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ABSTRACT

In this study, we use published geologic 
maps and cross-sections to construct a three-
dimensional geologic model of major shear 
zones that make up the Himalayan orogenic 
wedge. The model incorporates microseis-
micity, megathrust coupling, and various de-
rivatives of the topography to address several 
questions regarding observed crustal strain 
patterns and how they are expressed in the 
landscape. These questions include: (1) How 
does vertical thickening vary along strike of 
the orogen? (2) What is the role of oblique 
convergence in contributing to along-strike 
thickness variations and the style of deforma-
tion? (3) How do variations in the coupling 
along the megathrust affect the overlying 
structural style? (4) Do lateral ramps exist 
along the megathrust? (5) What structural 
styles underlie and are possibly responsible 
for the generation of high-elevation, low-
relief landscapes? Our model shows that the 
orogenic core of the western and central Hi-
malaya displays significant along-strike vari-
ation in its thickness, from ∼25–26 km in the 
western Himalaya to ∼34–42 km in the cen-
tral Himalaya. The thickness of the orogenic 
core changes abruptly across the western 
bounding shear zone of the Gurla Mandhata 
metamorphic core complex, demonstrating a 
change in the style of strain there. Pressure-
temperature-time results indicate that the 
thickness of the orogenic core at 37 Ma is 
17 km. Assuming this is constant along strike 
from 81°E to 85°E indicates that, the western 
and central Nepal Himalaya have been thick-
ened by 0.5 and 1–1.5 times, respectively. 
West of Gurla Mandhata the orogenic core 
is significantly thinner and underlies a large 
11,000 km2 Neogene basin (Zhada). A broad, 
thick orogenic core associated with thrust 
duplexing is collocated with an 8500 km2 

high-elevation, low-relief surface in the 
Mugu-Dolpa region of west Nepal. We pro-
pose that these results can be explained by 
oblique convergence along a megathrust with 
an along-strike and down-dip heterogeneous 
coupling pattern influenced by frontal and 
oblique ramps along the megathrust.

INTRODUCTION

Studies on the growth of orogenic wedges 
usually focus on processes normal to the strike 
of the orogen by assuming plane strain defor-
mation. This assumption is only valid when an 
orogen is cylindrical and strikes normal to the 
convergence direction, which is rare or nonexis-
tent in nature. Large orogens extend thousands 
of kilometers usually change strike and vary in 
structural style along strike (e.g., Yin, 2006). 
Thus, studies on three-dimensional (3-D) strain 
accumulation and partitioning in these orogenic 
processes are necessary to better understand the 
effects of oblique convergence and along-strike 
heterogeneity.

The Himalayan orogenic wedge is arcuate 
in map view (Bendick and Bilham, 2001). This 
implies that no sectors of the arc have the same 
angle of obliquity along its strike (Styron et al., 
2011) (Fig. 1), and therefore predicts non-plane-
strain conditions along sectors of the orogen 
that are oblique to the relative plate convergence 
direction, such as Kumaun and western Nepal 
Himalaya (McCaffrey, 1992; Platt, 1993).

Early efforts to characterize shear zones com-
prising the Himalayan orogenic wedge, resulted 
in establishing the geometry of now region-
ally recognized first-order features such as the 
Main Central Thrust (MCT) and South Tibet 
Detachment System (STD) (e.g., Arita, 1983; 
Burg et al., 1984; Brunel, 1986; Pêcher, 1989; 
Schelling and Arita, 1991; Burchfiel et al., 1992; 
Hodges et al., 1992; Coleman, 1996; Edwards 
et  al., 1996; Carosi et  al., 1998). These shear 
zones can be mapped across the Himalayan 
wedge for most of its length for >1500 km based 
on similar juxtaposition of rock sequences and 
metamorphic grade (e.g., Heim and Gansser, 

1939; Gansser, 1964; Le Fort, 1975; Burg and 
Chen, 1984; Pêcher, 1989). This suggests along-
strike continuity in the structural architecture, 
tectonostratigraphy, and possible evolution. 
However, several studies have since observed 
and better understand that significant differences 
exist (e.g., Paudel and Arita, 2002; Thiede et al., 
2006; Yin, 2006; Murphy, 2007; Hintersberger 
et  al., 2010; Webb et  al., 2011; Carosi et  al., 
2013). In the western and central Himalaya, 
geologic features indicative of different along-
strike structural styles and histories comprise 
thrust duplexes, gneiss domes, and intermontane 
basins. Two such structures are the Leo Pargil 
and Gurla Mandhata gneiss domes or metamor-
phic core complexes in the Kumaun and west-
ern Nepal Himalaya, respectively (Fig. 1). Both 
exhume mid-crustal rock sequences that were 
located near the Main Himalayan thrust (MHT) 
prior to their exhumation, thus indicating they 
are deeply rooted in the wedge. Their devel-
opment is interpreted to be driven mostly by 
orogen-parallel stretching (Murphy et al., 2002, 
2009; Thiede et al., 2006; Langille et al., 2010b), 
rather than orogen-normal shear and shortening 
attributed to the development of the MCT and 
STD (Srivastava and Mitra, 1994; Webb et al., 
2007; Murphy et al., 2009). The Neogene Zhada 
basin lies between Leo Pargil and Gurla Mand-
hata and formed on top of their extended hang-
ing walls, thus demonstrating vertical thinning in 
this region of the orogenic wedge (Murphy et al., 
2009; Saylor et al., 2010). Cross-sections across 
this region illustrate the significant variation in 
the thickness of the orogenic metamorphic core 
along the strike (Murphy, 2007; Webb et  al., 
2011) (Fig. 1). Although the Gurla Mandhata 
metamorphic core complex (MCC) is mantled 
by an extensional shear zone, cross-sections 
across it indicate significant crustal thickening 
beneath it (Murphy, 2007). Its position in the 
wedge and geometry suggests that it correlates 
to the North Himalayan antiform, a series of 
domes of high-grade metamorphic crystalline 
rocks that are distributed discontinuously in the 
hinterland of the northern Himalaya, in south-
ern Tibet. However, these domes do not exhibit †sfan2@uh.edu.
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shear zones that facilitate orogen-parallel shear 
(e.g., Lee et al., 2000, 2004; Wang et al., 2018; 
Jessup et al., 2019). These along-strike differ-
ences in structure suggest that the Kumaun and 
Nepal Himalaya is an ideal place to study the 
3-D strain accumulation and partitioning in an 
orogenic system.

To better understand the crustal strain patterns 
in the Kumaun and western Nepal Himalaya 
described above and their relationship to that of 
the central Nepal Himalaya and southern Tibet, 
we constructed a 3-D geologic model from 76°E 
to 86°E of three main shear zones bounding the 
high-grade metamorphic rocks in the Himalaya, 
the STD on the top, the Main Himalayan Thrust 
(MHT), and MCT (projected to branch to the 
MHT) at the bottom (Fig. 1). We use this model 
to investigate strain accumulation within the 
orogen. These high-grade metamorphic rocks 
are usually mapped as the Greater Himalayan 
sequence (GHS), however, isotopic studies in 
the Gurla Mandhata MCC in the North Hima-

laya antiform and the MCT thrust sheet in Bhu-
tan Himalaya indicate material accretion of the 
Lesser Himalayan sequence (LHS) (Murphy, 
2007; Hopkinson et al., 2019). Different from 
the low-grade metamorphosed LHS mapped to 
the south of the MCT, these LHS crystalline rock 
are interpreted to be accreted from the bottom of 
the wedge in the hinterland and are also experi-
enced high-grade metamorphic conditions. We 
use the thickness of these high-grade metamor-
phic rocks as an indicator of accumulated strain 
in the mid-lower crustal wedge and do not focus 
on the protolith of the material; therefore, we 
refer to these high-grade metamorphic rocks, 
including the high-grade LHS crystalline rock 
in the hinterland and the GHS, as the “orogenic 
core” in this paper to avoid confusion (Fig. 1). 
Moreover, because active brittle fault systems 
approximately collocate with the shear zones 
described above at many places, we take this 
opportunity to address along-strike variations in 
seismicity patterns, historical earthquake rupture 

areas, and landscape. This is carried out by inte-
grating our model with independent data sets, 
including; derivatives of the topography (slope 
of mean elevation, normalized river steepness, 
topographic relief), megathrust coupling, seis-
micity, and thermochronology.

GEOLOGIC BACKGROUND

The base of the Himalayan orogenic wedge 
is defined by the MHT. The exposed orogenic 
crystalline core of the Himalaya is bounded 
by the STD at the top and the MCT at the base 
(Fig.  1). Although its upper contact is grada-
tional in places, it is generally composed of mid-
dle amphibolite facies (kyanite zone) to lower 
granulite facies meta-sedimentary and meta-
igneous rocks with some Oligo–Miocene leuco-
granites (e.g., Vannay and Hodges, 1996; Searle 
and Godin, 2003; Martin et  al., 2010; Kohn, 
2014; Iaccarino et al., 2017). The GHS has long 
been considered to be a coherent tectonic unit 

Figure 1. (A) Geologic map of 
the Himalaya, (B) and (C) are 
two cross-sections across the 
western Himalaya (B—Webb 
et al., 2011; C—Murphy, 2007). 
The high-grade metamor-
phosed orogenic core includes 
the GHS and LHS crystalline 
rock. Note the difference in 
the thickness of the orogenic 
core toward the rear of the oro-
genic wedge between the two 
cross-sections.
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(see reviews in Yin, 2006). However, in recent 
studies, several structural and metamorphic “dis-
continuities” (shear zones) (Montomoli et  al., 
2013) within the GHS have been reported and 
interpreted to develop in an in-sequence pattern 
prior to the initiation of the MCT (see reviews 
in Larson et al., 2015; Montomoli et al., 2015; 
Carosi et al., 2018), starting from ca. 41–30 Ma 
(Carosi et  al., 2016). The Tethyan Hima-
laya sequence (THS) structurally above it is a 
deformed package of unmetamorphosed to low-
grade metasedimentary rocks that experienced 
maximum green schist to locally amphibolite 
facies metamorphism (Gaetani and Garzanti, 
1991; Burchfiel et  al., 1992; Liu and Einsele, 
1994; Myrow et al., 2009; Dunkl et al., 2011). 
Thickening of these rocks after initial collision 
between India and Asia is shown to be coeval 
with, and interpreted to drive the first stage of 
the metamorphism in the Eocene, “Eohimala-
yan metamorphism,” prior to the initiation of 
the MCT and STD (e.g., Hodges and Silver-
berg, 1988; Inger and Harris, 1992; Carosi et al., 
2015). This metamorphism generated a weak-
ened mid-lower crust. The MCT initiated after 
that during the late Oligocene–early Miocene 
(ca. 23–20 Ma) (Kohn et al., 2005; Yin, 2006; 
Cottle et al., 2015a). The STD is usually inter-
preted to be coeval with the MCT and ceased 
moving at ca. 19–16 Ma in Dolpo region, central-
western Nepal (Searle and Godin, 2003; Godin 
et al., 2006; Cottle et al., 2015b), though geo-
chronologic study on a granite in western Nepal 
suggests the STD ceased moving at 23–25 Ma 
(Carosi et al., 2013). However, portions of the 
MCT have been interpreted to have been reac-
tivated in the late Miocene (e.g., Catlos et al., 
2001; Braden et al., 2018; Montemagni et al., 
2019). Endmember tectonic models accounting 
for this coeval movement include channel flow 
(e.g., Beaumont et al., 2001), tectonic wedging 
(e.g., Yin, 2006; Webb et al., 2011), and wedge 
extrusion/critical taper (e.g., Burchfiel et  al., 
1992). Toward the end of the timespan that the 
STD-MCT system was active (ca. 19–13 Ma), 
a series of mid-crustal culminations called the 
North Himalayan antiform developed in the 
central Himalayan hinterland and southern Tibet 
exposing the high-grade orogenic core as a series 
of domes (Fig. 1) (e.g., Lee et al., 2000; Lee and 
Whitehouse, 2007; Godin et al., 2006; Larson 
et al., 2010). Structurally below the GHS and 
MCT is the LHS, bounded by the Main Bound-
ary Thrust (MBT) at the base. It consists of lower-
greenschist- to lower-amphibolite-facies clastic 
metasedimentary rocks. Throughout Nepal and 
Himachal Himalaya in northwest India, it is 
structurally involved in a duplex system with a 
roof thrust identified as the Ramgarh thrust (RT) 
and Munsiari thrust, respectively (e.g., Sriv-

astava and Mitra, 1994; DeCelles et al., 2001; 
Pearson and DeCelles, 2005; Robinson et  al., 
2006; Webb, 2013). Growth of the duplex led 
to the folding of the MCT structurally above. 
Erosion of this folded thrust sheet created GHS/
THS klippen exposed near the Himalayan thrust 
front (Fig. 1) (e.g., DeCelles et al., 2001; Pear-
son and DeCelles, 2005). Duplexing and initia-
tion of the MBT are bracketed to have occurred 
after displacement on the MCT and estimated to 
have been active in the late Miocene to Pliocene 
(DeCelles et al., 1998; Robinson and McQuar-
rie, 2012). To the south of the MBT, the sub-
Himalayan sequence is deformed by the active 
MFT, which separates these rocks from the Qua-
ternary to modern sediments to the south (Lavé 
and Avouac, 2000).

The orogenic wedge is also characterized by 
several fault systems that trend oblique or at 
a high angle to the strike of the orogen. In the 
study area these structures include the Leo Par-
gil MCC and Gurla Mandhata MCC located in 
the Kumaun Himalaya in India and far-western 
Nepal, respectively (Murphy and Copeland, 
2005; Thiede et  al., 2006). In central Nepal, 
the Thakkhola graben cuts the STD, MCT, and 
extends into the LHS (Fig. 1). To the east of the 
study area, the Ama Drime massif is mantled by 
an extensional shear zone that accommodates 
orogen parallel extension and exhumes rocks 
beneath the MCT demonstrating that the shear 
zone extends deep into the orogenic wedge (Jes-
sup et al., 2008). All these extensional structures 
initiated around the middle-late Miocene and 
accommodate orogen-parallel movement (Cole-
man and Hodges, 1995; Zhang et  al., 2000; 
Murphy et al., 2002; Garzione et al., 2003; Mur-
phy and Copeland, 2005; Thiede et al., 2006; 
Hintersberger et al., 2010; Langille et al., 2014; 
McCallister et al., 2014). It is noteworthy that the 
Zhada basin developed between the two MCCs 
in the Kumaun Himalaya and temporally over-
laps with them in the late Miocene (Wang et al., 
2008; Murphy et al., 2009; Saylor et al., 2010). 
The Karakoram fault is a regionally extensive 
right-slip fault system at the rear side of the oro-
genic wedge. It initiated at 25–15 Ma near the 
Bangong-Nujiang suture zone (Phillips et  al., 
2004; Valli et al., 2007; Leech, 2008) and propa-
gated southward to the South Kailas area cut-
ting the ca. 13 Ma Great Counter thrust (GCT) 
(Yin et al., 1999; Murphy et al., 2000; Valli et al., 
2007) and accommodates trans-tensional strain 
in the Ayi Shan area of Tibet at ca. 10.17 Ma 
(Zhang et al., 2011). The western Nepal fault 
system (WNFS) is an active strike-slip fault sys-
tem that obliquely cuts across the orogen and is 
interpreted to operate as the eastern boundary of 
a westward translating continental forearc sliver 
(Murphy et al., 2014; Silver et al., 2015). It is 

interpreted to connect to the Karakoram fault via 
the Gurla Mandhata-Humla fault system (GMH), 
thus forming a regional scale right step-over that 
accommodates orogen-parallel extension (Mur-
phy et al., 2002; Murphy and Copeland, 2005).

3-D MODEL CONSTRUCTION

Data Sources

To construct the 3-D geologic model, we use 
published maps, and cross-sections that span 
the Himalaya from 76°E to 86°E. Where gaps 
in the spacing between cross-sections were 
large (>150 km), new cross-sections were con-
structed. In addition, along-strike cross-sections 
were constructed to connect adjacent profile 
interpretations. The locations and references of 
the published and newly constructed cross-sec-
tions are shown in Appendix 1 (Fig. DR11). The 
MHT is constrained by the seismic profile pub-
lished by Caldwell et al. (2013) in the Kumaun 
Himalaya and by the 3-D model published by 
(Hubbard et al., 2016) for the Nepal region. To 
convert the map view structures to a 3-D data-
base, we projected the map-view structures onto 
a Shuttle Radar Topography Mission digital 
elevation model (DEM).

Method

The 3-D modeling work was carried out using 
two software programs: ArcGIS and Midland 
Valley MOVE. ArcGIS was utilized to build a 
geodatabase consisting of published maps. This 
allowed us to compile multiple maps in a com-
mon projection system and digitize shapefiles 
for the STD and MCT. They were exported to 
MOVE and merged with published cross-sec-
tions to create a 3-D database. We also digitized 
the STD and MCT surfaces from cross-sections 
in MOVE. For the MHT, we reinterpreted the 
cross-section published in Caldwell et al. (2013) 
(Fig. DR2 in Appendix 1; see footnote 1) and 
made it extend along strike of the orogen to 
the west of Nepal and adopted the 3-D MHT 
model published in Hubbard et  al. (2016) for 
the Nepal area. All map-view digitized features 
were projected to the DEM. The lengths of and 
the space between the cross-sections vary due to 
the different sizes of the study areas. To better 
constrain the modeling in the less studied areas, 
we extended most of the cross-sections to make 
them straddle the Himalaya thrust wedge and a 

1GSA Data Repository item 2020194, Appendixes 
1–4 (data sources, 3D models, summarized P-T-t 
data, and supplementary maps), is available at  
http://www.geosociety.org/datarepository/2020 or 
by request to editing@geosociety.org.
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few new cross-sections were constructed based 
on the maps and cross-sections in the adjacent 
areas. When inferring the eroded parts in cross-
sections, we tied the structures to the traces from 
the maps and projected the structures into the air 
following the geometry based on the structures 
(e.g., dip of the detachment, fabrics) below it. 
Finally, we used the kriging algorithm in MOVE 
to model the MCT and STD surfaces by mak-
ing the surfaces pass through all the points of 
corresponding data from both the map view and 
cross-sections.

RESULTS

Figure 2 shows color-coded elevation maps 
of the modeled STD, MCT, and MHT (see Fig. 
DR3 in Appendix 2 for the 3-D view model, see 

footnote 1). The 3-D view of the geometry of 
the orogenic core, i.e., the space bounded by the 
STD from the top, the MCT and MHT from the 
bottom at the frontal part and hinterland part, 
respectively, is shown in Appendix 2 (Fig. DR3). 
The STD model exhibits significant structural 
relief, as much as ∼34 km. The lowest area is 
in the western Himalaya between the Leo Par-
gil dome and the Gurla Mandhata MCC, where 
the Zhada basin is located. The highest part is to 
the south of the Gurla Mandhata MCC, which is 
caused by the duplexing in the LHS structurally 
below the GHS.

To investigate the strain accumulated in the 
orogenic core, we calculated its thickness by 
using the modeled elevation data of the STD, 
MCT, and MHT (Fig.  2D). The thickness of 
the core is the elevation difference between 

the STD and MCT for the frontal part and the 
difference between the STD and MHT for the 
hinterland part. The thickness map shows sig-
nificant along-strike variation in thickness in the 
hinterland, increasing from ∼25–26 km in the 
western Himalaya to ∼34–42 km in the central 
Himalaya. The along-strike abrupt change is at 
the GMH, which accommodated orogen-parallel 
extension and is where the strike of the orogen 
changes from NWW to NW. The thinnest part in 
the hinterland is under the Zhada basin, which is 
interpreted to be a pull-apart or supradetachment 
basin caused by orogen-parallel extension and 
tectonic damming (Murphy et al., 2009; Saylor 
et al., 2010).

DISCUSSION

Along-Strike Strain Variation

In this section, we evaluate the thickness 
variations of the orogenic core portrayed in our 
geologic model. We assume that the modeled 
(present-day) thickness is an indicator of 
how much strain has accumulated in the mid-
lower crust during Himalayan orogenesis. The 
greatest challenge in estimating strain based 
on the current thickness of the orogenic core is 
establishing its thickness at a particular time. 
The thickness of the orogenic core in the past 
is poorly understood due to the overprinting 
of younger deformation and an incomplete 
record of shortening and timing estimates of 
shear zones within it. Nevertheless, we attempt 
to estimate along-strike strain variations, by 
using the “Eohimalayan metamorphism” stage 
as the initial state. We chose this event because 
it occurred prior to movement on the major 
structures recognized that involve the orogenic 
core and thus the core might have had much less 
along-strike variation in thickness than today. 
We outline the basis for this assumption.

Although there are few published shortening 
estimates, the THS is estimated to have under-
gone between 30% and 70% horizontal short-
ening (Ratschbacher et  al., 1994; Vannay and 
Steck, 1995; Godin et al., 1999; Murphy and Yin, 
2003). These estimates do not include shortening 
due to Miocene slip along the GCT that locally 
defines the surface trace of the India-Asia suture 
zone (Yin et al., 1994; Quidelleur et al., 1997). 
Cenozoic shortening of the THS is interpreted 
to be widespread, based on the correlation of 
structural styles and regionally recognized struc-
tures, such as the Kangmar-Gyirong-Lhunze 
fault (Aikman et al., 2008). Disregarding Mio-
cene shortening along the suture, the timing of 
crustal shortening is bracketed to have occurred 
during the Eocene (Ratschbacher et al., 1994; 
Wiesmayr and Grasemann, 2002; Ding et  al., 

Figure 2. (A, B, and C) are 
color-coded elevation maps of 
the modeled 3-D surfaces of 
the South Tibet Detachment 
System (STD), Main Cen-
tral Thrust (MCT), and Main 
Himalayan Thrust (MHT), 
respectively. (D) is a color-
coded thickness map of the 
high-grade orogenic core of 
the western and central Hi-
malaya. The gray lines labeled 
with numbers are thickness 
contours (in kilometer). Also 
shown are surface traces of 
major shear zones. See abbre-
viations in Figure 1A.
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2005; Aikman et  al., 2008). The  high-grade 
metamorphosed orogenic core is interpreted to 
have been metamorphosed during this period of 
crustal thickening (Vannay and Hodges, 1996). 
This metamorphic event predates movement 
along the STD, MCT, and the younger thrusts 
to the south and structurally beneath them and 
is referred as “Eohimalayan metamorphism” 
to distinguish it from “Neohimalayan meta-
morphism” later. Therefore, neither significant 
strain nor along-strike variation in the thickness 
of orogenic core is likely to have been caused by 
structures below the THS during Eohimalayan 
metamorphism.

The minimum possible depth of the MHT 
during Eohimalayan metamorphism could be 
understood by the peak metamorphic conditions 
of the exposed rocks. In the Kali Gandaki area, 
the estimated peak metamorphic conditions are 
610 °C and 940 MPa (>35 km). Hornblende 
40Ar/39Ar dating on the same sample yields an 
age of 37.2 ± 2.8 Ma and is interpreted as the 
age of amphibolite facies metamorphism during 
the Eohimalayan stage (Vannay and Hodges, 
1996). This is in agreement with a study on 
nanogranites in garnet suggesting partial melt-
ing of the GHS, required in the formation of 
a weak lower crust, initiated at ca. 41–36 Ma 
(Carosi et al., 2015). Studies on Eohimalayan 
metamorphism in other areas, except for the 
orogenic syntaxis, report similar results (Table 
DR1 in Appendix 3, see footnote 1): most of 
the estimated peak pressure is as high as 1 Gpa 
(∼37 km) and metamorphic ages are generally 
late Eocene (Hodges et al., 1996; Coleman and 
Hodges, 1998; Catlos et al., 2001, 2002; Yaky-
mchuk and Godin, 2012; Carosi et al., 2016). A 
couple of studies in central and eastern Nepal 
reported peak P as high as 1.1 Gpa (Catlos et al., 
2002; Iaccarino et al., 2015), but it is unclear 
if this variation in peak metamorphic condition 
is caused by a variation in the MHT depth or 
by a lack of information on rocks from deeper 
depth in other areas. Assuming the rock den-
sity is 2.7 kg/m3, the former possibility could 
account for variation in the thickness of the 
core as much as ∼3.7 km, less than ∼30% of the 
present variation in thickness of the hinterland 
core. The latter possibility can only bring in the 
uncertainty in the total strain estimation but can-
not affect the estimation of the amount of thick-
ening. Therefore, the difference of the peak P 
data cannot alone account for the general trend 
observed. Collectively, pressure, temperature, 
and timing estimates indicate that the minimum 
depth of the MHT at ca. 37 Ma was ∼37 km 
(peak metamorphic pressure ≥1 Gpa).

The initial depth of the upper bounding 
detachment of the core, STD, could be estimated 
based on the metamorphic conditions and defor-

mation temperatures of the rocks close to it. The 
reported minimum peak metamorphic tempera-
ture of the rocks at the base of the detachment 
and directly below the STD reaches 600–650 °C 
(e.g., Hodges et al., 1992; Pognante and Benna, 
1993; Searle, 1999; Searle et al., 2003; Kellett 
et al., 2010; Cottle et al., 2011). Since the oro-
genic core experienced extensional non-coaxial 
flow strain characterized by a higher simple shear 
component close to the STD (Law et al., 2004, 
2013; Carosi et al., 2006, 2007; Jessup et al., 
2006; Larson and Godin, 2009; Langille et al., 
2010a; Parsons et al., 2016), these peak tempera-
tures should be higher than the temperature of 
the rocks within the STD at its initiation, i.e., the 
STD initiated at a temperature lower than ∼600 
°C. This is also implied by an abrupt increase of 
the temperature determined by Raman spectros-
copy of carbonaceous rocks, from 421 to 450 °C 
to higher than 600 °C downsection within several 
hundred meters in the STD shear zone (Cooper 
et al., 2013; Kellett and Grujic, 2012; Long et al., 
2019). Deformation temperatures along three 
transects determined by quartz c-axis fabrics 
measured on dynamically recrystallized quartz 
also show a gradual increase from ∼490–540 °C 
within 10–20 m below the STD to 625–680 °C at 
420–560 m beneath the STD (Law et al., 2011). 
Collectively, the STD might have initiated and 
continuously been active approximately at the 
depth of the 500 °C isotherm. The thermal struc-
ture in the past is not well-known, because it is 
sensitive to the contemporary megathrust kine-
matics as suggested by thermo-kinematic mod-
eling (Whipp and Ehlers, 2007; Célérier et al., 
2009; Herman et al., 2010; Coutand et al., 2014; 
Landry et al., 2016). However, these modeling 
studies report a set of models that could predict 
cooling ages that match well with observed 
cooling ages from various dating methods. The 
thermal structures of these models suggest that 
a geothermal gradient of ∼25 °C/km is a reason-
able assumption for the upper at least 30 km 
of the overthrusting plate. Considering that the 
STD initiated around the ∼500 °C isotherm, as 
discussed earlier, it is estimated that the depth of 
the STD in the Eocene was ∼20 km.

Therefore, the estimated depths of the MHT 
and STD lead to an assumption that the thickness 
of the orogenic core was ∼17 km at ca. 37 Ma. 
Using our model results for present-day thick-
ness of ∼25–26 km in the western Himalaya to 
∼34–42 km in the central Himalaya, we estimate 
the orogenic core between 83°E and 86°E has 
been thickened by 1–1.5 times. The thickest part, 
at the Gurla Mandhata MCC, has been thickened 
by ∼2 times. To the west of the Gurla Mandhata 
MCC, the orogenic core has only been thick-
ened by ∼0.5 times. This region corresponds to 
the Zhada basin.

Oblique Convergence

Any model describing deformation of the oro-
genic wedge should account for the significant 
thickness variation described above and shown 
in Figure 2D.

Here we attempt to reconcile the thickness 
variation with a model describing oblique con-
vergence (Fig. 3) (e.g., McCaffrey and Nabelek, 
1998; Murphy and Copeland, 2005; Styron 
et al., 2011). The Himalayan orogen is arcuate in 
map-view. Geodynamic modeling results show 
that oblique convergence in the arcuate western 
Himalaya could generate along-strike material 
transfer and a gradient in the rate (Whipp and 
Beaumont, 2016). This supports the model setup 
shown in Figure 3 whereby the orogen between 
76°E and 86°E is be divided into two segments 
of different strain states; an approximately con-
vergence-orthogonal eastern sector striking EW 
and an arcuate convergence-oblique western sec-
tor striking NW-SE (Fig. 3A). In this conceptual 
model the convergence-orthogonal segment in 
the central Himalaya is only subject to orogen-
normal (ON) convergence (Fig. 3B). Studies in 
this region report thrust-sense shear zones within 
the GHS, which have been interpreted to be part 
of a duplex in the mid-lower crust (see reviews 
in Larson et al., 2015; Carosi et al., 2018 and 
references therein). Large duplexes have also 
been interpreted in deep-seismic reflection pro-
files along several transects including the Gurla 
Mandhata area (Gao et  al., 2016; Guo et  al., 
2017; Laskowski et  al., 2018). Although the 
shear zones identified within the GHS on the 
surface have been interpreted to be older than 
the MCT (e.g., Carosi et al., 2018), duplexing 
might have intermittently been accommodating 
mid-lower crust thickening to the present (will 
be discussed later). The identified shear zones 
within the GHS on the surface are representa-
tives of an exhumed older duplex that formed in 
the mid-lower crust. The oblique convergence in 
the west is partitioned into orogen-normal (ON) 
and orogen-parallel (OP) components. The OP 
component of the dragging force of the MHT 
on the upper plate causes OP extension that 
competes with the shortening/thickening effect 
of the ON component. As the obliquity of the 
convergence increases to the west along the 
strike of the orogen, the magnitude of the OP 
component of the dragging force increases and 
the magnitude of the ON component decreases 
(Fig. 3). This along-strike gradient is supported 
by analysis of global positioning system veloci-
ties, which shows a 2-fold increase in the OP 
velocity between far-western Nepal and the 
Kumaun Himalaya (Styron et  al., 2011). This 
is viewed as the cause for internal OP stretch-
ing of the orogenic wedge in our model. Others 
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have interpreted that this region of the Hima-
layas behaves as a continental version of a 
forearc sliver (Murphy et al., 2014). The model 
presented here implies that this forearc sliver is 
internally stretched as well as translated to the 
northwest as suggested by Kundu et al. (2014). 
According to the model there should be a unique 
position in the convergence-oblique sector, here 
referred to as the neutral position, where the 
amount of thickening caused by the ON short-
ening equals the amount of thinning caused by 
the OP stretching, i.e., the vertical net strain is 
0 (Fig. 3B). To the east of the neutral position, 
ON shortening strain exceeds OP stretching 
strain and the net vertical strain is thickening. 
This region corresponds to the Gurla Mandhata 
area, which is characterized by the thickest part 
of the orogenic core modeled in this study. To 

the west of the neutral position, OP stretching 
strain exceeds ON shortening and the net ver-
tical strain is thinning. This region corresponds 
to the Zhada basin which records a decrease in 
the mean watershed elevation of 1–1.5 km since 
then (Murphy et al., 2009; Saylor et al., 2009; 
Huntington et al., 2015). The subsidence history 
of the Zhada basin suggests that it is a pull-apart 
basin type but with a relatively very low-sub-
sidence rate compared with classical pull-apart 
basins (Saylor et al., 2010). The basin formed 
during the late Miocene (Wang et al., 2008; Say-
lor et al., 2010) and lies between the Leo Pargil 
massif and the Gurla Mandhata MCC. The Leo 
Pargil massif is bounded by two NE-SW–strik-
ing extensional shear zones. The western bound-
ing detachment is the top-to-the-NW Leo Pargil 
shear zone. West-plunging mineral stretching 

lineations are well-preserved in the footwall of 
the Leo Pargil shear zone (Thiede et al., 2006; 
Hintersberger et al., 2010; Langille et al., 2014). 
The eastern bounding Qusum detachment is top-
to SE and dips moderately to the SE with a mean 
slip direction of S30E (Murphy et  al., 2009). 
This style of extension (opposing shear zones) 
suggests NW-SE horizontal coaxial stretching 
in this region (Fig. 3B). The GMH bounds the 
Zhada basin along its southeast margin and is 
interpreted as an extensional step-over connect-
ing the Karakoram fault to the WNFS. It consists 
of two top-to-west extensional shear zones and 
locally coincides with the STD. Mineral stretch-
ing lineations and shear sense indicators along 
the detachment and within the mylonitic lower 
plate of the Gurla Mandhata MCC indicate EW 
to WNW-ESE–shearing (Murphy et al., 2009; 
Xu et al., 2013; Nagy et al., 2015). These features 
indicate that non-coaxial shearing at mid-upper 
crustal levels accommodated OP extension along 
the margins of the Zhada basin during its devel-
opment. This is consistent with the non-coaxial 
flow strain pattern documented in the high-grade 
metamorphic core in its front (the MCT thrust 
sheet): The ductile strain in the high-grade oro-
genic core is a combination of the pure-shear 
extension and simple shear. The pure shear 
component increases toward the interior of the 
GHS and the simple shear component increase 
toward the bounding shear zones (Law et  al., 
2004; Carosi et al., 2006, 2007; Jessup et al., 
2006; Larson and Godin, 2009; Langille et al., 
2010a; Law et al., 2013; Parsons et al., 2016). 
But different from the frontal part of the core, 
where most of these studies were conducted, 
the net strain in the hinterland is still thicken-
ing, because mid-lower crustal material accre-
tion (will be discussed later) has compensated 
the thinning effect of the non-coaxial flow strain.

In a duplex structure, a local extensional set-
ting could form along the culmination walls or 
the lateral edges bounding the thickened area 
(Butler, 1982a, 1982b; Adams et  al., 2013). 
Similarly, the variation of the net vertical strain 
state between the convergence orthogonal seg-
ment and the oblique segment can generate 
OP extensional shear sense between the two 
segments in the upper crust (Fig. 3B). This is 
consistent with the development of the GMH, 
a large-scale extensional fault system, at the 
position of the abrupt along-strike change in the 
thickness of the orogenic core (Fig. 2D). Earth 
surface studies and seismic reflection profiles 
in many areas have shown that it is common 
for shear zones at shallow depth to connect to 
sub-horizontal detachments at mid-lower crustal 
depth (e.g., Lemiszki and Brown, 1988; Jones 
et al., 1992; Hajnal et al., 1996; Jolivet et al., 
2001, 2004; Lavier and Manatschal, 2006; 

Figure 3. Schematic model 
of oblique convergence of the 
western and central Hima-
laya. (A) shows a schematic 
map of the convergent setting 
with western sector oblique 
and eastern sector orthogo-
nal to the convergence. In the 
oblique segment, convergence 
(black arrows) is partitioned 
into orogen-parallel (OP) com-
ponent (red arrows) and oro-
gen-normal (ON) component 
(green arrows). The top-right 
schematic cross-section shows 
the general structure of the 
orogenic wedge. (B) Block dia-
grams with an orogen-parallel 
cross-section (AB) in the front 
showing structural evolution 
of the orogenic wedge. In the 
convergence-orthogonal sector, 
strain has only ON shorten-
ing component and is accom-
modated by duplexing at the 
brittle-ductile transition zone 
along the Main Himalayan 
Thrust (MHT). In the oblique 
sector, OP extension increases, 
and ON shortening decrease 
westward as obliquity in-
creases. Once the extensional 
component exceeds the thick-
ening component (at black tri-

angle in the figure), the net vertical strain is thinning. Regional OP extensional detachment 
(e.g., GMH) could develop between the orthogonal and oblique sectors by connecting preex-
isting structures including the top and edge of the duplex formed in the thickening part, to 
accommodate the along-strike strain variation. Supra-detachment basin (e.g., Zhada basin) 
could develop where net vertical strain is thinning. GHS—Greater Himalayan sequence; 
LHS—Lesser Himalayan sequence; MCT—Main Central Thrust; STD—South Tibet De-
tachment; THS—Tethyan Himalayan sequence.
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Wang et al., 2011; Clerc et al., 2015). Therefore, 
the shear within the Gurla Mandhata MCC and 
the Qusum detachment could be kinematically 
linked to sub-horizontal shear zones in the lower 
crust below the Zhada basin, making the geom-
etry and subsidence of the basin more similar to 
a supra-detachment basin (Friedmann and Bur-
bank, 1995; Saylor et al., 2010) (Fig. 3B). This 
explains that the greatest crustal thinning and 
therefore the largest subsidence at the center of 
the basin and not at the edge surface traces of the 
basin-bounding faults (Saylor et al., 2010). The 
depth and low dip of this hypothesized detach-
ment may be a cause for the low subsidence 
rate of the Zhada basin, though it could also be 
explained by that the OP extension at the Zhada 
basin area is partially compensated by the coeval 
ON shortening (Fig. 3B). The GMH could be 
connected to sub-horizontal shear zones at depth 
located along pre-existing and developing weak 
zones, such as the top and edge of the duplex 
structures as well as south-directed major thrusts 
in the orogenic wedge (Fig. 3B). Similarly, the 
formation of WNFS could also exploit these 
pre-existing weak zones. This fault-developing 
mechanism is suggested by the coincidence 
between the surface traces of the GMH and STD 
in Gurla Mandhata area, and between the WNFS 
and MCT or RT (Fig. 1).

Initiation of Strain Partitioning and 
Mechanisms

What initiated strain partitioning? As 
described earlier, structures that accommodate 
strain partitioning in the orogenic wedge did 
not develop until the middle-late Miocene (e.g., 
Murphy et al., 2009). These include the GMH, 
Leo Pargil shear zone, and the Karakoram fault. 
Prior to this, crustal shortening and thickening 
dominated deformation at the rear of the wedge. 
Shortening was accommodated mostly by the 
GCT (Yin et al., 1999), but may have extended 
northwards into the Gangdese batholith as rec-
ognized by Laskowski et al. (2018) further to the 
east near Saga County, Tibet (Fig. 1). The region 
of thickened crust is interpreted to extend south-
wards from the suture zone to the southern mar-
gin of Zhada basin. The transition from no parti-
tioning to partitioning of upper crust convergent 
thickening to orogen parallel extension is repre-
sented by the development of extensional shear 
zones and strike-slip fault systems that accom-
modate slip in a direction parallel to the local 
strike of the orogen. The ductile fabrics record 
high-temperature ductile OP stretching in the 
early-middle Miocene, which is well bracketed 
by monazite U-Pb ages and muscovite 40Ar/39Ar 
ages (Murphy et al., 2002; Thiede et al., 2006; 
Langille et al., 2012; Xu et al., 2013; McCal-

lister et al., 2014; Nagy et al., 2015). Conceptu-
ally, orogen-parallel extension within an active 
orogenic wedge implies that the orogenic core 
could still be thickening by continuous accretion 
of material at the bottom of the wedge in middle 
and lower crust. The upper crustal extension or 
OP partition did not initiate until middle-late 
Miocene in the western Himalaya, recorded by 
dome exhumation, basin formation, and topo-
graphic inversion (e.g., Pêcher et al., 1991; Mur-
phy et al., 2002, 2009; Thiede et al., 2006; Saylor 
et al., 2010; Xu et al., 2013; McCallister et al., 
2014; Nagy et al., 2015; Parsons et al., 2016). 
Rapid cooling of the Leo Pargil high-grade met-
amorphic rocks occurred between 12 and 16 Ma 
(Zhang et al., 2000; Thiede et al., 2006; Hinters-
berger et al., 2010; Thöni et al., 2012). The ini-
tiation of the GMH is 9–15 Ma (Murphy et al., 
2002; Murphy and Copeland, 2005; McCallister 
et al., 2014). The subsidence of the Zhada basin 
area started at ca. 9.5 Ma (Wang et  al., 2008; 
Saylor et al., 2010). This raises another ques-
tion, what initiated upper crustal OP extension 
and strain partitioning in the western Himalaya 
during the middle-late Miocene.

One possible trigger could be an increase in 
obliquity of the western Himalayan convergence 
in middle-late Miocene. Models of oblique con-
vergence suggest that only when the obliquity 
of convergence increases to a certain value can 
strain partitioning occur via the formation of a 
strike-slip fault at the rear of the orogenic wedge 
to accommodate the OP strain (McCaffrey, 
1992; Platt, 1993). When and how the Himalaya 
orogen obtained the arcuate shape have been 
discussed in some paleomagnetic studies. These 
studies have detected rotation between different 
units or areas suggesting that oroclinal bending 
or rotational thrusting is an important process 
in the Miocene (Klootwijk et al., 1985; Schill 
et al., 2001, 2002, 2004; Crouzet et al., 2003). 
Although Schill et al. (2001, 2002, 2004) argue 
specifically that most of the rotational thrust-
ing or oroclinal bending was accommodated by 
structures to the south of the LHS, which did 
not initiate until late Miocene to Pliocene (Meigs 
et al., 1995; DeCelles et al., 1998), their rela-
tive rotation data is of high uncertainty (usually 
>100%). Therefore, it is likely that the increased 
convergent obliquity in western Himalaya in the 
Miocene could have triggered upper crustal OP 
extensional strain partitioning.

The other possible cause is development of a 
weak backstop to the western margin of the oro-
genic wedge in the middle-late Miocene. Geo-
dynamic modeling results show that OP material 
translation is generated in the western Himalaya 
only when the rear side of the wedge is weak 
(Whipp et al., 2014). Without a preexisting weak 
rear, the orogenic wedge only accommodates 

shortening strain and material does not translate 
along strike. This is consistent with the geologic 
observations at the rear of the wedge. Field map-
ping of the GCT in southwestern Tibet and ther-
mochronology of the Kailas conglomerate in its 
footwall suggest initiation of the GCT at the rear 
of the wedge during the early-middle Miocene 
(18–13 Ma) (Yin et al., 1999; DeCelles et al., 
2011; Zhang et al., 2011). The GCT is cut by 
the Karakoram fault in southwestern Tibet, indi-
cating a transition from thrusting to strike-slip 
faulting at the rear of the wedge after 18–13 Ma 
(Murphy et al., 2000). This is consistent with the 
40Ar/39Ar muscovite age of 10 Ma in Ayi Shan 
area which is interpreted to result from exhuma-
tion of the Ayi Shan by normal dip slip along 
the Karakoram fault (Zhang et al., 2011). The 
existence of the geothermal springs along the 
Karakoram fault and their high 3He/4He ratio 
suggest mantle fluids flow within the Karakoram 
fault, supporting a weakened rear of the wedge 
(Klemperer et al., 2013). Following Whipp et al. 
(2014) we interpret this transition from thrust-
ing to strike-slip faulting to reflect a shift from a 
strong to weak rear side of the Himalayan wedge 
and therefore a change to strain partitioning of 
the western portion of the Himalayan wedge in 
the late Miocene. Formation of weak rear back 
and increase in convergent obliquity are not nec-
essarily exclusive with each other in explaining 
the initiation of OP strain partition. The develop-
ment of strike-slip faults at the rear side of the 
orogen could be the result of the increased con-
vergent obliquity (Platt, 1993).

Rheology of the MHT and Wedge Growth

Oblique convergence can explain the first-
order observation that the Kumaun Himalaya 
accumulated less net vertical thickening than 
the Nepal Himalaya and the formation of oro-
gen-parallel extensional features in the oblique 
western segment, such as releasing bend basins, 
extensional shear zones, and MCCs. However, 
this model predicts that the central part of the 
orogeny in central Nepal should have accumu-
lated the largest net vertical thickening strain 
due to zero OP strain partitioning, whereas the 
thickest part of the orogenic core is in the Gurla 
Mandhata area. We suggest that this “anomaly” 
in the thickness could be caused by the along 
strike variations in the geometry and rheology 
of the MHT.

The location of the seismogenic zone at sub-
duction zones is thought to be controlled by 
the rheology of the subduction interface at the 
brittle-plastic transition zone or downward limit 
of the strongly coupled area (Hyndman et al., 
1997; Oleskevich et al., 1999). On the surface, 
this position is represented by a slope break in 
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the wedge topography, such as the coastline, 
continental shelf, or forearc high (Ruff and 
Tichelaar, 1996; Fuller et al., 2006; Wang and 
Hu, 2006; Malatesta et  al., 2018). Numerical 
and geodetically constrained models also sug-
gest a greater uplift rate above the brittle-ductile 
transition zone due to strain accumulation at this 
location (e.g., Fuller et al., 2006; Malatesta et al., 
2018). The same mechanism of strain accumu-
lation may also be applicable to the Himalayan 
orogenic wedge as indicated by several stud-
ies. Geodetic and seismic data and numerical 
modeling in the Himalaya show that a zone of 
interseismic-localized uplift is collocated with 
intense microseimic activity and the base of the 
strongly coupled zone along the megathrust, 
and suggest that creeping shear at the base of 
the brittle-ductile zone in mid-lower crust works 
as the strain reservoir in strain accumulation 
(Pandey et al., 1995; Bilham et al., 1997; Cattin 
and Avouac, 2000; Stevens and Avouac, 2015; 
Mencin et al., 2016). Derivatives of the topog-
raphy including normalized channel steepness 
(Ksn) and the slope of the mean elevation are 
usually interpreted to be indicators of rock uplift 
rate or activity of structures over a time scale of 
104–105 years (Kirby and Whipple, 2001; Wobus 
et al., 2006; Cannon and Murphy, 2014; Harvey 
et al., 2015; Adams et al., 2016; Whipple et al., 
2016; Cannon et  al., 2018; Eizenhöfer et  al., 
2019). The coincidence between the zone of 
intense microseimic activity and other longer-
time-scale features, such as the high topographic 
front (the front of the high-elevation, low-relief 
landscape), high slope of mean elevation (slope 
break), high river Ksn, rocks of young low-tem-
perature thermochronologic ages, and the gen-
eral pattern of the GHS (trace of MCT) (Fig. 4 
and Fig. DR4 in Appendix 4, see footnote 1), 
further suggests that the location of localized 
strain accumulation or brittle-ductile transition 
zone along the megathrust has not moved much 
in the past several millions of years. The stable 
state could be a consequence of the dynamic bal-
ance between concentrated erosion at the front of 
the localized uplifting zone and strain accumula-
tion at the base of brittle-ductile transition zone 
along the MHT (Avouac and Burov, 1996; Lavé 
and Avouac, 2001; Burbank et al., 2003). Similar 
to the late Miocene LHS duplexing, functioning 
to thicken the upper crust (e.g., Srivastava and 
Mitra, 1994; DeCelles et  al., 2001; Robinson 
et al., 2006; McQuarrie et al., 2008; Robinson 
and Martin, 2014; Mendoza et al., 2019), duc-
tile duplexing along the brittle-ductile transition 
zone might have been the mechanism of thicken-
ing the orogenic core in the mid-lower crust. It 
is supported by estimated pressure-temperature 
conditions and kinematics along “disconti-
nuities” within the GHS (see review in Larson 

A

B

C

Figure 4. Maps comparing the thickness of the high-grade orogenic core of the western and 
central Himalaya (color-coded base map in A and gray thickness contours, in km, in B), 
high slope of mean elevation (color-coded base map in B and red dash lines in A, B, and C), 
contoured areas of high normalized river channel steepness (Ksn) (purple clusters in A and 
C, from Cannon et al., 2018), modeled coupling of the Main Himalayan Thrust (contours of 
0.3–0.6 in A, from Stevens and Avouac, 2015). Slope of mean elevation was calculated by first 
smoothing the topography by taking the mean within a 25 km moving window and then cal-
culating the slope of the resulting grid. Notice the correspondence between the patterns of 
these features and their along-strike anomaly between 81°E and 83°E. KKF—Karakorum 
fault; GCT—Great Counter Thrust; MFT—Main Frontal Thrust. P1 and P2 show locations 
of two topographic swath profiles presented in Figure 5.
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et al., 2015), underplating processes suggested 
by isotopic signatures of the crystalline rocks 
(Murphy, 2007; Hopkinson et al., 2019), seismic 
reflection profiles (e.g., Gao et al., 2016; Guo 
et  al., 2018; Laskowski et  al., 2018), thermo-
kinematic modeling of the Himalaya (e.g., Bol-
linger et al., 2006; Herman et al., 2010), tilting 
amount and history of tectonic thrust sheets in 
the Himalaya (Schill et al., 2004), and geomor-
phologic modeling of high-elevation, low-relief 
landscapes (Adams et al., 2016).

As the rheology of the megathrust is a com-
plex function of a variety of parameters such 
as its geometry, depth, fluids present, thermal 
structure, and composition, the location of the 
brittle-ductile transition zone usually varies 
along strike of the wedge (e.g., Pacheco et al., 
1993; Oleskevich et al., 1999; Klotz et al., 2001; 
Flórez-Rodríguez et  al., 2019; Suenaga et  al., 
2019). Similarly, the anomaly of the thickness 
of the orogenic core mentioned above can also 
be explained by the heterogeneity of the megath-
rust rheology along strike. Along the strike of the 
Himalaya, the location of the brittle-ductile transi-
tion zone along the MHT or the uplifting front is 
clear except for far-western Nepal. In far-western 
Nepal, zones of high river Ksn and high slope of 
mean elevation bifurcate into two branches to the 

southeast of the Gurla Mandhata MCC (Harvey 
et al., 2015; Cannon et al., 2018) (Fig. 4). The 
seismicity is less concentrated and forms a wider 
zone between the two branches (Fig. DR4). We 
interpret the northern branch as an active oblique 
thrust ramp because it coincides with the front of 
high-elevation, low-relief landscape and area of 
high exhumation rate as suggested by the young 
thermochronologic ages from a variety of dating 
methods including zircon and apatite (U-Th)/
He, zircon and apatite fission track, and musco-
vite 40Ar/39Ar (Fig. DR4). The active front forms 
a structural and topographic embayment in far-
western Nepal, suggesting that the brittle-ductile 
transition zone along the MHT is farther north 
in far-western Nepal compared to the adjacent 
regions along strike. This is also supported by 
the northward shift of the strongly coupled part 
of MHT (Fig. 4) (Ader et al., 2012; Stevens and 
Avouac, 2015). This embayment-like feature 
places the active lower-crustal duplexing in far-
western Nepal approximately at the southern edge 
of Gurla Mandhata MCC (North Himalayan anti-
form), whereas the active uplifting front to the 
east in the central Himalaya is usually more than 
100 km to the south of the North Himalayan anti-
form (Fig. 4). Along strike of the Himalaya, the 
Gurla Mandhata MCC sector (∼600–700 m along 

AA’ in Fig. 4C) also has the narrowest orogenic 
wedge (distance between the MFT and GCT) and 
the smallest proportion of the inner wedge (repre-
sented by the 0.4 MHT coupling contour line and 
the GCT) (Figs. 5A and 5B). The present active 
uplifting front represents the southernmost limit 
of the mid-lower crustal duplexing in the orogenic 
core thickening process. Therefore, the shorten-
ing strain caused by lower-crustal duplexing in 
the Gurla Mandhata area accumulated within a 
relatively narrower zone than in the central Nepal 
Himalaya, where the thickening of the orogenic 
core is less concentrated (Fig. 5). The focused 
thickening through time in far-western Nepal 
provides an explanation for why the Gurla Man-
dhata area and not the central part of the Hima-
laya in central Nepal, has the thickest orogenic 
core. Moreover, corresponding to the distribution 
of thickened orogenic core (thickness >28 km), 
compared with central Nepal, the topographic 
swath profile of far-western Nepal is characterized 
by a wider and gentler frontal part (outer wedge) 
with high relief and a narrower hinterland (inner 
wedge) with high-elevation, low-relief landscape 
(Fig. 5). The approximate collocation between 
the thickened orogenic core (thickness >28 km) 
and the areas of high-elevation, low-relief (inner 
wedge) to the north of the uplifting front, regard-
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less of the along-strike changes in their width 
(Figs. 4 and 5), suggests that mid-lower crustal 
duplexing at the brittle-ductile transition zone 
is an effective mechanism for orogenic plateau 
growth. The outward growth of the orogenic pla-
teau is accompanied with foreland-ward migra-
tion of the mid-lower crustal duplexing.

MHT Ramp Geometry

The apparent along-strike “abnormal” 
rheology pattern of the MHT in far-western 
Nepal may reflect an along-strike change in its 
geometry as noted by several studies (Harvey 
et al., 2015; Hubbard et al., 2016; van der Beek 
et al., 2016; Hoste-Colomer et al., 2018; Lindsey 
et al., 2018; Soucy La Roche and Godin, 2019), 
which we interpret to be a system of lateral, 
oblique, and frontal ramps. Assuming the 
rheology of the MHT is controlled by temperature 
and the area has uniform geothermal gradient 
along strike, lateral, or oblique ramps will result 
in the structurally higher megathrust intersecting 
the nominal temperature range for ductile strain 
at a position farther north from that on the lower 
megathrust. The surface geology also suggests 
the possible existence of lateral or oblique ramps 
affecting the foreland-ward propagation of the 
deformation. At approximately the longitude 
of the embayment discussed above, the trace of 
the MCT, LHS duplex, and the long axis of the 
Almora-Dadeldhura klippe, all shift toward the 
hinterland (north). This results in the alignment 
of antiformal features, such as LHS duplexes, 
and synformal features, such as GHS klippen and 
THS half-klippen, along their strike (Fig. 6A).

A

B

Figure 6. (A) Geologic map of far-western Nepal and adjacent areas. Notice the misalign-
ment of antiformal and synformal features along their strike and the partial collocation 
between the Western Nepal fault system (WNFS) and transitional positions between the 
antiformal and synformal features. (B) General evolution of the lateral and oblique ramps 
(a, b, f, g, h, i) in the Main Himalayan Thrust (MHT) and antiformal and synformal features 
in schematic block diagrams and cross-sections through time (T1–T4). The c, d, e are flats in 
the MHT connecting the deeper and higher frontal ramps. In the block diagrams, the dark 
gray parts represent the ramps in the lower plate of the MHT and the black solid and dash 
rounded rectangles represent where klippen and duplexes developed, respectively. The gray 

dashed areas in T2 and T3 represent the 
structures developing in the next step. In 
each cross-section, the two black solid lines 
are the topography (higher) and MHT 
(lower) at the time, respectively, and the two 
dash lines are the South Tibet Detachment 
(STD) (higher) and Main Central Thrust 
(MCT) (lower), respectively. The solid gray 
line is the projected MHT from the other 
cross-section at the time. The space bounded 
by the two MHTs (black and gray) on each 
cross-section represents the projection of the 
lateral ramps (e.g., f, h) between the central 
and eastern sectors. The abrupt increase in 
the topography coincides with the brittle-
ductile transition zone (BDT, represented 
with bold dash line) along the mid-lower 
crustal ramp of the MHT. GMH—Gurla 
Mandhata-Humla fault system; MBT—
Main Boundary Thrust; MFT—Main Fron-
tal Thrust.
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Based on our interpretation of an along-strike 
heterogeneous MHT rheology, we synthesize 
the geologic information from the outer wedge 
and propose a conceptual model for the geom-
etry and evolution of the ramps in the MHT in 
western Nepal (Fig. 6B). We interpret the ramp 
positions using criteria as follows: (1) a frontal 
ramp exists in the mid-lower crust in the hin-
terland where the brittle-ductile zone lies, and 
its location is represented by the actively uplift-
ing front on the surface as described earlier; 
(2) a higher frontal ramp exists where LHS is 
duplexed or imbricated and evolves via foreland 
propagation (refer to Robinson et al., 2003 for 
details); (3) the along-strike transition between 
the antiformal and synformal features indicates 
the locations of the higher frontal ramps vary 
along strike, which requires the lateral or high-
angle oblique ramps of the MHT to connect 
them. In the model (Fig. 6B), at time T1, after 
the MCT and STD ceased, a single ramp was in 
the hinterland extending through the crust, mid-
lower crust was accreted at the brittle-ductile 
transition zone along the ramp forming the GHS 
duplex. The North Himalayan antiform started 
to develop along the ramp and was the active 
uplifting front at that time. At T2, to the east and 
west of the topographic embayment today, the 
megathrust propagated to the south of where the 
THS half-klippen are present today and a new 
ramp formed at this position. At the topographic 
embayment sector (central sector), the fron-
tal ramp did not change location. Thus, in this 
step, the North Himalayan antiform continued 
to grow only in the central sector. In the west-
ern and eastern sectors, the North Himalayan 
antiform stopped growing and the synformal 
THS half-klippen formed, as ductile duplex-
ing at the brittle-ductile transition zone and the 
active uplifting front shifted southward to the 
new ramp. The lateral or oblique ramps (a, b in 
Fig. 6B) formed and connected the frontal ramps 
in three sectors. From T2 to T3, the frontal ramp 
in each sector broke into two ramps connected 
by a flat (c, d, e in Fig. 6B). In each sector, the 
new higher frontal ramp and the flat in upper 
crust propagated toward the foreland via subse-
quently excising LHS sheets from the footwall 
and incorporating them as horses into the anti-
formal LHS duplex in the hanging wall. In the 
central sector, because no THS klippe formed 
between the GHS duplex and the LHS duplex, 
the GHS duplex is juxtaposed against the LHS 
directly causing the abnormally high STD in the 
3-D model (Fig. 2). From T3 to T4, in each sec-
tor, the higher frontal ramp shifted farther to the 
foreland and the synformal GHS klippen formed 
between the LHS duplexes and the location of 
the new ramp. From T2 to T4, the antiformal and 
synformal features in the outer wedge developed 

as the MHT flats (c, d, e in Fig. 6B) above the 
mid-lower crustal ramp continuously propagated 
to the foreland and generated new upper fron-
tal ramps (e.g., DeCelles et al., 2001; Robinson 
et al., 2003). Structural restoration of three cross-
sections suggests that the along-strike transition 
between the antiformal and synformal features 
was controlled by the number of LHS horses that 
have been stacked up and the amount of shorten-
ing accommodated by each of them (Robinson 
et al., 2006). If these variations were not com-
pletely accommodated by internal structures, 
like tear faults, in the hanging wall of the MHT, 
it requires the existence of the lateral or oblique 
ramps (f, g) connecting the contemporary higher 
frontal ramps (Fig. 6B). This type of lateral and 
oblique ramps also propagated to the foreland 
correspondently as new frontal ramps formed 
when new LHS horses got involved in the defor-
mation. If the flats (c, d, e) connecting the deeper 
and higher frontal ramps in adjacent sectors 
were of different depths, later ramps (h, i) could 
be preserved between the flats after the lateral 
ramps (f, g) connecting the higher frontal ramps 
propagated to the south (Fig. 6B). Similarly, they 
could not be preserved if the LHS horses at the 
three sectors developed on the flats (c, d, e) of 
the same depth. In the whole process from T1 
to T4, the location of the uplifting front always 
corresponds to the brittle-ductile transition zone 
along the northern lower frontal ramp, and the 
orogenic plateau (regions of high-elevation, low-
relief) grows outward as this location migrates 
foreland-ward. The embayment of the actively 
uplifting front developed at T2 due to the forma-
tion of the lateral or oblique ramps of the MHT 
and its shape did not significantly change since 
then. The trace of the WNFZ from Simikot to 
Dunai coincidently follows the features affected 
by the oblique or lateral ramps, such as the 
actively uplifting front and the roof thrust of the 
LHS duplex, suggesting it is the upper crustal 
expression of the ramps in the MHT (Fig. 6A).

The location and geometry of megathrust 
ramps are of great significance in seismic haz-
ard assessment because ramps can act as barriers 
to rupture propagation during large earthquakes. 
This has been well observed in various studies 
on the 2015 Mw 7.8 Gorkha earthquake of which 
the slip patch matches an oval-shaped, gently 
dipping fault surface bounded on all sides by 
steeper ramps (Duputel et al., 2016; Elliott et al., 
2016; Hubbard et al., 2016; Wang et al., 2017). 
The eastern and western ends of the aftershock 
zone of the Gorkha earthquake correspond to 
seismic wave speed increase at MHT depth (Bai 
et al., 2019) and to changes in structural pattern 
at the surface (Grandin et al., 2015), suggesting 
along-strike change in the megathrust struc-
ture. 2-D dip model of the MHT estimated by 

geodetic data analysis also confirms the lateral 
change in the dip (Zhang et al., 2017). Although 
lateral changes in the geometry of the MHT in 
western Nepal has been proposed and discussed 
in many studies (e.g., Robert et al., 2011; Har-
vey et al., 2015; Bollinger et al., 2016; Hubbard 
et al., 2016; Hoste-Colomer et al., 2018; Subedi 
et al., 2018; Soucy La Roche and Godin, 2019), 
its geometry is still not well understood. How-
ever, significant seismic hazard exists in the area 
because large historical earthquakes have been 
reported (Murphy et al., 2014; Bollinger et al., 
2016; Hossler et al., 2016) in the area and the 
along-strike extent of the region devastated in 
the 1505 AD earthquake roughly corresponds 
to the “embayment” in western Nepal discussed 
earlier, from Thakkola graben to Gurla Mand-
hata (Bollinger et  al., 2016). The earthquakes 
rupturing the WNFS are approximately coeval 
with some historical large earthquakes (Murphy 
et al., 2014), suggesting the important role of the 
ramp geometry in controlling rupture propaga-
tion. The ramps interpreted in this study may 
explain why the western terminus of the 1505 
AD earthquake rupture is located near the Gurla 
Mandhata area.

CONCLUSIONS

Our 3-D model of the metamorphosed oro-
genic core of the western and central Hima-
laya shows significant along-strike variation in 
the thickness, from ∼25–26 km in the western 
Himalaya to ∼34–42 km in the central Hima-
laya, suggesting significant along-strike strain 
variation. The abrupt change lies at the western 
boundary of the Gurla Mandhata MCC, sug-
gesting significant change in the strain state. 
Assuming the thickness of the orogenic core at 
37 Ma was 17 km and constant along the strike, 
the western and central Himalaya has been thick-
ened by 0.5 and 1–1.5 times, respectively. We 
propose an oblique convergence model, which 
describes OP extensional strain partition in the 
western Himalayan as the driver for the dramatic 
along-strike strain variation and many associated 
features, such as metamorphic core complexes, 
OP stretching lineation and shear zones within 
the orogenic core and a supradetachment basin 
with a low subsidence rate. The initiation of the 
upper crustal strain partitioning could be trig-
gered by increased convergence obliquity in the 
western Himalaya via rotational shortening and/
or oroclinal bending and/or the formation of a 
weak rear back via the development of the GCT 
and south propagation of the Karakoram fault in 
middle-late Miocene. The brittle-ductile transi-
tion zone along the megathrust is where strain 
locally accumulates, and mid-lower crustal 
duplexing develops. Thus, it correlates to the 
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uplifting front of the orogenic plateau. The hin-
terland-ward shift of the brittle-ductile transition 
zone of the MHT in far-western Nepal caused 
the continuously focused thickening in a narrow 
area in the hinterland, generating the thickest 
part of the orogenic core. The comparison of 
the model along its strike and with other datas-
ets suggests that mid-lower crustal duplexing at 
the brittle-ductile transition zone is an effective 
mechanism of outward growth of a hinterland 
plateau. The along-strike variation in the loca-
tion of the brittle-ductile transition zone along 
the megathrust may be caused by the existence 
of lateral and oblique ramps as suggested by the 
surface geology.
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