest that upper crustal exhumation rates in the GHS and LHS in the Bhutan Himalaya
may have decelerated at ~6 Ma, however, this rate change is only seen clearly along the eastern transect. Why
did exhumation rates change only in eastern Bhutan? Besides a slightly different MHT geometry for each of
these transects, the main tectonic difference between western and eastern Bhutan is the presence of the
Shillong Plateau to the east of 90°E (see Figure 1 and Biswas et al. [2007, Figure 1]). The Shillong Plateau is a
foreland basement uplift bounded by two steeply dipping reverse faults. Tectonic rock uplift and erosional
exhumation initiated by 9-14 Ma [Biswas et al., 2007; Clark and Bilham, 2008]. Late Miocene mean cumulative
shortening rates derived from thermochronologic data are only 0.65-2.3 mm/yr [Biswas et al., 2007] and
1-2mm/yr [Clark and Bilham, 2008] across the Shillong Plateau. In contrast, GPS velocities suggest that
possibly as much as 6.3 +3.8 mm/yr [Paul et al., 2001], 4.3 £ 4.8 mm/yr [Sridevi Jade, 2004], and more
recently 4-7 mm/yr [Banerjee et al., 2008] of the India-south Eurasia convergence is accommodated in the
Shillong Plateau region. Since the overall India-south Eurasia convergence rate has remained constant
over the last 11 Ma [Molnar and Stock, 2009] and the reverse faults bounding the plateau were activated
by 9-14 Ma [Biswas et al., 2007; Clark and Bilham, 2008], it seems unlikely that these two events triggered
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the deceleration of exhumation observed in eastern Bhutan at 6 Ma. However, the difference between
long- and short-term mean cumulative shortening rates suggests that the shortening accommodated by
the Shillong Plateau might have increased during the latest Miocene; however, no data are available as to
when this occurred and whether or not it reflects a longer-term tendency at Pliocene timescales. It is
interesting to note that in central Bhutan at ~90°E, NS-trending active strike slip faults are aligned with the
western margin of the Shillong Plateau [Gansser, 1983] [see Meyer et al., 2006, Figure 10 (Pho Chhu)]. These
could potentially act as transfer structures accommodating different overthrusting rates between eastern
and western Bhutan; however, there is admittedly no field evidence of large-scale displacement of major
structures (e.g., MCT, RT, and MBT).

The study area, located in the wettest (eastern) part of the Himalaya, is unique in that it has a distribution of
modern precipitation that mimics the topographic profile [see Bookhagen and Burbank, 2010, Figure 8] and
rainfall amounts in the central and eastern Bhutan foothills may have been perturbed by the Pliocene
surface uplift of the Shillong Plateau. The Shillong Plateau, with an average elevation of 1.6 km and
Shillong Peak at ~2 km, forms an orographic barrier that forces out significant amounts of Indian Summer
Monsoon rainfall on its southern slope, making the southern Shillong Plateau one of the wettest inhabited
places on Earth [Bookhagen and Burbank, 2006, 2010]. Pliocene uplift of the Shillong Plateau [Biswas et al.,
2007] may have also introduced a significant precipitation barrier in the foreland in eastern Bhutan, and it
has been suggested that this change in precipitation distribution may have influenced upper crustal
exhumation rates in the Bhutanese orogenic wedge during the Pliocene [Grujic et al., 2006]. However, our
results suggest that the thermochronologic data are more compatible with a model in which exhumation
of the hanging wall of the MBT is controlled by tectonically driven erosion processes. This contradicts Grujic
et al's [2006] conclusions for the inner part of the orogenic wedge. It is worth noting, however, that in the
Bhutanese foothills, the peak of mean annual precipitation spatially coincides with the steep and/or deeply
rooted frontal ramp (Figures 16 and 17). We thus suggest that climatically controlled erosion south of 27°S
may have enhanced the steep age gradient, requiring the numerical model to compensate for a steep,
deep frontal thrust in order to replicate the abrupt age gradient. This is compatible with recent fidings
suggesting that the morphology of the Himalayan foreland fold-and-thrust belt, soith of the MBT, is primarily
controlled by surface processes [Hirschmiller et al., 2014].

6. Conclusions

Our analysis of 101 new apatite and zircon (U-Th)/He and fission track in situ bedrock samples combined with
extensive structural and geological field observations, and 3-D thermokinematic modeling of the
thermochronological data allow us to make the following conclusions:

1. When combined with published data, our new substantial multithermochronologic data set plotted
against latitude shows comparable cooling age distribution patterns in western and eastern Bhutan: from
south to north, cooling ages increase from the Main Boundary Thrust to and across the Main Central
Thrust, then progressively decrease to a minimum age at about 27.75°N and increase again in the footwall
of the Inner South Tibetan Detachment. Importantly, these trends in cooling ages distribution do not spa-
tially correlate with surface traces of principal faults and shear zones and are interpreted to result from
changes in the geometry of the Main Himalayan Thrust underlying the orogenic wedge.

2. Inversions of thermochronologic data using 3-D thermokinematic modeling indicate that the data are
compatible with a tectonically driven model in which the basal detachment (Main Himalayan Thrust) is
overthrusted by an orogenic wedge for the last 10 Ma. The geometry of the basal detachment consists,
from north to south, of three segments: (1) a deep crustal ramp north of 27.5°N, (2) a flat section
at~10-15km depth extending 26.8-27.3°N in the west and 27-27.3°N in the east, and (3) a steep frontal
ramp. At first order, these geometries are consistent with the available geophysical data, but in detail, the
geometry and kinematics of the MHT may vary along strike between western and eastern Bhutan, in a sim-
ilar fashion as elsewhere in the Himalaya.

3. We observe significant differences in exhumation rates and patterns between western and eastern
Bhutan: In western Bhutan, the slip rates and the partitioning of deformation along the MHT has remained
steady during the last 10 Ma, with long-term exhumation rates ranging from 3 mm/yr in the south down
to 0.7 mm/yr at 27.25°N and up to 1-1.5 mm/yr north of 27.5°N. In eastern Bhutan, we predict a 40-50%
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decrease in overthrusting rate at 5-6 Ma. Long-term exhumation rates averaged over the last 10 Ma re-
main spatially fairly constant with rates of 1-1.5 mm/yr in the south, 0.7 mm/yr along most of the transect,
and 1T mm/yr north of 27.5°N. This local decrease in overthrusting rate may be potentially related to late
Miocene to Pliocene changes in the India-southern Eurasia convergence partitioning, with shortening
taken up by faults bounding the Shillong Plateau.

4. We suggest that north of the MBT in the Bhutan Himalaya, the geometry and kinematics of the basal de-
tachment is the dominant factor in controlling Neogene upper crustal long-term exhumation rates.

5. Finally, we emphasize that in fold-and-thrust belts soled by a basal detachment with a flat-ramp geome-
try, exhumational particle paths include significant amount of horizontal displacement within distorted
and complex 3-D thermal fields. As a result, cooling and exhumation curves are decoupled even in the
shallowest portions of the crust. Currently, inversion of multithermochronometer data sets using 3-D
thermal-kinematic modeling is the most appropriate technique to extract geologically meaningful
long-term (~10° year) upper crustal exhumation rates in such contractional tectonic settings.
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