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ABSTRACT
Documenting the structural evolution of the Himalayan orogen is fundamental for under-

standing the dynamics of collisional orogenesis. We argue that the importance of deformation 
in the frontal, Lesser Himalayan–Subhimalayan (LH-SH) portion of the Himalayan thrust 
belt for driving crustal thickening over the past ∼15–13 m.y. has long been overlooked. To 
quantify its contribution to thickening, we measured parameters from 22 published cross 
sections that span the length of the orogen. The mean structural uplift accomplished by the 
LH-SH thrust belt increases from 10–15 km in the eastern half of the orogen to 15–23 km in 
the western half. An antiformal culmination constructed by LH duplexing is observed across 
the orogen and increases in structural height (to as much as 15–20 km) and north-south 
width moving westward. Construction of the culmination was the primary mechanism for 
building and maintaining wedge taper. The westward scaling of culmination size is accompa-
nied by doubling and tripling of LH-SH shortening and accretion magnitude, respectively; 
when combined with a consistent orogen-wide modern taper angle (11° ± 2°), this indicates 
that duplexing facilitated the growth of an overall larger orogenic wedge moving westward. 
Following the initial southward propagation of deformation into LH rocks at ca. 15–13 Ma, 
the Himalayan orogenic wedge has been characterized by stacking of multiple thin, small-
displacement thrust sheets to develop a high-taper orogenic wedge. Thus, LH-SH deforma-
tion has had a profound effect on driving thickening, exhumation, and the attainment of high 
elevations since the middle Miocene.

INTRODUCTION
Collisional orogens can strongly impact 

climate, biologic diversity, and society 
(e.g., seismic and landslide hazards, natural 
resources, and water availability). Therefore, 
understanding how these dynamic orogenic 
systems evolve is an imperative grand chal-
lenge for continental tectonics. In the Hima-
layan-Tibetan orogen, which is commonly 
viewed as a modern archetype through which 
we can understand Earth’s older collisional 
orogens, the deformation processes that have 
constructed our highest continental mountain 
range have been debated considerably (e.g., 
Kohn, 2008). Over the past 20 years, most 
research on Himalayan structural geology 
has focused on the ca. 25–15 Ma emplace-
ment of mid-crustal metamorphic rocks of 
the Greater Himalayan (GH) package (e.g., 
Beaumont et al., 2001; Law et al., 2006; Cot-

tle et al., 2015). Consequently, we argue that 
the important contribution of younger (ca. 
15–0 Ma) deformation in the frontal part of the 
orogen, consisting of at least ∼200–400 km of 
shortening accommodated in the Lesser Hima-
layan–Subhimalayan (LH-SH) portion of the 
thrust belt (e.g., Bhattacharyya and Ahmed, 
2016), has been comparatively overlooked. 
The purpose of this study is to quantify the 
profound influence of the LH-SH thrust belt 
on Himalayan crustal thickening by measuring 
parameters including structural elevation and 
accreted area from 22 published cross sections 
that span a 2200 km arc-parallel distance. We 
emphasize that shortening in the LH-SH thrust 
belt was the primary driver for construction 
of a high-taper orogenic wedge over the past 
∼15–13 m.y. and was therefore of first-order 
importance for generating Earth’s highest-
elevation mountain range.

TECTONIC FRAMEWORK
Himalayan-Tibetan Orogen

The Himalayan-Tibetan orogen is the prod-
uct of Cenozoic convergence between India 
and Asia (e.g., Yin, 2006). The Himalayan 
thrust belt comprises the southern portion 
of the orogen, lying between the Indus-Yar-
lung suture zone and the Main Frontal thrust 
(MFT) (Fig. 1) and, from north to south, is 
divided into: (1) the Tethyan Himalayan pack-
age of sedimentary rocks, which overlies GH 
rocks across the top-down-to-the-north South 
Tibetan detachment system (STDS); (2) the 
GH package of amphibolite- to granulite-facies 
metasedimentary and igneous rocks, which 
was buried to ∼30–40 km depths prior to its 
south-directed translation above the Main Cen-
tral thrust (MCT) between ca. 25 and 15 Ma 
(e.g., Cottle et al., 2015); (3) the LH package 
of Paleoproterozoic–Paleogene, dominantly 
greenschist-facies metasedimentary rocks, 
which has been deformed into a south-directed 
thrust belt; and (4) the SH package of Neogene 
synorogenic sedimentary rocks, which is car-
ried in frontal thrust sheets.

Lesser Himalayan–Subhimalayan Thrust 
Belt

Along the length of the orogen, 3–5 km 
of Paleoproterozoic (ca. 1.9–1.75 Ga) quartz-
ite and phyllite account for the largest vol-
ume of LH rocks (Fig. 2; e.g., Yin, 2006). In 
Arunachal Pradesh (India), Bhutan, and Sik-
kim (India), Paleoproterozoic LH rocks are 
overlain by 2–5 km of Neoproterozoic–Ordo-
vician quartzite, phyllite, and marble and 
Permian diamictite and sandstone (Figs. 2A–
2C; e.g., Long et al., 2011). In Nepal, the LH 
section consists of 5–8 km of Paleo- and Meso-
proterozoic quartzite, phyllite, and marble and 
<1 km of Mesozoic–Paleogene sandstone and 
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shale (Figs. 2D and 2E; e.g., Robinson et al., 
2006). In northwestern India, Paleoprotero-
zoic LH rocks are overlain by 3–5 km of Neo-
proterozoic–Cambrian sandstone, shale, and 
limestone and <1 km of Cretaceous–Paleo-
gene limestone and sandstone (Figs. 2F–2H; 
e.g., Webb, 2013). At the southern edge of 
the orogen, 5–7 km of Neogene conglomer-
ate, sandstone, and shale of the SH Siwalik 
Group restore stratigraphically above LH 
rocks (Fig. 2).

The LH-SH thrust belt, which consists of all 
thrust sheets between the MCT and the MFT, 
exhibits a similar first-order structural archi-
tecture along the length of the orogen, con-
sisting of (1) a hinterland duplex and associ-
ated antiformal culmination, and (2) a frontal 
imbricate zone (Fig. 2A). The duplex consists 
of repeated horses of LH rocks, which structur-
ally elevated and folded overlying GH rocks. 
In Bhutan, the MCT acted as the roof thrust for 
Paleoproterozoic horses in a northern duplex, 
and the Shumar thrust acted as the roof thrust 
for Neoproterozoic–Paleozoic horses in a 
southern duplex (Fig. 2B; Long et al., 2011). 
In Sikkim, Paleoproterozoic horses feed slip 
into the Pelling thrust ∼4 km below the MCT, 
and underlying Paleoproterozoic–Paleozoic 
horses feed slip into the Ramgarh thrust; these 
two duplex systems are stacked on top of each 
other (Fig. 2C; e.g., Bhattacharyya et al., 2015). 
In central Nepal, the Ramgarh-Munsiari thrust 
carries a 1–3-km-thick sheet of Paleoprotero-
zoic rocks below the MCT, while the struc-
turally lower Trishuli thrust acted as the roof 
thrust for underlying horses (Fig. 2D; Khanal 
and Robinson, 2013). In western Nepal and 
northwestern India, the Ramgarh-Munsiari 

thrust carries a 2–5-km-thick sheet of Paleopro-
terozoic rocks beneath the MCT and acted as 
the roof thrust for duplexing (Figs. 2E and 2F; 
Robinson et al., 2006), and the underlying Tons 
thrust acted as a second roof thrust farther to 
the northwest in India (Fig. 2G; Webb, 2013).

An important consequence of LH duplexing 
is the generation of an antiformal culmination, 
which passively uplifted and folded the MCT 
and overlying GH rocks (e.g., Robinson et al., 
2003). In Arunachal Pradesh and Bhutan, the 
culmination is defined by an east-trending anti-
form mapped within GH rocks, with local ero-
sional windows into LH rocks (Figs. 1 and 2A; 
e.g., Long et al., 2011). From Sikkim westward, 
the significant structural height of the culmi-
nation has generated large regions of exposed 
LH rocks, with synformal foreland klippen of 
GH rocks preserved in several places (Figs. 1, 
2C–2H; e.g., Robinson et al., 2006).

The frontal imbricate zone of the LH-SH 
thrust belt consists of north-dipping thrust 
sheets that carry progressively younger LH 
units toward the south and thrust sheets of SH 
rocks near the MFT (Fig. 2). The deformation 
geometry of SH rocks varies from a single thrust 
sheet in Bhutan and Sikkim (Figs. 2A–2C) to 
multiple thrust sheets in the rest of the orogen 
(Figs. 2D–2H).

CROSS-SECTION PARAMETERS
We measured the following parameters 

from 22 published balanced cross sections, 
which are distributed across a 2200 km arc-
parallel distance (Fig. 1). Using the MFT trace 
as a reference point, at a distance of every 2 km 
along each section line we measured (see Fig. 2 
inset; also see the Supplemental Material1 for 

supporting data): (1) the surface elevation; 
(2) the depth to the basal décollement; (3) 
the total structural elevation accomplished by 
the LH-SH thrust belt (black arrows in Fig. 2 
inset), measured by comparing the elevation of 
the structurally highest LH or SH stratigraphic 
contact above or below the modern surface to 
its elevation at or beneath the basal décolle-
ment; and (4) the preserved structural elevation 
accomplished by the LH-SH thrust belt (gray 
arrows), measured by comparing the elevation 
of the stratigraphic level exposed at the modern 
surface to its elevation at or beneath the basal 
décollement. We also measured: (5) the total 
accreted area of LH-SH rocks (green line in 
Fig. 2 inset), measured relative to the struc-
turally highest LH or SH rocks shown above 
the modern surface; (6) the preserved accreted 
area of LH-SH rocks (orange line), measured 
relative to the modern surface; (7) the southern 
and northern extents, peak height, and elevated 
area of the LH duplex culmination, using the 
basal elevation of the MCT in the frontal limb 
as a reference height (blue line); and (8) the 
complete or minimum preserved structural 
thickness of GH rocks in foreland and hinter-
land positions (pink arrows). We also compiled 
published estimates of the minimum shorten-
ing accomplished by the LH-SH thrust belt on 

1Supplemental Material. Supplemental figures and 
tables that provide supporting data for the compiled 
cross sections and the measured parameters, as well as 
text that summarizes the tectonostratigraphic units on 
each cross section. Please visit https://doi​.org/10.1130/
GEOL.S.14781936 to access the supplemental 
material, and contact editing@geosociety.org with 
any questions.

Figure 1.  Simplified geologic map of the Himalayan thrust belt (modified from Long et al., 2011; Webb, 2013; Gavillot et al., 2018; Mandal et al., 
2019), showing locations of compiled cross sections.
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each cross section (see the supporting data in 
the Supplemental Material).

RESULTS
Using best-fit lines of the elevation and 

depth to basal décollement measurements, we 
calculated the surface slope (α), basal slope (β), 
and taper angles (α + β) for each cross section 
(Fig. 3A). α angles are typically between 1° and 
2° (average of 1.6° ± 0.6°; all errors are reported 
at 1σ). β angles are typically between 7° and 10° 
but are as high as 12°–13° in eastern and cen-
tral Nepal (orogen-wide average of 9.2° ± 1.8°). 
Taper varies from ∼8.5°–10° from Arunachal 
Pradesh to eastern Sikkim, to ∼13°–15° from 
western Sikkim to central Nepal, to ∼9°–12° in 
the western half of the orogen, with an orogen-
wide average of 10.8° ± 2.1°.

Minimum LH-SH shortening increases from 
∼180–300 km in the eastern half of the orogen to 
∼350–400 km in the western half (Fig. 3B). Per-
cent shortening generally increases westward, 

from ∼55%–70% to ∼65%–75% (Fig. 3C). The 
accreted area of LH-SH rocks increases west-
ward (Fig. 3D), with total area increasing from 
∼700–1700 km2 to ∼1800–3000 km2 and pre-
served area increasing from ∼600–1600 km2 to 
∼1500–2300 km2.

The LH duplex culmination is typically 
located between ∼30 and 120 km north of the 
MFT but is locally as much as ∼100–170 km 
north of the MFT in the western half of the oro-
gen (Fig. 3E). The average north-south width 
of the culmination increases from 44 ± 16 km 
in the eastern half of the orogen to 66 ± 15 km 
in the western half (Fig. 3E). The height and 
elevated area of the culmination increase 
(albeit nonlinearly) westward from ∼4–10 km 
to ∼8–22 km and from ∼50–300 km2 to ∼300–
700 km2, respectively (Figs. 3F and 3G).

The structural thickness of hinterland 
exposures of GH rocks (both complete and 
minimum) generally varies from 15 to 31 km 
between Arunachal Pradesh and central Nepal 

(cross sections 1–12), which decreases west-
ward to 6–12 km with the exception of a 25-km-
thick section in Kashmir (Fig. 3H). Complete 
and minimum thicknesses of foreland GH expo-
sures are typically 4–8 km.

In the eastern half of the orogen, the mean 
total structural elevation accomplished by the 
LH-SH thrust belt, which represents a proxy 
for cumulative rock uplift, increases from ∼5 
to ∼15 km between 0 and 50 km north of the 
MFT, stays constant at ∼15 km between 50 
and 80 km, and decreases from ∼15 to ∼3 km 
between 80 and 130 km north of the MFT 
(Fig. 4A). In the western half of the orogen, 
this parameter increases from ∼5 to ∼20 km 
between 0 and 55 km north of the MFT, stays 
constant at ∼20–23 km between 55 and 135 km, 
and decreases from ∼20 to ∼13 km between 
135 and 160 km north of the MFT.

In the eastern half of the orogen, the mean 
preserved structural elevation, which represents a 
proxy for the net vertical thickening accomplished 
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Figure 2.  Representative cross sections of the Lesser Himalayan–Subhimalayan (LH-SH) thrust belt, ordered from east to west (cross section 
numbers referenced to Figure 1; all 22 cross sections are shown in the Supplemental Material [see footnote 1]). Inset diagrams on lower right 
illustrate parameters measured from cross sections.
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by the LH-SH thrust belt, increases from ∼3 to 
∼13 km between 0 and 50 km north of the MFT, 
stays constant at ∼13 km between 50 and 85 km, 
and decreases from ∼13 to ∼3 km between 85 
and 125 km north of the MFT (Fig. 4B). In the 

western half, this parameter increases from ∼5 
to ∼13 km between 0 and 20 km north of the 
MFT, increases from ∼13 to ∼20 km between 20 
and 105 km, and decreases from ∼20 to ∼10 km 
between 105 and 160 km north of the MFT.

DISCUSSION
Duplex culminations similar to those 

observed in the LH-SH thrust belt have been 
produced in analogue models of thrust belts and 
are attributed to sustained basal accretion, which 
drives localized surface uplift and enhances 
erosion, eventually resulting in unroofing of 
the accreted rocks and isolation of structurally 
overlying rocks in a synformal foreland klippe 
(e.g., Perrin et al., 2013). Duplexing is a common 
process by which the hinterland portions of thrust 
belts sustain the taper angle necessary for con-
tinued forward propagation (e.g., Dahlen, 1990; 
DeCelles and Mitra, 1995). The persistence of 
the LH duplex culmination along the length of 
the orogen suggests that duplexing was the pri-
mary mechanism for building and maintaining 
taper over the duration of deformation in the 
LH-SH thrust belt. The initiation of LH deforma-
tion represents an important transition from long-
distance translation of the thick GH package to 
the style of a foreland thrust belt dominated by 
critical taper dynamics, characterized by stack-
ing of multiple thin, short, small-displacement 
LH thrust sheets to build a high-taper orogenic 
wedge (e.g., DeCelles et al., 2016). Thermochro-
nometry, thermo-kinematic modeling, and dated 
field relationships bracket the timing of initial 
LH deformation, most commonly dating the 
emplacement of the LH thrust sheet immediately 
beneath the MCT, across a narrow time interval 
of ca. 15–13 Ma (though a few estimates range 
as old as ca. 17 Ma and as young as ca. 11 Ma), 
with no obvious timing trend along strike (e.g., 
Kohn et al., 2004; Robinson et al., 2006; Célérier 
et al., 2009; Webb, 2013; McQuarrie et al., 2014, 
2019; Bhattacharyya et al., 2015; DeCelles et al., 
2016; Colleps et al., 2018; Gavillot et al., 2018; 
Ghoshal et al., 2020). This followed, and per-
haps partially overlapped with, a period of major 
normal-sense shearing on the overlying STDS 
along much of the orogen between ca. 25 and 
ca. 13 Ma (e.g., Kellett et al., 2018) and roughly 
coincides with the ca. 12 Ma intensification of 
the Indian monsoon (e.g., Dettman et al., 2003). 
Therefore, the initiation of LH duplexing may 
represent a response to restoration of the taper 
lost to displacement on the STDS and/or to mon-
soon-induced erosion, and was likely facilitated 
by migration of the deformation front from the 
stronger, largely meta-igneous GH package into 
weaker, micaceous LH sedimentary rocks, which 
required duplexing to maintain the taper neces-
sary to drive forward propagation (e.g., DeCelles 
and Mitra, 1995).

The north-south cross-sectional length of the 
LH-SH thrust belt, magnitude of LH-SH short-
ening, accretion, and structural elevation, and 
dimensions of the LH duplex culmination all 
increase westward along the orogen (Figs. 2–4). 
When combined with the broadly consistent 
orogen-wide modern taper angle (11° ± 2° 
average), this indicates that construction of a 

Figure 3.  Graphs of 
Lesser Himalayan–
Subhimalayan (LH-SH) 
cross section param-
eters versus arc-parallel 
distance (see Fig.  2 for 
parameter definitions) 
(taper = α + β). For B and 
C, estimates of Schelling 
and Arita (1991) and 
Schelling (1992) (shown 
in gray) are considered 
outliers because they 
do not account for intra-
LH structures (e.g., Long 
et al., 2011). For B, C, and 
H, data points that have a 
range of values are shown 
with error bars. Arun.—
Arunachal Pradesh; 
GH—Greater Himalayan.
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taller and wider duplex was required to allow 
for the sustained growth of an overall larger 
orogenic wedge moving westward. This could 
be the consequence of one or more factors, 
including

(1) A greater original north-south width of 
LH basins moving westward, and thus a larger 
volume of LH rocks available for accretion (e.g., 
Bhattacharyya and Ahmed, 2016).

(2) Along-strike variation in convergence 
partitioning between the LH-SH thrust belt 
and the Tibetan Plateau. Long-term India-Asia 
convergence rates decrease 20% between the 
eastern (∼5 cm/yr from 15 to 0 Ma) and west-
ern syntaxes (∼4 cm/yr from 20 to 0 Ma) (van 
Hinsbergen et al., 2011). Thus, LH-SH shorten-
ing over the past ∼15–13 m.y. can account for 
∼30%–45% of India-Asia convergence in the 
east and ∼70%–80% in the west.

(3) Erosionally limited outward growth 
of the LH-SH thrust belt as a result of east-
ward-increasing monsoon precipitation (e.g., 
Hirschmiller et al., 2014). While climatic con-
trols cannot be ruled out, this scenario is not 
favored by the eastward decrease in LH-SH per-
cent shortening (e.g., McQuarrie et al., 2008).

Regardless of the origin of the westward 
increase in shortening, accretion, and duplex 
dimensions, the net vertical thickening accom-
plished by the LH-SH thrust belt (∼10–13 km in 
the east and ∼15–20 km in the west) illustrates 
that LH duplexing was a first-order thickening 
mechanism, which outweighed the contribution 
of emplacement of the ∼6–12-km-thick GH 
package in the western half of the orogen. The 

transition to duplexing-dominated LH deforma-
tion was of primary importance for construction 
of the high-taper orogenic wedge (and thus the 
high elevations) observed today and has been 
the primary driver of uplift-related exhumation 
over the past ∼15–13 m.y.
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