
Journal of Geophysical Research: Solid Earth

The underthrusting Indian crust and its role in collision
dynamics of the Eastern Himalaya in Bhutan:
Insights from receiver function imaging

J. Singer1 , E. Kissling1 , T. Diehl2 , and G. Hetényi1,2,3

1Institute of Geophysics, Swiss Federal Institute of Technology, ETH Zurich, Zurich, Switzerland, 2Swiss Seismological
Service, ETH Zurich, Zurich, Switzerland, 3Now at Institute of Earth Sciences, University of Lausanne, Lausanne, Switzerland

Abstract Most of the convergence rate between the Indian and Eurasian plate is assumed to be
absorbed along a major basal thrust beneath the Himalaya, the Main Himalayan Thrust (MHT). Deformation
along this basal thrust in combination with frontal accretion results in the formation of the upper crustal
fold-thrust belt. The role of the underthrusting Indian crust and its impact on the long-term growth of
the Himalaya are only poorly understood, partly due to the lack of high-resolution seismic images of the
crust. To improve the imaging of lithospheric structures, we developed a 3-D migration scheme for receiver
functions using seismic data from the temporary GANSSER network in Bhutan. Extending the 2-D
high-frequency ray approximation and common conversion point stacking to 3-D including linear phase
weighting and a quality assessment, we reveal significant along-strike differences in the lithospheric
structure beneath Bhutan. In western Bhutan, the Moho geometry shows an increased dip south of the
Higher Himalaya reaching almost 70 km depth thereafter, whereas in eastern Bhutan the Moho is almost
subhorizontal at 50 km depth across our network. The appearance of distinct listric structures beneath the
MHT indicates intracrustal deformation up to crustal imbrication down to the lower crust. We propose that
these variations, in the crustal thickness and in intracrustal structures, influence the upper crustal kinematics
of the Bhutan Himalayan orogeny and are primarily driven by an Indian mantle-slab northwest of Bhutan,
and its absence northeast of Bhutan.

1. Introduction

In an active continental collision the accumulation of strain is a combination of frontal accretion in the
upper crust, deformation in the underthrusting continental plate, and the formation of an upper crustal
fold-thrust belt, like the Himalayan orogenic wedge [Avouac, 2003, 2007]. The tectonic process of crustal
accretion in orogenic collisions is often reduced to the frontal accretion of upper crustal material from the
underthrusting plate, neglecting crustal imbrication of the underthrusting crust and its involvement in the
long-term growth of the mountain belt. However, to sustain the long-term growth and uplift of moun-
tain belts over tens of millions of years an involvement of the underthrusting crust in the deformation
is needed.

Recent studies in the Himalaya focusing on the crustal deformation and exhumation history of the fold-thrust
belt [Herman et al., 2010; Grandin et al., 2012; Avouac, 2007; van der Beek et al., 2016] propose such an involve-
ment of the underthrusting basement in the kinematics of the orogenic wedge. An involvement of the
underthrusting basement provides an explanation for higher exhumation rates at the front of the Higher
Himalaya in correlation with an abrupt rise in topography, and the long-term growth of the Himalayan oro-
genic wedge over the last 11 Ma by the development of a fold-thrust belt including the growth of duplex
structures in the Lesser Himalaya [DeCelles et al., 2001; Long et al., 2011a]. In these models the involvement
of the underthrusting crust is in general limited to a crustal imbrication process at middle crustal depth,
whereby parts of the underthrusting material is imbricated to the overlying orogenic wedge beneath the
Higher Himalaya. Direct evidence for such tectonic processes and structures are still missing and are not
reflected in seismic images of the Himalaya, neither by receiver function images [e.g., Schulte-Pelkum et al.,
2005; Nabelek et al., 2009; Acton et al., 2011; Caldwell et al., 2013] nor in images of seismic velocity anomalies
[e.g., Monsalve et al., 2008; Huang et al., 2009; Guo et al., 2009; Sheehan et al., 2014]. Evidence for ductile defor-
mation in the middle to lower crust, leading to significant strain accumulation, have been so far provided by
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strong anisotropic receiver function signals in the northern part of the Himalayan orogenic wedge beneath
the Higher and Tethyan Himalaya in eastern Nepal [Schulte-Pelkum et al., 2005].

In other active collision zones like the Taiwan orogen, however, seismic images of the underthrusting crust
indicate strong lower crustal anisotropy, which is interpreted as the result of an imbrication process in the
middle and lower crust, induced by the motion of underthrusting basement [Huang et al., 2015].

Along the Himalayan collision belt, the lithospheric structure of the Eastern Himalaya in the region of Bhutan
is only poorly constrained by seismological studies despite its particular structural and tectonic setting in the
Himalayan arc: south of the Bhutan Himalaya the Shillong Plateau presents a unique Himalayan foreland base-
ment uplift with recent exhumation during the Pliocene [Biswas et al., 2007; Najman et al., 2016], to the west
the region is bounded by the tectonic high-relief Tista window in Sikkim and toward the east the transition
zone to the Eastern Himalayan syntaxis begins with the Arunachal Pradesh.

To provide the first detailed seismic images of the lithospheric structure in this region, we deployed a tempo-
rary seismic network across Bhutan, the Geodynamics ANd Seismic Structure of the Eastern Himalaya Region
(GANSSER) network. We image the lithospheric collision structure across two densely spaced arrays in eastern
and western Bhutan by using the intrinsic sensitivity of receiver functions to first-order seismic discontinuities.
Seismic discontinuities can be first-order changes in shear wave velocities due to compositional differences or
tectonic deformation zones with distinct P wave anisotropy. Converted phases, generated at such interfaces,
are isolated by the receiver function analysis and are used to image the crustal structure beneath a seismic sta-
tion or array. In complex tectonic regions, as expected for the orogenic collision zone in the Bhutan Himalaya,
variable dipping interfaces and appearance of multiples in receiver functions can lead to distorted interfaces
and/or the appearance of artifacts in migration images without applying an accurate imaging approach.

In this study, we introduce a 3-D receiver function migration approach following the method of Abe et al.
[2011] to reduce migration artifacts and to improve the accuracy in imaging dipping seismic conversion struc-
tures with 2-D seismic arrays. For the receiver function imaging we use teleseismic earthquakes recorded
with the temporary GANSSER network in Bhutan. First, we assess the Moho geometry of the underthrusting
Indian crust and discuss lateral variations between eastern and western Bhutan in relation to the large-scale
lithospheric structure of the Indian-Eurasian collision. In combination with the local seismicity, we identify
predominant intracrustal structures in the underthrusting Indian crust. Finally, we discuss the influence of
these structures on the deformation kinematics in the Bhutan Himalaya and its relation to the variation in the
Moho geometry and the large-scale collision structure in this region.

2. Tectonic Setting of the Himalayan Orogen in Bhutan

The Bhutan Himalaya is located in the Eastern Himalaya, between the deeply incised high-relief Tista win-
dow in Sikkim and Arunachal Pradesh in the west (Figure 1). Characteristics for the Himalayan fold-and-thrust
belt in Bhutan are klippen of the Tethyan sedimentary sequence, consisting of metasediments preserved
on top of the Great Himalaya Sequence [e.g., Kellett et al., 2009]. The formation of tectonic windows expos-
ing the younger accreted Lesser Himalaya Sequence beneath the high-grade metamorphic Greater Himalaya
Sequence is less pronounced compared to Sikkim and Nepal but is present in the Paro window in western
Bhutan or the Kuru Chu half-window in eastern Bhutan (Figure 1). South of Bhutan, the presence of the Shil-
long plateau, a young foreland basement uplift, exhumed during the Pliocene with a present-day average
elevation of 1600 m, marks a unique foreland structure along the Himalayan arc. Its western end is at 90∘E
and the eastern end extends beyond eastern Bhutan to the foreland of Arunachal Pradesh. Whether and how
this foreland uplift influences the tectonic or erosion rates of the Eastern Himalaya is still a matter of debate
[Bilham and England, 2001; Biswas et al., 2007; Clark and Bilham, 2008; Banerjee et al., 2008]. Another character-
istic of the Bhutan Himalaya is the relatively thin sedimentary cover of up to 1 km in the Brahmaputra valley,
where Indian basement outcrops just 50 km from the southern front of the Himalaya [Dasgupta et al., 2000].
In other regions of the Indian foreland, like in the Central Himalayas, the sedimentary basin in the foredeep
has an average thickness of 4 km [Dasgupta et al., 2000].

Besides these structural and geomorphological characteristics, the region of Bhutan features an apparently
lower seismicity in comparison to neighboring regions like Sikkim and Arunachal Pradesh [Gahalaut et al.,
2011]. This implies either a strong interseismic coupling along the Main Himalayan Thrust, a lower rate of brit-
tle deformation, or lower strain rates in the Bhutan Himalaya. However, based on geodetic measurements,
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Figure 1. Tectonic map of the Bhutan Himalaya. Seismic stations of the temporary GANSSER network are shown by
white triangles. Green circles represent local earthquakes recorded by the GANSSER network between January 2013 and
November 2014. Well-constrained hypocenter locations of events with maximum azimuthal gap without observation
(GAP) <200∘ and ≥10 phase observations are shown with black contour. Main lithotectonic units are colored according
to Long et al. [2011b]. MFT, Main Frontal Thrust; MBT, Main Boundary Thrust; MCT, Main Central Thrust; KT, Kakhtang
Thrust; I-STD, internal South Tibetan detachment; O-STD, outer South Tibetan detachment; ST, Shumar Thrust. The gray
thick lines, northwest of Bhutan indicate the location of the wide-angle reflection profiles, Tib-1 and Tib-3 of the
INDEPTH project [e.g., Hauck et al., 1998].

the average present-day convergence rate across the Bhutan Himalaya of 14–17 mm/yr differs not signifi-
cantly to the surrounding regions [Vernant et al., 2014] and precludes a lower strain rate. Additional evidence
for along-strike differences come from multithermochronologic data, which suggest nonuniform exhumation
rates between eastern and western Bhutan [Coutand et al., 2014] and indicate variations in the upper crustal
structure and geometry of the main detachment thrust.

Like in other parts of the Himalaya, the frontal orogenic structure in Bhutan is characterized by fold-thrust
systems in its southernmost part, the Subhimalaya. It is a foreland fold-and-thrust belt [e.g., Hirschmiller
et al., 2014], which includes unmetamorphosed Siwalik sediments, the molasse deposits of upper Miocene
to Quaternary age [Landry et al., 2016]. Sedimentary material from the uppermost part of the Indian crust,
deposited on the northern margin of the Indian Plate during Paleo-Proterozoic to Paleozoic [e.g., Schelling
and Arita, 1991] was scraped off and accreted to the Himalayan orogenic wedge by southward progression
of the frontal listric thrust fault. The Subhimalayas were overthrusted along the Main Boundary Thrust (MBT)
by greenschist-facies metasedimentary rocks of the Lesser Himalayan Sequence (LHS) [Gansser, 1983]. These
rocks are deformed in a series of duplexes, whose geometry rapidly varies along strike [Long et al., 2011a]. The
LHS is overthrusted by high-metamorphic grade rocks of the Greater Himalaya Sequence (GHS) in the central
and northern parts of the Himalaya. The thrusting occurred in southward direction until at least 13 Ma ago
[Daniel et al., 2003; Tobgay et al., 2012] along the Main Central Thrust (MCT), one of the main thrust faults in
the Himalaya collision structure. Similar to the more recently active Main Boundary Thrust (MBT) and the cur-
rently active Main Frontal Thrust (MFT) in the south, these thrust faults are assumed to merge as listric faults
with the Main Himalayan Thrust (MHT) at depth. The MHT is the predominant intracrustal collision structure
in the Himalaya orogen, which separates the underthrusting Indian plate from the overlying upper crustal
fold-thrust belt [Argand, 1924; Gansser, 1964; Nelson et al., 1996].
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3. The GANSSER Experiment

For the GANSSER experiment, we deployed a temporary seismic network in Bhutan between January 2013
and November 2014. The network consists of 38 three-component broadband seismometers (24 Streckeisen
STS2 and 14 Nanometrics Trillium Compact) with two densely spaced south-north arrays across the Himalayan
orogenic wedge in western and eastern Bhutan, reaching from the Subhimalaya foothills north of the
Brahmaputra valley toward the South Tibetan Detachment (STD) zone in the Great Himalayan Sequence, and
eight additional stations in central Bhutan (Figure 1).

To allow for a continuous imaging of the crustal structure with overlapping receiver function information from
neighboring stations, we chose an interstation spacing of 7–8 km along both south-north arrays and used
stations in the center mainly for the detection and location of local earthquakes. The data were continuously
recorded with a sampling frequency of 100 Hz. For the first 15 months we ran the entire network with 38 sta-
tions and afterward it was reduced to a 14 station network with the primary goal to record local seismicity for
the last 7 months. Additionally, stations from China (in Lhasa, station LSA) and India (on the Shillong Plateau,
station SHL and in Sikkim) are used to improve the accuracy in hypocenter location of selected earthquakes,
which are located outside of the GANSSER network.

4. Method
4.1. Teleseismic Data and Receiver Function Calculation
We calculated radial and transverse P-to-S receiver functions (RF) from teleseismic P and PP arrivals using the
iterative time domain deconvolution method following Ligorría and Ammon [1999]. For RF calculations from
converted P arrivals we first select earthquakes within an epicentral distance 25–95∘ and magnitude mb ≥ 5.2,
and from PP arrivals, earthquakes within epicentral distance 145–170∘ and magnitude mb ≥ 6.2.

The teleseismic signal is cut 30 s prior and 160 s after the predicted P phase, respectively, PP phase, arrival
using a global 1-D velocity model (IASPEI91 [Kennett and Engdahl, 1991]). Subsequently, we transform the
vertical-north-east (Z-N-E) seismograms to a vertical-radial-transverse system (Z-R-T) based on the event back
azimuth. By this rotation, we separate the incident wave field (P or PP) from the converted Ps phases on the
radial component in a first-order approximation. Prior to the deconvolution of the R and T seismograms with
the Z component, we apply the following preprocessing to allow an efficient and stable receiver function
calculation: downsampling (10 Hz), detrending, tapering (Hanning window filter), and band-pass filtering
(0.08–0.8 Hz with a second-order Butterworth filter). For the iterative time domain deconvolution, we use a
Gaussian filter parameter of 4 (corresponding to a pulse width of 1.25 s, equivalent to 0.8 Hz low-pass filter)
to suppress high-frequency noise in the RF signal.

To obtain a high-quality data set, we apply an automatic quality selection to all radial and transverse RF.
Only RF that match the following criteria are retained for the migration: an impulsive P phase arrival on the
initial vertical (Z) component (signal-to-noise ratio larger than 3), minimum variance reduction of 70% dur-
ing deconvolution (as described by Ligorría and Ammon [1999]), a maximum positive amplitude of 1.0 for
the direct RF P phase arrival (only applied to the radial RFs) [Schulte-Pelkum and Mahan, 2014a], an absolute
noise amplitude within 5 s prior to the direct RF P phase arrival less than 40% of the maximum RF amplitude
(similar to Hetényi et al. [2015]), a maximum positive amplitude of the direct P phase within ±0.5 s zero lag
time, any arrival pulses smaller than twice the direct P phase arrival amplitude (only applied to the radial RFs),
and any arrival pulse width of the RF signal less than 3.5 s. Our final RF data set consists of 1704 RF functions
for the western array and 1429 for the eastern array shown in Figure 2. For the 3-D migration, we normalize
all receiver function signals with the average P phase amplitude arrival of all radial RFs of each array. This nor-
malization retains variable phase arrival intensities due to 3-D effects of phase conversions and variations in
epicentral distances as indicated for example by the radial RFs of station BHE05 in Figure 3.

4.2. Preliminary Constraints on Moho Depth From Individual Stations
For a priori constraints on the general lithospheric structure along the two arrays, we started with a
time-to-depth conversion of RFs for individual stations following the H-𝜅 method of Zhu and Kanamori [2000].

We use a minimum 1-D P and S wave velocity model (Figure 4), derived from local earthquake data as an
independent information on the first-order crustal velocities in Bhutan to confine vP∕vS ranges in the H-𝜅 grid
search. The so-called minimum 1-D velocity model for Bhutan (Figure 4) is derived by solving the coupled
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Figure 2. (a) Distribution of the teleseismic earthquake data set used to compute P-to-S receiver function and 3-D
time-to-depth migration. The data set contains teleseismic events with mb > 5.2, which occurred between January 2013
and November 2014. (b) Back azimuth distribution of individual stations along the eastern (green solid) and western
(green outline) arrays. (c) Distribution of epicentral distance of individual stations along the eastern (green solid) and
western (green outline) arrays.

hypocenter-velocity problem with the program VELEST [Kissling, 1988] for well-locatable local earthquakes
recorded by the GANSSER network (see Text S1 and Figure S1 in the supporting information). This type of
1-D velocity model yields a global minimum data fit and represents the average 1-D velocity structure of
a region.

In this study, we neglect lateral variations in crustal velocities between eastern and western Bhutan for the RF
migration due to the lack of a homogeneously resolved 3-D crustal P and S wave velocity model. Although
station corrections in the minimum 1-D velocity model seem to indicate such an east-west variation (Figure
S1 in the supporting information), the consideration of poorly constrained local velocity variations would
introduce an additional ambiguity in the time-to-depth migration results.

In the raw RF signal or modified H-𝜅 grid search approach (Figure S2 in the supporting information) no dis-
tinct Moho multiples can be identified, likely due to attenuation and scattering of multiples at intracrustal
discontinuities which can interfere with direct Moho conversion signals. As a consequence, we focus only on
direct Ps phases and neglected multiples in our analysis. For the depth (H) and vP∕vS (𝜅) grid search an aver-
age crustal P wave velocity of 6.15 km/s is used with three depth-dependent vP∕vS ranges (1.66–1.68 from 0
to 20 km depth, 1.67–1.70 from 20 to 40 km and 1.69–1.71 from 40 to 80 km depth) based on the results of
the minimum 1-D velocity models to constrain the depth of P-to-S RF signals.
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Figure 3. Example of high variability in phase conversion signals in radial P-to-S receiver functions with back azimuth for
one station (BHE05 along the eastern array located at 91.5183∘E/27.060∘N). Receiver functions are stacked in (a) 5∘ bins
with 2.5∘ overlap for the epicentral distance and (b) 10∘ bins with 5∘ overlap for the back azimuthal distribution.
Numbers on the right indicate the number of traces stacked in each bin. Initial radial and vertical component are
band-pass filtered between 0.08 and 0.8 Hz before deconvolution.

Results from this single-station time-to-depth conversion of radial and transverse RF signals indicate multi-
ple intracrustal discontinuities with a generally northward dipping orientation (Figure S3 in the supporting
information). The Indian Moho appears to enter the Himalayan orogen beneath the MFT at around 45–50 km
depth in eastern and western Bhutan and deepens to at least 62 km depth at ∼130 km distance from the
MFT in western Bhutan (Figure S3a in the supporting information). Beneath the eastern array the simple
time-depth migration results reveal instead a rather uniform low-angle northward dipping of the Moho
(Figure S3b in the supporting information).

4.3. Iterative 3-D Receiver Function Migration
For the time-to-depth migration of RF we apply a method which allows to image complex and dipping seis-
mic discontinuities, as well as lateral variations of these structures with an 2-D seismic array and a strongly
heterogeneous back azimuth coverage of data, with out-of-plane ray geometries.

A range of methodologies has been developed to back propagate converted teleseismic wave fields to
specific points in space, mainly in 2-D with isotropic 1-D velocity models [e.g., Dueker and Sheehan, 1998;
Kosarev, 1999] assuming planar teleseismic wavefronts with constant ray parameters. The assumption of
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Figure 4. P and S wave velocity gradients for 3-D receiver function migration (thick gray lines) based on local minimum
1-D P and S wave velocity models (thin black lines). The separately derived minimum 1-D P and S wave velocity model
are based on earthquakes recorded by the GANSSER network in Bhutan and surrounding regions (more details in
Text S1 and Figure S1 in the supporting information). For the S wave model, hypocenter locations were fixed, which
were initially defined by the P wave model to reduce the number of unknowns with less S wave phase observations
(see Figure S1 in the supporting information). For the 3-D migration of the RFs a constant crustal velocity gradient of
0.0118 s−1 for the P wave velocities and a gradient of 0.0067 s−1 for S wave velocities is defined, respectively. For the
mantle, a constant velocity gradient of 0.0016 s−1 for the P wave velocities is defined and a gradient of 0.0009 s−1 for S
wave velocities, respectively. The velocity models for the 3-D migration represent a 1-D velocity model with an average
Moho depth of 50 km.

horizontal interfaces and 1-D velocity structures in these methods, however, may lead to distorted interfaces
with incorrect dip and lateral position of lithospheric interfaces dipping ≥10∘ [Langston, 1977; Cassidy, 1992;
Yilmaz, 2001].

More advanced migration methods (e.g., Kirchhoff-style migration [Levander et al., 2013] or the 2-D tele-
seismic generalized Radon transform migration [e.g., Miller et al., 1987; Bostock et al., 2001; Rondenay et al.,
2005]) based on high-frequency, single-scattering wave fields use less a priori assumptions and can reveal
high-resolution images of seismic interfaces. Such migration or inversion approaches, however, require a
considerably high-quality data set with a suitable dense seismic network configuration to resolve seismic
discontinuities at a certain depth level.

In this study, we follow the 2-D migration scheme of Abe et al. [2011] for common conversion point (CCP)
stacking which includes a high-frequency ray approximation for phase conversions at first-order seismic
discontinuities. In this approach Snell’s law for P-to-S phase conversions of teleseismic waves is applied
by considering the orientation of the conversion interface predefined by the background velocity model.
Deviations in the migrated conversion signal to the predefined geometry of the first-order seismic discontinu-
ity in the velocity model are used to iteratively adopt the geometry of the discontinuity in the 2-D migration
velocity model. This iterative approach allows to derive a consistent image of the geometry of first-order
seismic discontinuities in relation to P-to-S phase conversions and the velocity structure. To resolve lateral
variations in the seismic structure perpendicular and along array alignments, we extend the method from
2-D to 3-D, including first Fresnel volumes and phase weighting of the linear amplitude stack following the
approach of Frassetto et al. [2010]. Furthermore, we introduce a quality assessment of imaged conversion
features based on the data coverage to identify well-resolved features in the 3-D migration. Dipping inter-
faces or lateral variations in the velocity structure are revealed by an iterative application of the migration
scheme using a trial-and-error approach. Our migration approach is based on the back projection of receiver
function amplitudes to grid nodes, which fulfills (1) Snell’s law for P-to-S phase conversions of teleseismic
waves considering the orientation of the interface and (2) the first Fresnel volume approximation of the
teleseismic wavefield.
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Figure 5. Principle of the 3-D migration approach for P-to-S receiver function signals used in this study for a dipping
conversion interface. (a) Schematic overview of migration grid node selection by Snell’s law. (b) Time gradient fields
of local downward propagating S waves (gray arrows), upward propagating P waves from a teleseismic source (black
arrows), and surface normal of conversion interface (red arrows in inset). Red volume indicates region, where Snell’s law
criterion is fulfilled. (c) Areas of fulfilled Snell’s law (red) criterion and first Fresnel volume (purple) criterion for the
selection of grid nodes to migrate receiver function signals. (d) Lateral extent of migration selection criteria at 50 km
depth in map view, Snell’s law (red filled area), and first Fresnel volume (purple filled area, numbers of contour lines
represent the dominant period of the first Fresnel volume).

To include Snell’s law and the first Fresnel volume in the migration, we compute first 3-D traveltimes and
associated time gradient fields on a regularly spaced grid using the fast marching method for layered media
[Rawlinson and Sambridge, 2004; Kool et al., 2006]. The wavefield calculations comprise the forward propaga-
tion of teleseismic waves and the backward propagation of the local P and S wavefields from each receiver
through a given 3-D velocity model or a regional 1-D velocity model following the velocity structure of a
minimum 1-D P and S wave model, for example.

The calculation of 3-D wavefields for each station-event pair inherently takes into account moveout
corrections. Consequently, the data set of teleseismic events do not have to be limited to a certain back
azimuth range to obtain constructive interference from receiver function signals from dipping converters.

First, we define the local lag time field beneath the array for each station (tPS) based on the backward propa-
gated S and P time fields from each station (Figure 5a). Traveltime fields are calculated on a uniform 3-D grid
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Figure 6. Lateral overlap of migration projection volumes for a 2-D station array at 50 km depth. Filled circles indicate
the area of the Snell’s law criterion for RF with different back azimuths and distances. Circles with the same color
correspond to RF recorded at the same station. Corresponding first Fresnel volumes are shown by larger, empty circles
in same colors. Stations are indicated by black contoured triangles.

with 2 km spacing, which limits the resolution of the migration images to 2 km. To define potential P-to-S
conversion nodes in the 3-D grid for each wave field, we use time gradients in each node of the back propa-
gated S wave (∇Slocal) and the forward propagated teleseismic P wave (∇Pteleseismic) field in combination with
the surface normal (n⃗interface) of the closest underlying interface (Figure 5b). The angle 𝜃 has to be 𝜋 to have a
P-to-S conversion and is defined as following:

(∇Pteleseismic + ∇Slocal) ⋅ n⃗interface

|∇Pteleseismic + ∇Slocal||n⃗interface|
= cos(𝜃) (1)

We allow for small deviations in Snell’s law up to 5%, in parallel of n⃗interface and the sum of ∇Pteleseismic

and ∇Slocal, to consider numerical limitations in accuracy of time gradients, small-scale lateral variation in
velocities, and topography along the conversion interfaces. In comparison to the first Fresnel volume, follow-
ing wave-based principles and the Born approximation to determine constructive contributions to observed
signals at a receiver [Červený and Soares, 1992; Husen and Kissling, 2001] the Snell’s law criterion is more restric-
tive in selecting the migration grid nodes (Figures 5c and 5d). Although the Snell’s law area represent mainly
a subset of the first Fresnel volume above the conversion interface (see Figures 5c and 6), we use the first
Fresnel criterion as an additional criterion to define migration grid nodes. The advantage of smaller projection
areas defined by Snell’s law is a more adequate stacking of receiver function signals assigned to Ps converted
phases [Abe et al., 2011]. We use a uniform value of 1.25 s to define the Fresnel volume, which is the dominant
wavelet period and corresponds to the upper limit of the band-pass filtering of the teleseismic waves prior
to the RF deconvolution. Deviations in dominant periods due to intracrustal conversions with slightly shorter
periods have only minor influence on the extent of the first Fresnel volume and are neglected here.

In general, the migration volume has a conic shape, which broadens with depth and is orientated toward the
back azimuth of the receiver function (Figures 5c and 5d). Based on the nodes within this migration volume,
receiver function amplitudes (rf ) are projected along the lag time field using the nearest neighbor algorithm
for the selection along the receiver function trace.
4.3.1. Lateral Sensitivity of 3-D Migration Using a 2-D Array
The lateral resolution of the 3-D migration is defined by the migration depth and azimuthal coverage of
the receiver function data set. With increasing depth, the migration volumes broaden from around 10 km
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Figure 7. Stacking and weighting scheme of 3-D migrated receiver functions for the western array at 50 km depth. Each station is indicated as a black triangle.
Background velocity is a 2-D horizontally layered model based on the minimum 1-D P and S wave velocity models (Figure 4) with a first-order seismic
discontinuity (Moho) at 50 km depth. (a) Lateral distribution of number of traces (receiver function signals) in each bin. (b) Linear amplitude stack, black line
outlines region with at least 10 different RF per bin (also in Figures 7c and 7d). (c) Instantaneous phase stack of RF, the green line indicates a minimum range in
back azimuth coverage of 40∘ per bin. (d) Minimum range in back azimuth coverage of stacked RF per bin. (e) Smoothed and phase-weighted amplitude stacks
[e.g., Schimmel and Paulssen, 1997; Frassetto et al., 2010] of bins with at least 10 receiver functions and a minimum back azimuth difference of 40∘ . Green line
outlines the well-resolved region at this depth with a minimum range in back azimuth coverage of 90∘. See text, section 4.3.2, for more details on the stacking.

diameter in the upper and middle crust to a diameter of 20 km at the crust-mantle boundary (at 50 km
depth, Figures 5b–5d). At greater depths, receiver function amplitudes are therefore projected on larger
areas and the interference of Ps phase signals from neighboring stations are more likely than in the shal-
lower crust (Figure 6). In the upper crust at 0–10 km depth, overlapping of migration volumes is more
limited in space and seismic structures can only be resolved directly beneath the 2-D array. This requires,
however, teleseismic events in line with the array from both directions. Assuming an optimal data coverage
of receiver functions, lateral variations in the Moho depth beneath the Himalayan orogenic wedge (at 50 km
depth) within 40 km east and west of each array could be resolved. At middle crustal level (around 20 km
depth) lateral variations would be only resolved within 20 km distance to the array.

Limitations in the back azimuth range of our data set will significantly reduce the lateral resolution of
the 3-D migration. With a poor data coverage of teleseismic events from the south or the north azimuth,
as it is the case for the western and eastern GANSSER arrays (Figure 2), structures directly beneath the
south-north oriented 2-D array are only poorly resolved. This is in particular true below middle crustal levels
(from around 20 km depth), where deflection of migration volumes toward the back azimuth direction
becomes significant. For such a distribution of teleseismic events and our array configuration, the areas
resolved by 3-D migration reveal a “cone-like” shape with depth to both sides of the 2-D array (Figure 6). With
increasing depth, the sensitivity of the migrated and stacked receiver function signals is laterally shifted away
from the station array (Figures 7a and 7d).
4.3.2. Linear Common Conversion Point Stacking of Amplitudes With Phase Weighting
By linearly stacking individually migrated receiver function signals, following the principle of common conver-
sion point (CCP) stacking [Dueker and Sheehan, 1997], laterally coherent conversion structures can be imaged
with a sufficiently homogeneous data coverage. For a strongly heterogenous distribution, like it is the case
for both GANSSER arrays, we consider only bins (nodes) with at least 10 RF traces for stacking (Figure 7a).
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In tectonically complex regions linearly stacked amplitudes of conversion structures can be still distorted by
scattering, reverberation, or diffraction signals generated at dipping structures, shear zones, or sedimentary
basins [Frassetto et al., 2010]. To reduce the effect of these signals in the migration and to enhance intrinsic
Ps phase signals of conversion structures [Frassetto et al., 2010], we add a phase weighting, which involves
the mean instantaneous phase stack (wphase) in each bin (Figure 7c). The instantaneous phase 𝜙s,e(x, y, z) is
obtained from the analytic RF signal for each event-receiver pair. The phase stack (wphase) is therefore defined
as follows:

wphase(x,y,z) =
1
N

|||||
station∑

s=1

event∑
e=1

ei𝜙s,e(x,y,z)
|||||

(2)

Multiplied with the mean instantaneous phase stack the normalized linear amplitude stack of RF signals
(rf e,s(tPS)) defines then the RF signal in each bin (m):

m = wphase
1
N

station∑
s=1

event∑
e=1

rf e,s(tPS) (3)

4.3.3. Determination of Well-Resolved Regions in 3-D Migration Image
Applied to the 3-D migration, phase weighting performs well in areas that are well sampled by different
receiver function signals with variable epicentral distance and from a large range of back azimuths. To avoid
that stacked signals with nearly identical back azimuths and distance outside well-resolved areas dominate
the RF structure, we compute the minimum range in back azimuth coverage in each bin to evaluate the qual-
ity of the stacked and phase-weighted receiver function signals (Figure 7d). For the 3-D migration of the two
GANSSER arrays, we define a minimum range in back azimuth coverage of 40∘ to define regions with at least
fair resolution. This relatively low threshold accounts for the limited data coverage in teleseismic events for
both arrays (Figure 2) and allows to image structures in the orogenic wedge at lower, middle, and upper
crustal levels in addition to the crust-mantle boundary. A higher and more adequate threshold of 90∘ is used
to highlight well-resolved areas in the 3-D migration image used for interpretation.

Finally, to reduce effects of high-amplitude anomalies in single migration bins, we apply lateral smoothing
over three grid nodes, which is equivalent to 6 km.

4.4. A Priori Lithospheric Velocity Model of Bhutan for 3-D Migration
For the migration of RF along the two GANSSER arrays in Bhutan, we use independently derived crustal veloc-
ities defined from a local minimum 1-D model (Figure 4 and section 4.2). To image the lithospheric structure
across Bhutan, we initially focus on the accurate imaging of the Moho geometry and, therefore, approximate
the minimum 1-D velocity model to a two-layer model with a crustal and an upper mantle layer. In both layers,
velocities (vp and vs) increase uniformly with depth following the velocity structure of the minimum 1-D model
(Figure 4).

We use these velocity gradients in combination with varying Moho geometries to define the 3-D P and S
wave velocity model for the receiver function migration. As an initial velocity model for the 3-D migration, we
use a flat horizontal Moho interface at 50 km depth, based on our preliminary results from the single-station
time-to-depth migration (section 4.2 and Figure S3 in the supporting information).

4.5. Sensitivity of 3-D Migration to Velocity Structure
The iterative application of the 3-D migration scheme with its sensitivity to the geometry of first-order
isotropic velocity discontinuities in the migration velocity structure, allows the assessment of the geometry
of imaged conversion structures in relation to the background velocity model. Besides its influence on the
depth of Ps phase arrivals, the background velocity model affects the shape, width, and direction of migra-
tion volumes by considering the orientation of isotropic velocity discontinuities (Figure 5). The application of
a true 3-D migration scheme in combination with a 2.5-D background velocity model allows to explore the
model space for Moho geometries that show a high consistency with the imaged and weighted conversion
structure.

4.6. Potential Artifacts in Migrated Image
Migration artifacts may result from poor data coverage, incorrect velocity models, too large projection vol-
umes or from conversion multiples using the continuous RF signal in the migration procedure. Even by the
application of strict migration criteria and the quality assessment, multiples may remain if projected into
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well-resolved areas and if they yield a coherent signal. Especially, multiples from shallow intracrustal con-
verters can coincide with positive polarity Ps Moho phases. Upper to middle crustal conversion structures at
15–20 km depth can generate positive polarity PpPs phases with delay times similar to Ps phases originating
from the crust-mantle boundary at 50–60 km depth. Consequently, a careful evaluation of the Moho depth
and geometry imaged by the 3-D migration needs to account for potential intracrustal multiples.

4.7. Resolution Assessment for 3-D Migrated Moho and Intracrustal Structures
The resolution of lithospheric converters imaged by 3-D migration depends on the wavelength of the con-
verted wave, conversion depth, seismic velocities, and the type of conversion interface. We distinguish
between different types of converters: (1) first-order isotropic velocity discontinuities and (2) intracrustal shear
or fault zones with contrast in isotropic shear velocity or contrast in anisotropy in P wave velocity.

The most prominent isotropic velocity contrast is the Moho as discontinuity between the petrological dif-
ferentiated lower crust and the upper mantle. In our 3-D migration the Moho can appear less pronounced
compared to shallower intracrustal converters due to the applied phase weighting [Frassetto et al., 2010]
(Figure 9). With increasing depth, migration volumes become larger (Figure 5b) and the variability in phase
arrivals increases. Therefore, the overall coherency in the stacked instantaneous phase signals decreases and
variations in the amplitude of converters in the 3-D migration independent of the strength of the velocity
contrast are likely.

To remove small-amplitude signals in the phase-weighted migration without sufficient relevance, we con-
sider only signals with amplitude larger than 1% of the average phase-weighted stacked receiver function
signals. In the presence of anisotropic structures or low- or high-velocity layers in the upper or middle crust
the conversion signal of the Moho can be distorted and imaged with low resolution and intensity [Sherrington
et al., 2004].

The vertical resolution of RF is defined by approximately half the wavelength of converted phases and the
velocity of the converted wave above the discontinuity [Bostock and Rondenay, 1999; Rychert et al., 2007].
For the GANSSER receiver function data set, we obtain an average wavelength of 2.5–3 s for Moho Ps
arrivals. This corresponds to a vertical resolution of 5–6 km for a high-quality receiver function, compara-
ble to results of Spada et al. [2013]. Locally, we obtain such resolution of the Moho in the 3-D migration
by using only one station, while in the combined 3-D migration of different stations the Moho signal gen-
erally broadens and becomes less pronounced (Figures 9 and 12). Irregular small-scale topography along
the Moho [Clouser and Langston, 1995; Spada et al., 2013], attenuation and modification of converted Moho
signals due to complex intracrustal converters [Spada et al., 2013] or a highly nonuniform distribution in
back azimuth of stacked signals can cause broadening and a lower resolution of the Moho, especially in the
stacking of individual vertical cross sections of the migration image (e.g., shown in Figure 10 in comparison
to Figure 9).

In contrast to the Moho, we associate intracrustal converters with tectonic interfaces of several kilometer thick-
ness, with either an anisotropic fabric or contrast in shear wave velocity. The sensitivity of RF to such velocity
contrasts has been shown in various studies [e.g., Levin and Park, 1998; Sherrington et al., 2004; Bianchi et al.,
2010; Schulte-Pelkum and Mahan, 2014a]. Along the two GANSSER arrays, conversion signals prior to the Moho
phase reveal complex back azimuth-dependent pattern of amplitudes and delay times (e.g., Figure 3). These
patterns are also present in the transverse RF signal (e.g., Figure S4 in the supporting information), however,
less complete in back azimuth coverage than for the radial component due to lower signal-to-noise ratios in
the transverse raw seismic signal. The appearance of back azimuth-dependent receiver function signatures
on radial and transverse components are characteristics for seismic structures with either dipping isotropic
velocity contrasts, dipping shear zones with anisotropy or horizontal zones with plunging axis anisotropy
[Schulte-Pelkum and Mahan, 2014a]. An assessment of the strength and orientation of the anisotropic zone
requires a complete back azimuth coverage of transverse and radial components [e.g., Cassidy, 1992; Levin
and Park, 1997, 1998]. However, for most of the stations of the GANSSER network the combined back azimuth
coverage is incomplete and therefore limits the interpretation of intracrustal converters. The appearance of
intracrustal converters either interpreted as isotropic velocity impedance contrasts or shear zones was shown
by previous studies in the Himalaya, with interpretations mainly focusing on the upper to middle crustal
detachment zone of the Main Himalayan Thrust [e.g., Schulte-Pelkum et al., 2005; Singh et al., 2010; Caldwell
et al., 2013].
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Figure 8. Dependency of migration background velocity model and geometry shown for the western GANSSER array. (left column) Phase-weighted, stacked, and
migrated radial RF amplitudes within 3 km depth (±1 grid node) of the first-order velocity discontinuity of (a–c) different input models. Grey area corresponds to
areas with less than 10 different observations and a minimum back azimuth range of less than 40∘ . Black dotted line outlines well-resolved area with a minimum
back azimuth range of 90∘ . Images are laterally smoothed over 6 km. (middle column) Two-dimensional south-north stacks of migration with different velocity
models. White areas highlight depth sections shown on the left (minimum back azimuth range of 40∘ , at least 10 teleseismic rays). (right column) P and S wave
velocity models used in the migration shown in Figure 8 (left and middle columns). A indicates area with a downdipping Moho signal. K indicates the location of
a kink in the imaged Moho signal.

For upper crustal shear zones we obtain a maximum vertical resolution of 3 km considering a shorter RF signal
wavelength of 1.8 s (Figure 3). The minimum vertical resolution of around 3 km also represents the mini-
mum shear zone width, which can be resolved by the 3-D migration. In western and eastern Bhutan, however,
we image intracrustal converters with a vertical resolution of 3–8 km (Figures 8 and 12). Similar to the verti-
cal resolution of the Moho, we explain this lower resolution of imaged intracrustal structures by small-scale
lateral irregularities in the anisotropy pattern in addition to less continuous and uniform deformation zones
across and perpendicular to the orogenic wedge in Bhutan.

5. Results
5.1. Lithospheric Structure Beneath Western Bhutan
For the migration in western Bhutan, we first tested velocity models with different Moho geometries by apply-
ing our 3-D migration method iteratively (as described in section 4.3). The primary focus in this iterative
application is the accurate imaging of the main lithospheric structure and secondarily on intracrustal features.
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We begin the 3-D migration with a horizontally layered velocity model (1-D model) and a Moho at 50 km
depth following the results of section 4.2 on the Moho depth constrained by a modified H-𝜅 approach. The
migrated receiver functions confirm a Moho depth of around 50 km depth in the south (Figure 8a) with a
clear indication for a dipping Moho north of 27.4∘N (A in Figure 8). We adjust the velocity model and use a
Moho geometry with a constant northward dip of 6∘ (Figure 8b) and another model with a kink in the north-
ward dip (Figure 8c) as indicated in the initial migration. The migrated Moho converters correlate well with
the crust-mantle discontinuity predefined by the velocity model (Figure 8b), reaching an average lateral RF
amplitude relative to the direct P phase arrival (Ps/P) within the Moho transition zone of 2.8% for the uni-
formly dipping 6∘ model and 2.7% for the nonuniformly dipping model. These values of the average lateral
RF amplitude are 3 times higher than for the flat Moho model. Although the migration with the uniformly
dipping velocity model reveal a slightly higher (+0.1%) average amplitude along the velocity discontinuity,
the nonuniformly dipping Moho model covers better the abrupt steepening of the imaged Moho toward
the north and the shallow dipping of the Moho in the southern part of the orogenic wedge (Figure 8c).
Therefore, we prefer the nonuniformly dipping velocity model in the migration to image most accurately the
Moho geometry of the underthrusting Indian crust in western Bhutan. Additional evidence for this steepen-
ing of the Moho toward the north is provided by a well-constrained lower crustal earthquake at 76 km depth
(more details about this can be found later in this section).

The abrupt steepening of the Moho to a dip of around 18∘ is imaged at around 27.3∘N, ∼60 km north of the
MFT, and at 48 ± 5 km depth (K in Figure 8c). The location of this Moho kink is well resolved east of the array
at around 89.8∘E (profile WEST 3 in Figure 9). South of the kink, the Moho of the underthrusting Indian litho-
sphere appears to dip at a shallow angle (<3∘). Beneath the Lesser Himalaya, at the southern edge of the
Himalaya, Moho conversions appear to be less clear and might be distorted by multiples of intracrustal con-
verters (profile WEST 1 to WEST 3, Figure 9 and section 4.7). An extrapolation of the Moho converter imaged
in profile WEST 3 in Figure 9 toward the southern Himalaya front suggests a crustal thickness of the Indian
lithosphere of approximately 46 ± 5 km before entering the orogenic collision in western Bhutan.

Besides the Moho, several intracrustal structures with positive and negative RF amplitude polarity are imaged
in western Bhutan. These intracrustal structures appear less homogeneous and continuous in the migrated
images as the Moho. This can be explained by smaller migration volumes at shallower depth (Figure S6 in
the supporting information) and stronger lateral variations in the lithospheric structure at middle and upper
crustal depths. One of the most pronounced intracrustal converter is a ramp-like structure at middle crustal
depth beneath the northern Greater Himalaya with a positive phase arrival amplitude (Rw in profile WEST 3,
Figure 9). Beginning at around 27.63∘N, we can resolve a 18± 2∘ northward dipping structure over a distance
of 30 km. After a gap of about 10 km width it continues with reverse polarity toward the Lesser Himalaya in
the south as a nearly flat structure (profile WEST 1 and WEST 2, Figure 9). The limitation in data coverage at
shallow depth and station spacing prohibits a clear imaging of a frontal ramp breaching of this 12 km deep
converter to the surface at the southern Himalayan front in association with a shallow frontal ramp of the
Main Himalayan thrust. Only a weak continuous signal with positive polarity appears (fRw in profile WEST 1
and WEST 2, Figure 9), which could indicate a steep frontal ramp to the MCT contact at the surface.

We identify this upper to middle crustal structure as MHT in western Bhutan with an almost subhorizontal
part in the south at around 14 km depth and a middle crustal ramp (dipping 18∘ north) beneath the Higher
Himalaya. In comparison to other parts of the Himalaya, this positive RF signal of the MHT in the southern part
is comparable to RF results of Schulte-Pelkum et al. [2005] in eastern Nepal. Instead of an isotropic velocity con-
trast, these RF signals of the MHT in eastern Nepal are interpreted as an anisotropic shear zone representing
the upper crustal detachment zone. This anisotropic shear zone appears to change its seismic characteristics
beneath the Higher Himalaya, where we image the MHT as negative RF arrival and ramp structure (discussed
in more detail in section 6.2).

Similar to the geometry of the Moho, this intracrustal structure shows an abrupt steepening in the north, rep-
resented by the positive and negative ramp amplitude structures. The kink (KMHT in profile WEST 2, Figure 9),
however, does not coincide with the kink in the Moho and is located around 25 km farther north at 27.5∘N.

Wide-angle reflections in the middle crust at around 27.75∘N along the two INDEPTH (International Deep
Profiling of Tibet and the Himalaya) profiles Tib-1 and Tib-3 [e.g., Alsdorf et al., 1998a, 1998b; Hauck et al.,
1998] (locations of Tib-1 and Tib-3 are shown in Figure 1) coincide with the ramp structure imaged by
receiver functions in the north (Figure 10). Furthermore, the dipping Moho imaged by receiver functions
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Figure 9. Individual cross sections through the 3-D migration image in western Bhutan; radial RF are linearly stacked, including phase weighting. Each cross
sections is laterally averaged over ±2 neighboring grid nodes; only nodes are considered, which have at least 10 observations in total and have an absolute
amplitude of the conversion signal of at least 1% of the direct P arrival. Regions without a sufficient resolution, back azimuth coverage <40∘, and in total <10 RF
are marked in gray. Black dashed line indicates the Moho of the velocity model used in migration. Green circles represent hypocenter location of well-locatable
(GAP<200∘ and observations ≥10) earthquakes recorded by the GANSSER network in the regions of the individual cross sections. Seismic stations are shown as
black triangles. The geometry of the MHT defined by Coutand et al. [2014] with thermokinematic models in western Bhutan is indicated in each cross section
with a fine dotted line. fRw (frontal ramp west), KMHT (kink of MHT geometry), Cw (intracrustal converter pattern), and Rw (middle crustal ramp of MHT) point out
areas with distinct intracrustal converters described in the text.

(profile WEST 4 in Figure 9) at ∼90.1∘E is consistent with Moho reflections at around 70 km depth along pro-
file Tib-1, located around 80 km to the west of our observation (Figure 10). Although the stacked south-north
cross section in Figure 10 of the individual profiles in Figure 9 reveal a negative conversion signal in the region
of the reflection data, we argue that the clear trend of a downdipping Moho in the profiles WEST 1 to WEST 4
coincide in a first-order approximation with the Moho results of the INDEPTH reflection data. The application
of a similar average crustal P wave velocity (approximately 6 km/s) for the migration of the reflection profiles
and our receiver functions precludes an apparent coincidence of these structures due to differences in migra-
tion velocities. The occurrence of a lower crustal earthquake at 76±1.3 km depth (6 June 2013) in northwestern
Bhutan (Figure 10) confirms the steepening subduction of the Indian lithosphere toward the north and
its extent from the Yadong-Gulu graben toward central Bhutan. This earthquake is well constrained in its
hypocenter (90.255∘E/28.0158∘N) using the GANSSER network including the IRIS station (LSA) in Lhasa and
shows clear Pg and Pn phases in record sections as evidence for its crustal location.

At middle to lower crustal depths, additional high-amplitude negative converters occur with a general
northward dipping geometry (Figure 9). North of the Moho kink at around 27.5∘N, a continuous converter of
20 km length with negative polarity is imaged between 20 and 30 km depth (Cw in profile WEST 1 to WEST 3
in Figure 9). Due to its length, amplitude, and along-strike consistency, we interpret this RF signal as a strong
indication for a significant and abrupt change either in seismic velocity or in anisotropy related to an exten-
sive shear zone (see section 4.7). Characteristics of such an intracrustal seismic structure in the RF signal are
shown in the radial RF signal of station BHW13 with a continuous change in delay times of a dominant, neg-
ative middle crustal conversion with back azimuth (Figure S5 in the supporting information). Its latitude and
depth of this converter coincides with a zone of strong seismic anisotropy in the neighboring region of the
Sikkim Himalaya, represented as negative amplitude signal and as anisotropic signature on transverse receiver
functions [Singh et al., 2010].
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Figure 10. Two-dimensional stack of individual cross sections through 3-D migration image of radial receiver functions,
linearly stacked with phase weighting in western Bhutan. Cross section is composed of profile WEST 1 to WEST 3 from
Figure 9. Each cross section is laterally averaged over ±2 neighboring grid nodes, only those nodes are considered,
which have at least 10 different RF signals in total and have an absolute amplitude of the conversion signal of at least
1% of the direct P arrival. The geometry of the MHT defined by Coutand et al. [2014] in western Bhutan is indicated
by fine dotted line. The seismic reflection profiles INDEPTH Tib-1 and Tib-3 from Hauck et al. [1998] are shown in the
background. Hypocenter location of well-locatable (GAP<200∘ and observations ≥10) earthquakes recorded by the
GANSSER network are marked by green circles. Black circles indicate the Moho depth of Acton et al. [2011], with RF
uncertainties in depth indicated by error bars in Sikkim (names of the corresponding stations are shown at the bottom
of the profile). Mean topographic profile for this cross section is represented by the bold black line and standard
deviation by the shaded gray area. K (kink in Moho geometry), Cw (intracrustal converter), fRw (frontal ramp of MHT),
and Rw (middle crustal ramp of MHT) point out areas with distinct intracrustal converters described in the text.

5.2. Lithospheric Structure Beneath Eastern Bhutan
The migration of phase conversion signals in eastern Bhutan with a uniform, horizontal background velocity
model with a Moho at 50 km depth reaches an average relative conversion signal amplitude (Ps/P) of 2.2%
(Figure 11) for fairly well resolved regions at this depth. This amplitude value is similar to the value obtained
with the final kinked Moho velocity model of 2.7% for western Bhutan (Figure 8). For comparison, the ini-
tial migration with exactly the same background velocity model with a horizontal Moho in western Bhutan
reaches only 0.9%.

Positive Moho conversion signals are migrated to almost similar depth across the migration volume and image
a continuous Moho structure from the southern Himalayan front to 27.8∘N (profile EAST 2 and EAST 3 in
Figure 12). The high-amplitude conversion in profile EAST 1 (Figure 12), above the 50 km depth line is mainly
caused by the migration of RF from a single station without a stacking of RF from neighboring stations. As
shown in Figure 11, the back azimuth range of this migrated high-amplitude conversion is lower than 90∘ and
outside the well-resolved area NW of station BHN08. Furthermore, multiples from an intracrustal converter,
like the positive RF signal at ∼20 km (profile EAST 1 in Figure 12), have larger delay times and do not lead to
constructive interference with P-to-S RF signals from the Moho at this depth.

Deeper positive conversion signals appear only at the northeastern edge of the fairly well resolved migration
volume at around 62 km depth (M? in profile EAST 3 and EAST 4 in Figure 12), but additionally to positive
conversion structures at 50 km depth with a similar amplitude. This deeper converter, imaged with a data cov-
erage of less than 110∘ back azimuthal coverage, can be either explained as a northward dipping Moho east of
our profile (Arunachal Pradesh) or as a migration artifact associated with intracrustal multiples (see section 4.1)
from a converter imaged at around 20 km depth (profile EAST 4 in Figure 12). Based on the clearly imaged
horizontal Moho signal in the remaining eastern region at the same latitude (profile EAST 4 in Figure 12),
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Figure 11. Horizontal cross section at 50 km depth through 3-D migration image of radial receiver functions, linearly
stacked with phase weighting along the eastern GANSSER array in Bhutan, similar to Figure 8. Stations of the eastern
array, used for the migration, are indicated by black triangles. Green circles represent earthquakes recorded by the
GANSSER network. Well-resolved regions by the 3-D migration with ≥10 receiver functions and minimum back azimuth
coverage range in stacked RF of 90∘ at 50 km depth is outlined by orange dotted line.

however, we do not consider this local conversion as a relevant structure for the main lithospheric structure
in eastern Bhutan and interpret it as possible migration artifact.

Although the imaged Moho converter suggests a mainly constant crustal thickness for eastern Bhutan south
of 27.8∘N, apparent deviations of few kilometers are present. Strong, positive conversion signals at 47 ± 4 km
depth indicate a shallower Moho toward the south within 70 km distance to the MFT beneath the Kuru Chu
valley (profile EAST 1 in Figure 12). In the eastern part of eastern Bhutan, we can continuously trace this Moho
depth of 47±4 km depth toward the southern Himalaya front (profile EAST 3 in Figure 12). Along the embay-
ment of the MCT where this tectonic structure is locally displaced at the surface by around 50 km to the north
[Long et al., 2011a], however, limited data coverage of teleseismic events from south and west and the lack of
stations in the vicinity of the Indian foreland precludes an imaging of the Moho in this region (profile EAST 1
in Figure 12).

For the intracrustal converters, the 3-D migration indicates strong lateral variations along the strike of the
Himalayan orogenic wedge (Figure 12). Listric structures are imaged, which reach from the upper crust
beneath the Lesser Himalaya down to middle crustal depths beneath the Greater Himalaya Sequence at
27.3∘N (Ce in profiles EAST 2 and EAST 3 in Figure 12) in the surrounding of the Kuru Chu Valley. These struc-
tures are characterized by subparallel bands of positive and negative polarity, as shown in the profile EAST 2
in Figure 12. At 91.48∘E, the most shallow structure of this pattern at about 12 km depth shows an almost hori-
zontal converter with negative polarity over 20 km length. Only 40 km east of the embayment of the MCT, this
pattern of intracrustal converters appears to change. Positive signals are less pronounced or are even miss-
ing as shown in profile EAST 3 (Figure 12) at 15–30 km depth. We interpret these patterns of alternating RF
signals with depth as potential shear or faults zones of several kilometer thickness (see section 4.7), causing
pairs of signals with reverse polarity at the top and bottom of these zones. Consequently, individual signals
in this intracrustal conversion pattern do not represent individual shear zones of several kilometer width but
rather only 2–3 large-scale intracrustal structures in between these converters with an anisotropic fabric or
shear wave velocity anomaly.

SINGER ET AL. CRUSTAL STRUCTURE OF BHUTAN HIMALAYA 1168



Journal of Geophysical Research: Solid Earth 10.1002/2016JB013337

Figure 12. Individual cross sections through the 3-D migration image in eastern Bhutan; see Figure 9 caption for details. White circles indicate the Moho depth
derived by Mitra et al. [2004] with RF using the H-𝜅 approach for single-station processing; names of the corresponding stations are shown at the bottom of each
figure. Receiver function results of the Moho depth and the MHT, based on a 2-D CCP migration, beneath the Tibetan Plateau from Shi et al. [2015] at around
92∘E are shown as gray lines in profile EAST 1 to EAST 3. The geometry of the MHT defined by Coutand et al. [2014] from thermokinematic modeling in eastern
Bhutan is indicated in each cross section with a fine dotted line. Mean topographic profile for each profile is represented by the bold black line and standard
deviation by the shaded gray area. Re (possible indication of a middle crustal ramp), fRe (frontal ramp of MHT), Ce (intracrustal converter pattern), and M?
(apparent deeper Moho signal) point out areas with distinct converters described in the text.

Alternatively, these signals could be interpreted as reverberations from a sedimentary layer of few kilometer
thickness on top of the basement and therefore represent artifacts. However, the continuation of these con-
version signals over at least eight stations located north of the Siwalik sediment group [Long et al., 2011a, and
references therein] are more consistent with thick intracrustal shear or fault zones. In addition, consistent and
clear observations of sedimentary signals on phases in receiver functions at stations along the eastern array
are missing.

At 50–80 km distance to the MFT, the uppermost negative converter feature of the listric-shaped structures
at around 12 km depth coincides with a cluster of well-locatable seismicity recorded by the GANSSER network
(profile EAST 2 in Figure 12). Toward the south, the alignment of upper crustal seismicity almost disappears
which coincides with the northern edge of the duplex structure of the upper Lesser Himalaya and the asso-
ciated Sumar-Ramgarh Thrust (ST) [Long et al., 2011a]. Based on these observations, we suggest that the
pronounced negative conversion structure imaged at around 12 km depth represents the MHT in eastern
Bhutan. Extrapolating this flat MHT structure toward the southern front a positive, steeply rising conversion
structure could indicate a frontal ramp (fRe in profile EAST 2 in Figure 12) rooting at the MHT and reaching the
surface of the Siwalik fold-thrust belt at an angle of ∼40∘.

Additional isolated converters with strong amplitudes are imaged by the 3-D migration along the eastern pro-
file. A structure with negative polarity is imaged in the north beneath the Kuru Chu valley at around 27.65∘N
at 20 ± 4 km depth (Re in profile EAST 1 in Figure 12). This structure is only imaged locally due to the poor
data coverage in the surrounding areas but coincides with a cluster of middle crustal seismicity. The converter
could indicate an middle crustal intracrustal ramp structure either connected to the MHT or an independent
tectonic feature (Re, profile EAST 1 in Figure 12).
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6. Discussion
6.1. Along-Strike Variation in the Underthrusting Indian Lithosphere Beneath the Eastern Himalaya
In the Eastern Himalaya in Bhutan, we image significant structural variations in the underthrusting Indian
lithosphere along the west-east strike of the Himalaya orogen in this region. These variations occur within
90 km distance between eastern and western Bhutan and indicate important lateral variations in the dynam-
ics of the continent-continent collision in the Eastern Himalaya. We exclude geometric effects causing these
variations due to changes in the strike of the Himalayan collision zone. Along the Bhutan Himalaya the oro-
genic strike is almost uniform and oriented in E-W direction as indicated by the MFT (Figure 1). The Indian
lithosphere enters the Himalaya collision zone from the south with a more or less uniform crustal thickness
of 46 ± 5 km and 47 ± 4 km in western and eastern Bhutan, respectively. These observations (Figures 9, 10
and 12) are consistent with a 44–48 km thick crust beneath the Himalaya foothills in Sikkim derived by RF
studies [Acton et al., 2011]. A clear northward dipping Moho beneath the Greater Himalaya, however, is only
imaged in western Bhutan. We correlate this first-order regional variation of the Himalaya crustal root with
large-scale variations of the Indian lithosphere slab, which subducts beneath Southern Tibet [Li et al., 2008].
According to tomographic images of the present-day upper mantle structure beneath the Tibetan Plateau
by Li et al. [2008], Acton et al. [2010], and Liang et al. [2011], subhorizontal underthrusting or subduction of
the Indian mantle lithosphere beneath the southern Tibetan Plateau reaches in general only depths of about
250 km.

A notable exception in this upper mantle structure forms a high-velocity anomaly reaching down to
300–500 km depth north of eastern Nepal, Sikkim, and western Bhutan beneath the Tibetan Plateau (90∘E,
31∘N). This high-velocity anomaly is interpreted as a mantle lithosphere slab and appears to be attached to
the underthrusting Indian lithosphere [Kosarev, 1999; Li et al., 2008; Zhao, 2011] building an approximately
500 km long slab with a relatively narrow width of approximately 300 km and a relatively sharp edge in the
east in comparison to its western part (Figure 13). A regional traveltime tomography by Hung et al. [2011]
with improved resolution using a multiscale, finite-frequency approach is in agreement with such an Indian
mantle-slab anomaly.

According to these tomographic results, the region of western Bhutan would be the easternmost part of the
Himalaya influenced by the load exerted by this mantle-slab on the Indian lithosphere. Instead of a subduction
toward the north, the slab appears to subduct in NNE direction as indicated by the 200 km depth contour
line for the top of Indian mantle lithosphere in Figure 13. In its western part the subducting slab reaches
this 200 km depth contour north of the Indus-Yarlung suture (IYS) at around 60 km distance, whereas north
of western Bhutan the Indian mantle lithosphere crosses this depth range already 90 km south of the IYS
(Figure 13). Consequently, a steeper dip of the underthrusting Indian lithosphere into the mantle north of
western Bhutan is expected in comparison to the region north of eastern Nepal and Sikkim (light green dashed
line in Figure 13 and indicated in the schematic cross section WW’). This correlates well with our observations
of a pronounced dip of the Indian Moho beneath western Bhutan from around 50 km depth beneath the
southern parts of Bhutan down to around 75 km depth beneath the Higher Himalaya (Figure 13). Farther
to the west, in Sikkim and eastern Nepal, similar dipping is seen farther to the north beneath the Higher
Himalaya [Schulte-Pelkum et al., 2005; Nabelek et al., 2009; Acton et al., 2011]. Our observations are supported
by wide-angle seismic reflections along the INDEPTH Tib-1 profile [Hauck et al., 1998] northwest of Bhutan (at
around 28∘N), which confirm a Moho depth of around 70 km depth in this area within 140 km distance of the
southern Himalaya front (Figure 10).

As the extent and geometry of the subducting Indian mantle-slab beneath the Tibetan Plateau affects dynam-
ically the geometry of the Indian Moho by its weight a clear change in the slab geometry is expected.
Tomographic results suggest indeed such a change and indicate an abrupt end of the subducting Indian
lithosphere beneath the Tibetan Plateau east of 90∘E [Acton et al., 2010]. Evidence for an Indian mantle-slab
beneath the southeastern Tibetan Plateau so far could not be found [Li et al., 2008], and underthrusting of
the Indian lithosphere in eastern Bhutan and Arunachal Pradesh appears to continue only as far north as the
IYS (Figure 13). Receiver function results of the Indian Moho in the southeastern Tibetan Plateau by Shi et al.
[2015] are consistent with these observations and reveal a crustal thickness of only 60 km beneath the Tethyan
Himalaya (∼28.3∘N) at 92∘E. In agreement with the almost flat Indian Moho in the southern part of eastern
Bhutan, a gentle downbending of the Indian Moho beneath the Higher Himalaya from 50 km depth to around
67 km beneath the Tethyan Himalaya (with less than 10∘ dip) is only imaged north of 27.7∘N [Shi et al., 2015].
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Figure 13. Lithospheric structure of the Indian plate beneath the Eastern Himalaya and the neighboring part of the
Tibetan Plateau. The extent of the underthrusting, respectively subducting, Indian plate beneath Tibet is defined by
high-velocity anomalies imaged by the teleseismic P wave tomography of Li et al. [2008, Figures 1 and 7]. Slab contours
follow the depth contour lines of the Indian plate inferred by Li et al. [2008] and marked by light green, green, and dark
green lines. The GANSSER seismic network is shown with solid black triangles and southern stations of the “Gangdese
92∘E” seismic array [Shi et al., 2015] are marked as black empty triangle. Epicenter location of a well-constrained
lower crustal earthquake (ML 4.5, 6 June 2013) is shown by the red dot (focal depth 76 ± 1.3 km). The gray thick lines,
northwest of Bhutan indicate the location of the wide-angle reflection profiles, Tib-1 and Tib-3 of the INDEPTH project
[e.g., Hauck et al., 1998]. Areas with surface elevation higher than 6000 m are indicated in yellow. Red lines in the
schematic cross sections WW’ and EE’ indicate the geometry of the Indian Moho derived in this study. Structures are
defined as the following: MFT = Main Frontal Thrust, IYS = Indus-Yarlung Suture, and BNS = Bangong-Nujiang Suture.
Orange circle in Bhutan indicates the location of Thimphu.

Based on the occurrence of a lower crustal earthquake at 90.2556∘E on 6 June 2013 with ML 4.5 in
northwestern Bhutan (Figure 13) with a well-constrained focal depth of about 76 km, we infer a minimum
lateral extent of the pronounced downdipping Indian Moho to the east until 90.3∘E. Thus, the change in the
Indian lithosphere beneath the Himalaya from a northward dipping geometry in the west to an almost flat
Moho in the east has to occur within 90 km distance as indicated in Figure 13.

6.2. Collision Structure and Deformation of the Himalaya Orogen in Bhutan
Along the Main Himalayan Thrust (MHT), crustal deformation is assumed to be localized and mechanically
decouples the fold-thrust belt of the Himalayan wedge in the south from the underthrusting Indian crust
[e.g., Cattin and Avouac, 2000; Lavé and Avouac, 2000; Bollinger, 2004]. In other regions of the Himalaya, the
MHT was imaged as a major crustal shear zone first by seismic reflections along the INDEPTH profiles [Nelson
et al., 1996; Hauck et al., 1998], and by receiver functions in the Western Himalaya [Caldwell et al., 2013] in
central [Nabelek et al., 2009; Duputel et al., 2016], eastern Nepal [Schulte-Pelkum et al., 2005] and indicated in the
Sikkim Himalaya [Acton et al., 2011]. Beneath the Lesser Himalaya, it begins as a northward dipping anisotropic
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Figure 14. Tectonic models for the involvement of the Indian crust in collision dynamics for eastern and western
Bhutan. Hatched area indicates the area of the upper crustal orogenic wedge above the Main Himalayan Thrust (MHT).
Main tectonic features mapped at the surface are indicated as the following: MFT = Main Frontal Thrust, MCT = Main
Central Thrust, KT = Kakhtang Thrust, and I-STD = inner South Tibetan Detachment. Thick black line represents the
Moho geometry defined by our results, and gray lines are extrapolations toward the south and north based on our
results and results by Shi et al. [2015]. The large-scale lithospheric structure of the underthrusting, respectively,
subducting, Indian plate, which affects the collision structure in western and eastern Bhutan, is indicated in the insets.
IYS = Indus-Yarlung Suture.

decollement in the upper crust at 8–15 km depth and continues as a middle crustal anisotropic shear zone
[Schulte-Pelkum et al., 2005] beneath the Higher Himalaya. Farther to the north, beneath the Tethyan Himalaya
in the southern Tibetan Plateau, it seems to reach lower crustal depths [e.g., Shi et al., 2015].

Our receiver function images of the MHT in eastern and western Bhutan support these interpretations of an
upper crustal detachment zone at around 12–16 km depth beneath the southern part of the Himalayan oro-
genic wedge in correlation with a subhorizontal band of seismicity in eastern Bhutan (Figure 14). Similar to
Schulte-Pelkum et al. [2005], we interpret the upper crustal converter in our results as a subhorizontal shear
zone instead of a bulk velocity discontinuity like proposed by Caldwell et al. [2013], Nabelek et al. [2009], and
Duputel et al. [2016]. In their models, the conversion signal is associated with low seismic velocities below the
MHT, which are caused by trapped fluids released from the underthrusted sediments. However, the occur-
rence of clustered seismicity associated with this structure in eastern Bhutan points rather to a shear zone
with predominantly brittle deformation.
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In contrast, the MHT in eastern Bhutan is related to an apparent negative impedance contrast but coincides
with a narrow band of subhorizontal seismicity, which is absent in western Bhutan during the operation of the
GANSSER network (Figure 14). The local concentration of seismic deformation within few kilometers depth
may cause a low-velocity damage zone with specific rheological and anisotropic characteristics, explaining
a dominant negative Ps phase conversion signal in eastern Bhutan. Evidence for such an influence on the
RF signature by repeating seismic slip along a shear zone might be indicated by the correlation of observed
clustered seismicity and negative RF converters imaged at upper to middle crustal depth in eastern and west-
ern Bhutan (Figures 9 and 12). Although the polarity of the MHT varies in the RF signal between eastern and
western Bhutan for its southern subhorizontal part, our results support in general the concept of a main sub-
horizontal thrust separating the detached Himalayan orogenic wedge from the underthrusting and accreting
Indian crust [Nelson et al., 1996; Hauck et al., 1998; Schulte-Pelkum et al., 2005; Nabelek et al., 2009; Caldwell et al.,
2013; Avouac, 2007].

Toward the north, beneath the southern edge of the Higher Himalaya in western Bhutan and the location
of the ramp of the MHT, this intracrustal detachment zone appears to continue at middle crustal depth as
indicated by strong intracrustal seismic reflections in the region of the Tethyan Himalaya by the INDEPTH
experiment (profile Tib-1) [Hirn and Sapin, 1984; Zhao et al., 1993; Hauck et al., 1998]. The reflectivity of the
MHT in this part of the orogenic collision is explained by a sharp P wave velocity increase with depth [Hirn and
Sapin, 1984]. A reanalysis of this data by Zhang and Klemperer [2010] interpreted this high reflectivity band as
the bottom of a low-velocity zone above the MHT caused either by a fluid-rich shear zone or the appearance of
partial melt. Both interpretations would be consistent with a positive RF signal caused by an isotropic velocity
increase with depth, like we image in the northern part of the western array (Rw in profile WEST 3 in Figure 9).
The beginning of this middle crustal ramp of the MHT, however, is characterized by a negative converter and
coincide with a cluster of seismicity. Similar to the southern subhorizontal part of the MHT in eastern Bhutan
with a distinct concentration of seismicity, we propose that this part of the MHT features an active deformation
zone with a particular pattern of shear-induced anisotropy. The change in polarity of this midcrustal converter
in correlation with an abrupt ending of the seismicity may mark the transition to ductile deformation along
this detachment toward the north as proposed by the locking line of Vernant et al. [2014]. The location of the
locking line, which is derived from geodetic measurements and defines a change in the deformation type
along the MHT, coincides with the change in polarity and the northern end of seismicity. Higher temperatures
at this depth could reduce the strength in the anisotropic pattern as proposed by Mahan [2006] for the less
strong anisotropic signature of the MHT north of eastern Nepal.
6.2.1. Influence of the Middle Crustal Ramp on Upper Crustal Deformation in Bhutan
Thermokinematic models for western Bhutan based on in situ thermochronological ages provide higher
long-term exhumation rates at the topographic rise of the Higher Himalaya compared to southern part of
the orogenic wedge, where the MHT has a subhorizontal geometry [Coutand et al., 2014]. These locally higher
long-term exhumation rates are associated with Neogene crustal exhumation processes from middle crustal
depths in association with a middle crustal ramp of the MHT [Coutand et al., 2014]. Such a model correlates
well in location and dip with the middle crustal ramp we image with RF (Figure 10). In eastern Bhutan, the
location of an apparent middle crustal ramp (Re in profile EAST 1 in Figure 12), either associated with the
MHT or not, correlates as well with relatively high exhumation rates in this area derived from zircon (U-Th)/He
cooling ages [Coutand et al., 2014]. In addition, the characteristics of this converter with a negative polarity
(see previous section) in correlation with a concentration of microseismicity imply an enhanced strain accu-
mulation and active crustal deformation in this part of the orogenic wedge. Active crustal deformation along
such a midcrustal ramp would support as well the model of high exhumation rates defined by Coutand et al.
[2014] and a distinct increase in the average topography from around 3000 m to approximately 4100 m asso-
ciated with the Higher Himalaya in western Bhutan (Figure 10) and from around 2000 m to 4000 m north of
the Kuru Chu Valley in eastern Bhutan.

Previous studies by Avouac [2003] and Bollinger et al. [2006] in other regions of the Himalaya suggest that
this strain accumulation is caused by overthrusting, likely by duplexing [Avouac, 2007; Bollinger et al., 2004,
2006], along this middle crustal ramp and provokes the abrupt rise of the Higher Himalaya front with relatively
high exhumation rates of middle crustal rocks. For western Bhutan, such a tectonic interpretation would be
consistent with our results for the MHT beneath the Higher Himalaya and provides a comprehensive expla-
nation in combination with long-term exhumation rates derived by Coutand et al. [2014]. Nevertheless, to
sustain the overall long-term growth of the Himalaya orogenic wedge for at least the last 11 Myr, including the
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development of duplex structures in the Lesser Himalaya and formation of tectonic windows, like the
Tista-Rangit window in Sikkim, Paro window in western, and Kuru Chu half-window in eastern Bhutan
[Coutand et al., 2014; Landry et al., 2016], imbrication of material from the underthrusting Indian crust is
needed [Bollinger et al., 2006; Herman et al., 2010; Landry et al., 2016].
6.2.2. Involvement of the Underthrusting Indian Crust in the Shortening and Crustal Thickening
Our results reveal additional second-order intracrustal converters in the underthrusting Indian plate. These
structures show as well significant lateral variations between eastern and western Bhutan similar to dif-
ferences in the Indian Moho geometry. We interpret these structures at middle to lower crustal depth as
an indication of localized deformation in relation to crustal accretion in the Himalaya, presenting shear or
fault zones of several kilometer width with either a shear-induced anisotropic pattern or a contrast in shear
velocities (described in sections 5.1 and 5.2).

In other orogens, like the Wind River Mountains in the Sevier and Laramide belts, with an active crustal defor-
mation during the late Cretaceous to Paleogene, seismic reflection data [Smithson et al., 1979] provide clear
evidence for a basement-over-sediment thrusting in the upper crust along the Wind River fault. This fault,
which dips steeply at the surface, is imaged as a subhorizontal shear zone at middle crustal depth and is inter-
preted as a localized middle crustal deformation of the cratonic basement [Schulte-Pelkum and Mahan, 2014b,
2014a]. Yonkee and Weil [2015] described this type of crustal deformation as the evolution of basement-cored
uplift or thick-skinned fold-and-thrust tectonics. The thick-skinned fold-and-thrust tectonic model, including
an involvement of the underthrusting or subducting plate in crustal thickening and deformation is also pro-
posed for the formations of the Pampeanas in South America [Jordan and Allmendinger, 1986; Ramos et al.,
2002] or the Taiwan orogen [Huang et al., 2015].

In the eastern part of Bhutan, the occurrence of listric converters of alternating polarity (Figure 14b), particu-
larly well defined in the region of the Kuru Chu half-window, are interpreted here as potential shear or faults
zones in the underthrusting Indian crust (see section 5.2). These structures might represent crustal-scale thrust
structures pointing to the Himalayan foreland of the Brahmaputra valley similar to the Wind River Thrust.
The relatively shallow depth of the sedimentary basin in the south of eastern Bhutan with a narrow width
[Dasgupta et al., 2000] can be interpreted as indication of such a basement uplift toward the foreland.

Similar to deformation in the middle and lower crust in the Taiwan orogen and the formation of an anisotropic
layer [Simoes et al., 2007], the crustal accretion along those listric bands appears to evolve under ductile
shear deformation. Almost no seismicity is observed during the 2 year recording period on the listric-shaped
structures (Figure 12). This localized shear deformation is very likely induced by the almost subhorizontal
underthrusting of the Indian plate beneath the Himalaya orogenic wedge, extending over 100 km to the
north, similar to backstop tectonics in an orogenic collision. The formation of these structures implies a strong
involvement of the underthrusting Indian crust in the Himalayan orogeny by accommodating parts of the
convergence.

In western Bhutan, we interpret the occurrence of a distinct middle crustal RF structure located beneath the
MHT at around 20–30 km depth south of the middle crustal ramp (Cw in profile WEST 1 to WEST 3 in Figure 9)
as an intracrustal deformation zone in the underthrusting Indian crust along which crustal slices of the lower
to middle crust are stacked on top of each other (description of RF converter in section 5.1). The detachment of
crustal material occurs beneath the MHT, south of the present-day middle crustal ramp, and may be involved
in the orogenic wedge in a later stage of the collision (Figure 14a). This would imply a southward progres-
sion of the middle crustal ramp of the MHT during the evolution of the Himalaya orogen. Such an imbrication
of crustal material from the underthrusting Indian crust (footwall) to the orogenic wedge (hanging wall) was
proposed by Bollinger et al. [2006] and Grandin et al. [2012] based on thermochronologic data and the com-
parison of long-term uplift rates with the interseismic velocity field. In relation to the underthrusting crust,
this imbrication appears to occur between the downdip of the Moho and the beginning of the middle crustal
ramp of the MHT (Figure 14a). The imbrication is likely to be driven by the shift in kink points of the Moho
and the MHT (by approximately 25 km distance) entailing a local increase in crustal thickness of the under-
thrusting Indian crust. Beneath the southern part of the Himalayan orogenic wedge in western Bhutan brittle
deformation in the underthrusting Indian crust appears, as indicated by scattered, middle crustal seismicity
(east of 89.7∘E, Figures 1 and 10). The lack of distinct middle crustal converters in this area would be consistent
with a more scattered seismicity and diffuse deformation pattern in the southern part of western Bhutan.
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In correlation with variations in the Moho geometry between eastern and western Bhutan, we explain these
differences in the type of crustal accretion in the underthrusting Indian plate by a nonuniform tectonic forcing
driven primarily by the large-scale lithospheric structure and dynamics.

7. Conclusions

In this study we introduce a 3-D migration scheme for receiver functions to image the lithospheric struc-
ture of the Himalayan collision in Bhutan. Based on a 2-D high-frequency ray approximation in combination
with common conversion point (CCP) stacking, we extend the methodology to 3-D including full wavefield
characteristics, enhancing of coherent signals by linear phase weighting, and a quality assessment of imaged
conversion features. To accurately image dipping conversion structures and to reduce the trade-off between
conversion depth and velocity structure, we apply this migration scheme iteratively by updating the velocity
structure to the newly derived conversion structure in each iteration. The careful definition of well-resolved
areas in the 3-D migration volume based on teleseismic ray coverage rather than on simple hit count allows to
reliably resolve lateral variations in the seismic structures which remain often invisible for standard 2-D migra-
tion approaches. Furthermore, the proposed migration scheme helps to diminish migration artifacts caused
by simplifying assumptions of the velocity structure or ray parameters. Applied to the two GANSSER arrays in
Bhutan, we demonstrate that our 3-D migration approach improves the imaging of the lithospheric structure
of complex tectonic regions with a limited teleseismic data set even for 2-D arrays.

We image first-order along-strike differences in the lithosphere structure of the Himalayan orogenic colli-
sion between western and eastern Bhutan using radial P-to-S receiver functions. The Moho geometry of the
underthrusting Indian plate in eastern Bhutan appears as a subhorizontal converter at a depth of ∼50 km. In
western Bhutan we image a pronounced northward dip of the Moho north of 27.3∘N. This distinct change in
the lithospheric structure within only 90 km distance along strike coincides with a change in the large-scale
lithosphere structure of the Indian-Eurasian collision inferred by teleseismic tomography [Li et al., 2008]. We
associate the distinct downbending of the underthrusting Indian plate in western Bhutan with an attached
Indian mantle-slab subducting beneath the Lhasa block (Figure 13) in the north. Toward the east, the influ-
ence of the mantle-slab disappears and the underthrusting of the Indian plate is likely to be limited to the
Tethyan Himalaya causing a less pronounced crustal thickening beneath the Himalaya and a subhorizontal
Moho geometry.

Like in other parts of the Himalaya, we image the Main Himalayan Thrust as a subhorizontal detachment zone
between 12 and 16 km depth in the southern part of the Himalaya (Figure 14). During the 2 year observation
period most microearthquake activity in eastern Bhutan occurred in the vicinity of this thrust fault system. We
also observe clear evidence for intracrustal converters in the underthrusting Indian crust. We interpret these
signals as large-scale intracrustal shear zones exhibiting strong anisotropy rather than isotropic velocity con-
trasts. The location and geometry of these structures provide a strong evidence for significant intracrustal
deformation up to crustal imbrication down to the lower crust as a consequence of the involvement of the
Indian crust in the orogenic collision process and the long-term growth of the Himalaya. Our results show
that these structures vary significantly between western and eastern Bhutan in conformance with the differ-
ent geometry of the Indian Moho as lower bound of the crustal deformation and are driven by its buoyancy
relative to the subducting mantle lithosphere.
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