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Abstract Investigation of deep crustal and lithospheric structures is essential to understand the nature of
geodynamical processes beneath the Himalaya and Tibetan plateau of the India‐Eurasia collision zone.
Our density cross sections across the Himalaya‐Eurasia collision zone using integrated 2‐D modeling of
gravity, topography, and geoid data incorporating constraints from seismic information supports the above
contention. Analysis of gravity, geoid, and elevation data over the interior of the Tibetan plateau predicts
complete isostatic compensation, whereas margins of the plateau, having large topographic gradients, show
lack of isostatic compensation as the Airy Moho differs from flexural Moho and seismic Moho beneath
the Himalaya. Our 2‐Dmodeled lithospheric cross sections show thick crust (~75 km) and thick lithosphere
(~240 km) beneath the Himalayas and southern Tibetan plateau and relatively thin crust (~60 km) and
thin lithosphere (~140 km) beneath the northern Tibetan plateau. Therefore, depth of lithosphere‐
asthenosphere boundary (LAB) mimics the Moho relief. Thinner crust and thin lithosphere under northern
Tibetan plateau suggest the importance of the mantle isostasy where the temperature is anomalously high.
This corroborates with the presence of recent potassic volcanism, inefficient Sn propagation, east and
southeast oriented global positioning system displacements, and large shear wave splitting anisotropy (>2 s).
Excellent correlation between effective elastic thickness and lithospheric thickness predicts hot and
deformable lithosphere in the northern Tibet and underthrusting of cold Indian mantle beneath the
Himalayas.

1. Introduction

The collision of Indian plate with Eurasian plate is perhaps one of the most important tectonic events of the
Cenozoic period, and it is responsible for the high elevation of the Himalaya and Tibetan plateau (Figure 1).
Geodetic measurements suggest that the convergence between India and Eurasia is not only interplate but
also intraplate within Tibetan plateau (Gan et al., 2007; Ge et al., 2015). Convergence estimates based on
paleomagnetic data indicate that it varies along the Himalayan arc, increasing from 1,800 km in the western
sector to 2,475 km in the central and reaching 2,800 km in the east (Johnson, 2002). This deformation pattern
represents N‐S compression and E‐W extension of Tibetan plateau. It is widely speculated that lithospheric
mantle processes accommodate the total convergence (Chen et al., 2017). Since the entire lithosphere is
involved in the deformation, the study of the crust and lithosphere of the tectonically active area is significant
to understand continental rheology and its evolution. It is well known that underthrusting of the Indian
lithospheric plate plays a substantial role in the growth of the Himalaya and Tibetan plateau (Yin &
Harrison, 2000). However, there are conflicting views regarding the extent of underthrusting of the Indian
lithosphere beneath the Himalaya and Tibetan plateau (Chen et al., 2017; Li & Song, 2018; Zhao et al., 2010).

Physical properties and configuration of the Indian and Eurasian lithosphere beneath the Himalaya‐Tibet
collision zone are debated in light of contrasting yet competing models such as (i) thrusting of the Indian
mantle lithosphere under Tibet (Owens & Zandt, 1997; Zhou & Murphy, 2005), (ii) low angle (Owens &
Zandt, 1997) and high angle (Li et al., 2008; Liang et al., 2012; Tilmann et al., 2003) subduction of the
Indian lithosphere beneath Tibetan plateau, and southward‐northward subduction (Kind & Yuan, 2010;
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Zhao et al., 2010, 2011), (iii) crustal shortening and thickening by pure shear (Murphy et al., 1997), and
(iv) delamination or convective removal of tectonically thickened lithospheric mantle (Chen et al., 2017;
England & Houseman, 1989; Jiménez‐Munt & Platt, 2006; Molnar et al., 1993).

Reliable information on crust and lithospheric structure beneath the Tibetan plateau has been obtained
through various seismic experiments such as Sino‐American PASSCAL broadband (McNamara et al., 1997;
Owens & Zandt, 1997), Hi‐CLIMB (Himalayan‐Tibetan Continental Lithosphere during Mountain
Building) experiments (Nabelek et al., 2009), TW‐80 (Zhang et al., 2014), and the international and multidis-
ciplinary IN‐DEPTHexperiments (Brown et al., 1996;Hauck et al., 1998; Karplus et al., 2011; Kind et al., 2002;
Nelson et al., 1996; Unsworth et al., 2005; Zhao et al., 1993, 2001). The series of Sino‐French seismic studies
(Hirn et al., 1995; Jiang et al., 2006; Schulte‐Pelkumet al., 2005), ANTILOPE (Zhao et al., 2010), andGangdese
network (Shi et al., 2015, 2016) also provided valuable information on lithospheric structure and geodynamic
process (Figure 1).

Seismic tomographic and receiver function studies can map the geometry and northern extent of Indian
mantle lithosphere beneath the Himalaya and Tibetan plateau based on high‐velocity anomalies and shed
light on Tibetan tectonic evolution (Agius & Lebedev, 2013; Barazangi & Ni, 1982; Chen et al., 2017;
Kumar et al., 2005, 2006; Lebedev & van der Hilst, 2008; Li et al., 2008; McNamara et al., 1997; Priestley
et al., 2006; Ramesh et al., 2005; Replumaz et al., 2010; Shapiro & Ritzwoller, 2002; Shi et al., 2015, 2016;
Zhao et al., 2010, 2011). The high‐velocity mantle lithosphere beneath the Himalayas and southernmost
Tibetan plateau is most likely the underthrusting Indian lithosphere (Priestley et al., 2006; Tilmann et al.,
2003). However, differences among existing seismic images complicate the interpretation of mantle litho-
spheric process (Chen et al., 2017). For example, the lithospheric mantle configuration beneath the central,
northern, and eastern Himalaya‐Tibet zone in terms of geometry, northern extent, and convergence angle of
Indian lithosphere remains contentious (e.g., Kosarev et al., 1999; Li et al., 2008; Nabelek et al., 2009;
Tilmann et al., 2003; Zhao et al., 2010).

Figure 1. Topographic map of Himalaya, Tibetan plateau and surrounding regions (SRTM‐30′ data) with important tectonic elements of Tibet adopted from
Yin and Harrison (2000) and Taylor and Yin (2009). Indus‐Tsangpo Suture Zone (ITSZ) separates Himalaya towards the south and Lhasa block of Tibet
towards the north. Himalayan Frontal Thrust (MFT), Main Boundary Thrust (MBT) and Main Central Thrust (MCT) are important units of Himalaya with Ganga
basin (GB) south of it representing a foreland basin. Bangong‐Nujiang Suture (BNS), Jinsa Nujiang Suture (JNS); Kunlun Fault (KnF) and Altyn Tagh Fault (ATF)
represent important units of Tibet. MKT, Main Karakoram Thrust; IS, Indus suture; MPT, Main Pamir Thrust; HKSZ, Hindu Kush Seismic Zone;
KF, Karakoram Fault; CF, Chamman Fault; HF, Herat Fault. This figure also shows various seismic and MT experiments (see index map) for constraining our
gravity models. The profiles A‐A′, B‐B′, and C‐C′ are modeled for the 2‐D density structure for the present study. Yellow and black filled circles mark two different
episodes of magmatism distributions (Chung et al., 2005, 2009).
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Gravimetric studies of Himalayas and Tibetan plateau based on Airy isostasy and spectral analysis methods
have mainly brought out large scale Moho undulations using ground gravity (Braitenberg et al., 2000, 2003;
He et al., 2014; Jin et al., 1994, 1996) and satellite‐derived GRACE and GOCE data (Bagherbandi, 2011;
Basuyau et al., 2013; McKenzie et al., 2019; Shin et al., 2007; Tenzer et al., 2015; Zhao et al., 2020). Studies
based on the flexural modeling approach (Braitenberg et al., 2003; Cattin et al., 2001; Chen et al., 2015;
Hetényi et al., 2006; Tiwari et al., 2006, 2008) have yielded lower values of effective elastic thickness
(<40 km) over Tibetan plateau and higher values (>50 km) over the adjoining Indian shield suggesting thin
and thick lithosphere, respectively. Recent studies based on integrated modeling of gravity, geoid, topogra-
phy, and heat flow data incorporating seismic and petrological constraints along selected profiles in western,
central, and eastern region of Himalaya and Tibetan plateau have revealed significant reduction in litho-
spheric thickness beneath the northern Tibet and increase in lithospheric thickness below the Himalayas
and southern Tibet (e.g., Afonso et al., 2019; Jiménez‐Munt et al., 2008; Tunini et al., 2016). However, uncer-
tainties remain on the nature of lithosphere beneath the northern Tibetan plateau as well as on the extension
and geometry of underthrusting Indian lithospheric plate beneath the India‐Eurasia collision zone.

The India‐Eurasia continental collision has produced Cenozoic volcanic rocks on the Tibetan plateau which
show systematic compositional variations in space and time. Xia et al. (2011) attributed these systematic var-
iations in volcanism to various geodynamic processes that include convective removal of the thickened litho-
spheric root followed by asthenospheric upwelling (Molnar et al., 1993).

In this study, we present an overview of the current scientific knowledge of the Himalaya and Tibetan
plateau based on geopotential models with constraints from seismic and seismological information. Our
2‐D lithospheric density cross sections derived from integrated modeling of gravity, topography, geoid
data, and integration with estimates of effective elastic thickness and state of isostasy offer new insights
into linkages between lithospheric evolution and surface expressions of Tibetan plateau uplift and volcan-
ism. The poor correlation between the high topography and crustal thickness renders application of local
compensation models (e.g., Airy‐Heiskanen or Pratt‐Hayford) problematic (Tseng et al., 2009). Thus,
understanding the mechanism of isostatic compensation of topography of the Himalaya and Tibetan pla-
teau could provide constraints on the relative role of sublithospheric buoyancy versus lithospheric sup-
port. Our study revealed predominance of mantle isostasy in the northern Tibetan plateau due to
thinning of the lithosphere that helped to demarcate the northern extent of the Indian lithospheric man-
tle (ILM) along three selected profiles (Figure 1) in the western (A‐A′), central (B‐B′), and eastern (C‐C′)
part of India‐Eurasia collision zone.

2. Geotectonic Background

The India‐Eurasia collision zone consists of the accreted domain of crustal and lithospheric components.
The Indian peninsula (the Precambrian Indian shield) represents a collage of cratonic blocks and mobile
belts assembled between mid‐Archean and neo‐Proterozoic times. The Himalaya‐Orogen (Figure 1) is
divided into three major east‐west tectonic units: the lesser Himalaya, the higher Himalaya, and Tethys
Himalaya. These units are separated from each other by major crustal scale thrusts, named, from south to
north: (1) Himalayan Frontal Thrust (HFT), formed at about 4–2 Ma along which Siwalik sediments of
Plio‐Quaternary times are emplaced over the recent sediments/alluvium of Ganga basin; (2) Main
Boundary Thrust (MBT), formed at about 12 Ma along which the Paleozoic and the Proterozoic metasedi-
ments are thrusted over the Plio‐Quaternary Siwalik sediments to form Lesser Himalaya; (3) Main
Central Thrust (MCT) formed at about 20 Ma along the northern margin of the Indian plate when the crys-
talline rocks of Higher Himalaya are thrusted over the Paleozoic and the Proterozoic metasediments (Mishra
et al., 2012; Yin & Harrison, 2000) (Figure 1). Further north, the Indus‐Tsangpo Suture Zone (ITSZ) repre-
sents the suture zone between India and Eurasia plate that includes ophiolites, deep sea sediments deposited
on the Neo‐Tethys ocean floor andMesozoic island‐arc volcanic rocks (Yin &Harrison, 2000). To the west of
78°E longitude, ITS zone splits into Ladakh and Karakorum ranges which represent the westward prolonga-
tion of the Lhasa and Qiangtang terrain, respectively. The western sector shows complex tectonics due to the
occurrence of Kohistan arc in between the Indian and the Eurasia plates forming two sutures, namely, Main
Mantle Thrust (MMT) which is the westward extension of ITSZ and Main Karakoram Thrust (MKT) or
northern suture where Indian plate subducts northward.
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The Tibetan plateau consists of an agglomeration of several east‐west trending terrains that were
successively accreted to the southern margin of the Eurasian plate during late Paleozoic and Mesozoic time
(Allegre et al., 1984; Dewey et al., 1988). These terrains include (1) Lhasa terrain in the south, (2) Qiangtang
terrain in the center, and (3) Songpan‐Ganzi terrain in the north. Lhasa terrain is bounded by BNS
(Bangong‐Nujiang suture) toward the north and Indus Tsangpo Suture Zone (ITSZ) in the south
(Figure 1). It primarily consists of paragneisses and granitic gneisses as a basement. The cover rock is
Ordovician to Carboniferous carbonate and clastic rocks (Yin & Harrison, 2000). Qiangtang terrain is
bounded by Bangong‐Nujiang Suture (BNS) toward the south and Jinsha River Suture (JRS) toward the
north (Figure 1). The basement rocks are gneisses and metavolcanics over the plateau, while the basin
toward the east consists of Ordovician and Silurian unmetamorphosed or slightly metamorphosed sedi-
ments which rest on the crystalline basement. BNS is characterized by the presence of ophiolite rocks which
may represent an earlier subduction zone similar to ITSZ (Allegre et al., 1984). Songpon Ganzi terrain repre-
sents a trench‐arc‐basin system of a convergent margin that is mostly covered by tertiary deposits. The island
arc comprises andesite with a lesser amount of basalt (Yin & Harrison, 2000). The Tarim basin, which is the
largest cratonic domain toward the north of ATF (Figure 1), is covered by 4 to 12 km of thick sediments
belonging to Ordovician, Permian, and Cretaceous periods (Gao & Ye, 1997).

Cenozoic volcanic rocks produced as the result of India‐Eurasia continental collision are widespread on
Tibetan plateau and show systematic compositional variations in space and time. The sodium and potas-
sium‐rich lavas of 65 to 40 Ma are present mainly in the Lhasa terrane, whereas Qiangtang terrane shows
the widespread distribution of potassic‐ultrapotassic lavas and subordinate adakites of ~45 to 26 Ma. The
post‐collisional volcanism produced ultrapotassic and adakitic lavas coevally between ~26 and 8 Ma in the
Lhasa terrane, and potassic and minor adakitic volcanism became extensive since ~20 Ma in the western
Qiangtang and Songpan‐Ganzi terranes (Figure 1). Xia et al. (2011) interpreted these systematic variations
in volcanism due to various geodynamic processes that evolved at depth to form the Tibetan plateau.
These processes include convective removal of the thickened lithospheric root followed by asthenospheric
upwelling as proposed by Molnar et al. (1993).

3. Data and Methodology
3.1. Data

The elevation data used in the present study (Figure 1) are taken from the Shuttle Radar Topography
Mission (SRTM) having 30 m (1‐arc‐second) resolution (http://topex.ucsd.edu/cgi-bin/get_srtm30.cgil).
Themost striking feature of themap is a relatively flat but hefty topography of the Tibetan plateau with steep
gradients at the margins. The topography of the western Tibetan plateau is somewhat higher (5,000 m) com-
pared to eastern Tibetan plateau (4,500 m) and is significantly narrower (400 km) than the eastern Tibet
(1,000 km). Despite the uniform elevation of the Tibetan plateau, inferred density structure of the crust
and lithosphere is quite different from southern Tibetan plateau to northern Tibetan plateau (Jiménez‐
Munt et al., 2008; Tunini et al., 2016).

The Bouguer anomaly map (Figure 2), which is the final product of gravity observations, has been prepared
after applying the complete Bouguer correction to free‐air anomaly data derived from the GGM05C
global earth model (Ries et al., 2016, http://doi.org/10.5880/icgem.2016.002) using FA2BOU software
(Fullea et al., 2008) with reduction density of 2.67 g/cm3. The GGM05C global gravity model was esti-
mated to spherical harmonic of degree and order 360 from a combination of GRACE and GOCE gravity
information and surface gravity anomalies from DTU13 (Andersen et al., 2014). The most predominant
feature of the Bouguer anomaly map is a long wavelength gravity low encompassing the entire Tibetan
plateau (L1, ~−500 mGal) that is attributed mainly to crustal thickening due to isostasy (Jin et
al., 1996). This gravity low is flanked by steep gradients related to Himalayan thrusts and suture zones
toward the south and Kunlun and Altyn Tagh faults toward the north, respectively, whereas Ganga
basin (H1), Indus basin (H2), and Tarim basin (H3) show relatively positive gravity anomaly
(−50 mGal) due to crustal bulge related to lithospheric flexure (Ravikumar, Mishra, & Singh, 2013;
Ravikumar, Mishra, Singh, Venkat Raju, et al., 2013; Turcotte & Schubert, 2001). Since orogenic belts
are characterized by long wavelength Bouguer gravity anomalies due to isostatic compensation, the
small wavelength features due to shallow sources are not well recognized in this map.
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Figure 2. Complete Bouguer anomaly map of Himalaya and Tibetan plateau obtained from satellite free‐air anomaly data (Ries et al., 2016; http://doi.org/
10.5880/icgem.2016.002) using SRTM‐30′ data (Figure 1). It shows the smallest (<−550 mGal) long wavelength gravity lows (L1, L2, L3, and L4) over
Tibetan plateau related to deep‐seated mass deficiency caused due to isostatic compensation. The gravity highs are related to Himalayan Thrusts (H1), Indus basin
(H2), Tarim basin (H3), and Shillong plateau (H4), respectively. This figure also shows effective elastic thickness (Te) of Himalaya‐Tibetan plateau based on
coherence between Bouguer anomaly and topography using maximum entropy method (Forsyth, 1985; Lowry & Smith, 1994). Te values are invariably high
(~58 km) over the Indian shield region whereas Te values are generally low (<30 km) over the northern Tibetan plateau such as over the Qiangtang (Block
B3) and northeastern Tibetan plateau (Block B4) (see text for details in section 4.2).

10.1029/2020TC006219Tectonics

RAVIKUMAR ET AL. 5 of 26

http://doi.org/10.5880/icgem.2016.002
http://doi.org/10.5880/icgem.2016.002


The Bouguer anomaly map over the Tibetan plateau also shows two distinct linear gravity lows: one in the
southern part of the Lhasa (L2, ~−450 mGal) associated with the crustal thickening and one in the northern
part of Qiangtang region (L3, ~−550 mGal) allied with the extensive distribution of Cenozoic volcanic rocks
of mantle origin (Deng et al., 1996; He et al., 2010). He et al. (2014) postulated that the reduction in density
occurred in the lower crust and lithosphere mantle due to the extensive eruption of ultra‐potassic volcanoes
in the northern Tibetan plateau. Another prominent gravity anomaly low (L4) observed over the western
part of the Qiangtang region is attributed to the presence of large crustal thickness (Rai et al., 2006;
Wittlinger et al., 2004). The Lahore Sargodha Ridge (LHR) is reflected as a prominent gravity high in NW
India. In northeast India, Shilling plateau with a topographic rise of ~2.0 km is associated with positive
Bouguer (H4) and positive free‐air gravity anomalies pointing lack of isostatic compensation. There are other
significant short wavelength anomalies present in the Bouguer anomaly map (Figure 2) caused due to shal-
low crustal sources. However, owing to the regional nature of the present study these are not discussed here.

Figure 3 shows the geoidal undulations extracted from the EGM2008 global model (Pavlis et al., 2012). The
EGM2008 gravitational model is complete to spherical harmonic degree and order 2159. Several theoretical
and empirical studies suggest that under some reasonable assumptions, removing spherical harmonics
lower than 8 to 15 from the total geoid results in a signal controlled mostly by density anomalies within
the first 300 to 410 km (e.g., Afonso et al., 2019; Bowin, 2000; Coblentz et al., 2011). In the present study,
in order to avoid the effects of sublithospheric density variations, the geoid anomaly was filtered to remove
the signature corresponding to the lower spherical harmonics until degree and order 11 (Afonso et al., 2019;
Bowin, 1983; Robert et al., 2015). The most significant feature of the geoid undulation map is the presence of
large amplitude positive geoid high (~15 to 20 m) along the Himalayan arc which gradually decreases to
~5 m over the northern part of the Tibetan plateau probably caused due to thinning of the lithosphere.
Basins are characterized by geoidal lows displaying minimum values as observed over the Ganga basin
(−20 m), Tarim basin (−10 m), and Qaidam basin (−8 m).

3.2. Methodology
3.2.1. The Airy and Flexural Isostasy
The use of isostatic analysis in delineating the deep‐seated structures is well established. The derived regio-
nal isostatic anomaly is independent of the measured gravity field and reflects more closely the deep struc-
ture of the region. In large mountainous regions, near zero, positive free‐air anomaly is proxy to state of

Figure 3. The map shows geoid undulations from EGM‐2008 model filtered to degree and order 11 (Afonso et al., 2019; Bowin, 1983; Robert et al., 2015). It depicts
gradient at the Himalayan front and the northern margin of the Tibetan plateau. The values over the Himalaya vary between 15 and 20 m and gradually decrease
to 5 m toward the NE part of the plateau and are associated with the deep lithospheric density distribution.
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complete isostasy (Watts, 2001). Both free‐air gravity and topography show that the Tibetan plateau is every-
where isostatically compensated at wavelength greater than 100 km (McKenzie et al., 2019). Jin et al. (1994)
studied statistical and spectral properties of the gravity and topography data of Tibetan plateau. Their results
show positive correlation at wavelengths <150 km and negative correlation >250 km. Considering various
isostatic studies over diverse regions (Bagherbandi, 2011; Braitenberg et al., 2000; Jordan & Watts, 2005;
Shin et al., 2007), it is found that isostasy is a regional phenomenon andmanifests over a region having large
topographic load of wavelength greater than 250 km. Therefore, a regional topography map using a low pass
filter with a cutoff wavelength of 250 km is used to compute the Airy (1855) crustal root assuming a density
contrast of −0.40 g/cm3 (Simpson et al., 1986) between the crust and mantle interface with a reference crus-
tal thickness of 40 km. The crustal thickness in the southern end of the profiles is reported to be ~40 km.
Therefore, the reference depth of ~40 km is chosen in the present study and is similar to previous studies
in this region (Jiménez‐Munt et al., 2008; Singh et al., 2017; Tiwari et al., 2013; Tunini et al., 2016).

The presence of significant negative Bouguer anomalies (Figure 2) associated with long wavelength regional
topography of Tibetan plateau reveals the state of near complete isostatic compensation over the region
(e.g., Braitenberg et al., 2000; Jiménez‐Munt et al., 2008; Shin et al., 2007). However, the Himalayas show
deviations from Airy isostasy (e.g., Cattin et al., 2001; Lyon‐Caen & Molnar, 1983; Tiwari et al., 2006).
Therefore, the interior of the Tibetan plateau is isostatically compensated except at the margins which show
a large topographic gradient due to flexural effects (McKenzie et al., 2019). Assuming that isostatic compen-
sation takes place at Moho, we have obtained Moho undulations based on local isostatic compensation
(Figure S1; Airy, 1855) and regional isostatic compensation (Figure S2, flexural models; Vening
Meinesz, 1931) of theHimalaya‐Tibetan plateau (see supporting information for details). To computeflexural
Moho, we first calculated effective elastic thickness (Te) using maximum entropy method (MEM) (Lowry &
Smith, 1994), which provides a measure of the degree of flexural compensation in response to long‐term tec-
tonic loads (Audet et al., 2007; Watts, 2001). Our basic assumptions while estimating the effective elastic
thickness (Te) from coherence analysis are that long wavelength topography is isostatically compensated,
mean topography and Bouguer gravity anomaly are coherent, and short wavelength topography is uncom-
pensated, that is, Bouguer anomaly is incoherent with topography (Forsyth, 1985). We divided the study area
(longitude: 70°E–100°E, latitude: 25°N–40°N) into eight (8) equal blocks and computed Te for each block,
and the results are shown in Figure 2. The parameters used for calculating Te are (i) Young's modulus
E = 1011 Pa and (ii) Poisson's ratio v = 0.25 with reference depth 40 km. And finally, we computed flexural
Moho (Figure S2) based on the methodology followed by Vening Meinesz (1931). Vening Meinesz assumed
that the lithosphere is an elastic shell with the thickness Te, which can be determined according to the coher-
ence methods discussed above (Forsyth, 1985; Lowry & Smith, 1994) comparing gravity data to topographic
heights. The flexuralMoho calculated for different Te values (20, 30, 40, and 50 km, Figure S2) usingmechan-
ical parameters of the lithosphere: flexural rigidity (D), Young's modulus (E = 1011 Pa), and Poisson's ratio
(v = 0.25). The Te of 40 km model fits well with observations (Gravity and seismic Moho models) and is
plotted along with the model profiles. Also, the Te estimates, determined from coherence between the topo-
graphy and Bouguer gravity anomalies, over the eight rectangular blocks average to ~40 km, which is in the
similar range of Te value reported by other studies (Braitenberg et al., 2003).
3.2.2. Modeling Strategy
It is well known that modeling of gravity field alone is not unique. To arrive at a plausible density model,
geoid undulations and topography are also modeled along with gravity fields. The combined use of gravity,
elevation, and geoid undulations will be useful in separating out mass inhomogeneities occurring within the
mantle from those confined to the crust. This becomes possible because the effect on gravity due to given
density variation decays with the square of the distance and therefore decreases rapidly with depth. On
the other hand, the depth dependence of geoid anomalies is proportional to the inverse of distance, which
makes geoid anomalies comparatively more sensitive to deep seated lithospheric heterogeneities (Turcotte
& Schubert, 1982). The crustal and lithospheric thickness and its density distribution affect the gravity
anomalies, geoid undulations, and topography. Thus, the values of gravity anomaly and geoid undulations
are dependent on distance to the source, whereas elevation is independent of distance; all are effective on
different depth ranges (Zeyen & Fernàndez, 1994). The Bouguer anomalies are more sensitive to crustal den-
sity distribution, whereas elevation is very sensitive to changes in density and thickness of the lithospheric
mantle (Zeyen & Fernàndez, 1994).
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Gravity anomalies are calculated using GM‐SYS professional software (GM‐SYS, 2000) which is based on
Talwani's 2‐D algorithm (Talwani et al., 1959), while geoid and topography undulations are calculated using
2‐D Litmod‐2.0 forward modeling algorithm (Afonso et al., 2008; Kumar et al., 2019). LitMod‐2D_2.0 is a
numerical code, which combines geophysical and petrological data to infer the crustal and upper mantle
structure down to 410 km depth (Afonso et al., 2008; Kumar et al., 2019). The code calculates the 2‐D distri-
bution of temperature, density, and mantle seismic velocities and the resulting surface heat flow, elevation,
gravity, and geoid anomalies (Afonso et al., 2008; Kumar et al., 2019). LitMod‐2D_2.0 works under a forward
modeling scheme; at each step, the model outputs (elevation, gravity and geoid anomalies, surface heat flow,
and mantle seismic velocities) are compared with observed data (geophysical observables, seismic velocities,
and tomography images), and the input parameters and model geometry can be modified by the user within
the experimental uncertainties, in a trial and error procedure until the best fitting model is obtained (see
Kumar et al., 2019; Tunini et al., 2016, for further details). In the present study, we begin from the bottom
of the section and adopt the following steps to arrive at a final density model.

1. Firstly, the initial geometry of the LAB is obtained from various seismological experiments (Acton
et al., 2010; Agius & Lebedev, 2013; Chen et al., 2017; Li et al., 2008; Li & Song, 2018; Nabelek et al., 2009;
Priestley et al., 2008; Shi et al., 2015, 2016; Zhao et al., 2010, and references therein), while depth of Moho
is obtained from seismic and seismological results (Figure S3). Since lithospheric mantle density depends
on temperature and composition, first, we introduced the temperature dependent heterogeneity in the
lithospheric mantle density (ρm) according to ρm = ρa (1 + α (Ta − T(z)), where ρa is the density of the
asthenosphere (3.20 g/cm3) considered constant everywhere, α is the thermal expansion coefficient, Ta
is the temperature at the LAB and is 1350°C, and T(z) is the temperature of the lithospheric mantle at a
given depth z (Zeyen & Fernàndez, 1994) and T(z) is adopted from Jiménez‐Munt et al. (2008). In order
to incorporate temperature‐dependent density variations in GM‐SYS modeling algorithm which require
layers of discrete densities, the lithospheric mantle is divided into three layers starting from LAB to
Moho with (a) average density of 3.22 g/cm3 corresponding to temperature ranging from 1350°C to
1200°C, (b) average density of 3.239 g/cm3 for temperature ranging from 1200°C to 1000°C, (c) and aver-
age density of 3.28 g/cm3 for temperature ranging from 1000°C to 800°C. Gravity response of this initial
density model is compared with the long wavelength regional gravity anomaly (LWRGA) derived from
the observed Bouguer gravity anomaly. Based on spectral analysis approach, we derived LWRGA, using
a low pass filter with a cutoff wavelength >300 km (Jin et al., 1996; Shin et al., 2007). This contains signal
due to undulations from Moho interface as well as subcrustal lithospheric sources (Figure S4: image).
Previous studies also reported that the source of the Bouguer gravity anomaly at wavelengths greater than
230 to 300 km is located at the presumed depth of the Moho or even deeper (e.g., Braitenberg et al., 2003;
Jin et al., 1996; Shin et al., 2007; Tiwari et al., 2013). To justify this wavelength, we derived isostatic regio-
nal Bouguer anomaly (IRBA) corresponding to near zero free‐air anomaly values (Subba Rao, 1996).
IRBA represents unbiased estimate of deficit of mass in the subsurface due to compensated topography
irrespective of mode and level of compensation. To make our point more clear, we superimposed IRBA
anomaly contours (Figure S4: contours) over low pass filtered long wavelength gravity anomaly image
map (wavelength >300 km, low pass filter, Figure S4: image), and they appear quite similar in amplitude
and outline (see Figure S4 for details). Further, to make themodel more robust, we alsomodel the geoidal
undulations and topography as an additional constraint to resolve lithospheric thickness. The geoid
calculations are carried out using a simple algorithm applied to the element of the mesh, and elevation
is calculated at each column of the mesh under the assumption of local isostasy (Zeyen et al., 2005, for
further details). The geometry of the LAB and Moho are modified until the best fit is obtained.

2. Secondly, since the lithospheric density also depends on pressure and composition, we adopted
LitMod‐2D_2.0 approach as adopted by Tunini et al. (2016) and Afonso et al. (2019). In the present
simulation, mantle mineral compositions with weight percent of SiO2 ‐ 45.50; Al2O3 ‐ 3.80; FeO ‐ 8.50;
MgO ‐ 39.80; CaO ‐ 3.50; Na2O ‐ 0.25 have been used which represents the average chemical composition
of the lithospheric mantle. The mineral assemblages (NCFMAS) were measured by the external module
GENERATOR using a Gibbs free‐energy minimization algorithm (Connolly, 2005) for pressure and tem-
perature ranges in lithospheric mantle. All the stable assemblages in this study were computed using
modified version of thermodynamic database (Afonso & Zlotnik, 2011; Holland & Powell, 1998). The
detailed methodology and workflow of the Litmod‐2D_2.0 can be found in Kumar et al. (2020). The
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geometry of the LAB and Moho are modified until the best fit is observed. We access the two different
density models for our study, according to Zeyen and Fernàndez (1994), a decrease in density from the
lithospheric mantle with increasing temperature using the asthenospheric density as a reference.
Whereas if we include material property (mineral composition) of the mantle based on LitMod approach
(Afonso et al., 2008), the density continuously increases from lithospheric mantle to the sublithospheric
mantle due to predominant effect of pressure (Afonso et al., 2019; Tunini et al., 2016). It is interesting to
observe that despite large differences in the density depth distribution obtained from thermal and petro-
logical based simulations, the corresponding lithospheric model shows similar lithospheric geometry
(see Figures S5 to S7).

3. Finally, we introduced the crustal density sources, primarily known from published geological and geo-
physical cross sections to the modeled section to match the short wavelength residual anomalies.
Densities of the various bodies modeled in the sections are given in Table 1.

4. Results

The calculated Airy crustal root and flexural Moho (Te = 40 km) are also shown in themodeled section along
the selected profiles (Figures 4–6: panel c). As expected, beneath the Himalaya, the Airy Moho departs from
flexural Moho and appears to be under compensated (Cattin et al., 2001; Tiwari et al., 2006). Therefore, flex-
ural model has been used widely in Himalaya (Cattin et al., 2001; Hetényi et al., 2006; Lyon‐Caen &
Molnar, 1983; Tiwari et al., 2006). We also observe significant mismatch between Airy, flexural, andmodeled
gravity Moho based on seismic constraints, especially over the northern part of the Tibetan plateau
(Figure S3). Thinner crust and thin lithosphere under northern Lhasa and Qiangtang terrain where the
temperature is also anomalously high, the role of mantle isostasy appear to justify the offset
(Jiménez‐Munt et al., 2008; Tseng et al., 2009). Tseng et al. (2009) speculated the linkage of offset in Moho
in the central and northern part of Tibetan plateau to flexural strength of the lithospheric mantle. Low Te
values over northern Tibetan plateau indicate that the lithosphere is weak in this region (Figure 2, Te
Blocks 3 and 4). The effective elastic thickness (Te) results are described in detail in section 4.2. The
best‐fitting crustal and lithospheric density models are described in the following sections.

4.1. 2‐D Lithospheric Structures Based on Gravity and Geoid Modeling

In the past, a variety of geophysical methods have been used to study the crust and lithospheric structure of
the Himalaya and Tibet regions (Figure 1). Important among them are deep seismic studies (Galve
et al., 2006; Haines et al., 2003), seismic tomography (Acton et al., 2010; Chen et al., 2017; Li et al., 2008;
Li & Song, 2018; McNamara et al., 1997; Priestley et al., 2008), magnetotellurics (Unsworth et al., 2005;
Wei et al., 2001), gravimetric studies (Braitenberg et al., 2000; Cattin et al., 2001; Hetényi et al., 2006,
2016; Jiang et al., 2004; Jiménez‐Munt et al., 2008; Jin et al., 1994, 1996; McKenzie et al., 2019;
Ravikumar, Mishra, & Singh, 2013; Ravikumar, Mishra, Singh, Venkat Raju, et al., 2013; Robert et al., 2015;
Shin et al., 2007; Tiwari et al., 2006, 2008; Tunini et al., 2016; Zhao et al., 2020), receiver function studies
(Gilligan et al., 2015; Mitra et al., 2005; Nabelek et al., 2009; Priestley et al., 2019; Rai et al., 2006; Shi
et al., 2015, 2016; Wittlinger et al., 2004; Zhao et al., 2010), and geothermics (Chung et al., 2005), which
provided useful constraints in building the initial model. For constraining the shallow crustal structure,
geological cross‐sections were adopted from Yin and Harrison (2000), Guillot et al. (2003), Wittlinger
et al. (2004), and Searle (2010). Locations of profiles were primarily selected on the basis of the availability
of seismic constraints at least over a part of the area (Figure S3).

We have considered average mantle composition for the entire mantle lithosphere due to the fact that the
effect of temperature is dominant on lateral density variation rather than pressure and composition.
Interestingly, studies have also indicated that despite large differences in density depth distribution obtained
from thermal and geophysical‐petrological approaches, the corresponding lithospheric models show similar
lithospheric geometry (Tunini et al., 2015).
4.1.1. Crust and Lithospheric Mantle Structure Beneath the Western Part of Himalaya and
Tibetan Plateau
The density structure of the lithosphere is less understood in the western part of Himalaya and Tibetan pla-
teau due to the rugged and inaccessible nature of these terrains. Seismic constraints include Moho depths
varying from ~40 km beneath the Indo‐Gangetic plains to ~80 km beneath the Karakorum and Kunlun
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Figure 4. 2‐D density model of the crust and upper mantle lithosphere beneath the western part of Himalaya and
Tibetan plateau along with profile A‐A′ (Figure 1). Panel (a) shows a plot of observed and calculated Bouguer
anomalies including long wavelength component (black symbol indicates LWRGA and blue line indicate calculated
LWRGA). Panel (b) shows that the elevation along this line shows uniform topography over the Himalaya and Tibetan
plateau with the steep gradient at the margins, while geoid undulations show a gradual decrease from south to north
with the steep gradient at the margins and are modeled due to deep density heterogeneities arising from undulations in
Moho and LAB. Panel (c) shows modeled crustal density structure using constraints from seismic (Magenta triangles;
Gilligan et al., 2015; Rai et al., 2006; Wittlinger et al., 2004; Zhang et al., 2014) and geological information (Searle, 2010;
Yin & Harrison, 2000). It shows thick crust beneath the Himalaya and Tibetan plateau. A plot of Airy crustal root shows a
significant departure from modeled Moho beneath Himalaya and the northern Tibetan plateau. Moho computed
from flexural (Te = 40 km) and modeled from gravity constrained by seismic (RF) are well correlated beneath the
Himalaya and southern Tibetan plateau. Panel (d) shows that the plot of delay times (shear wave splitting) shows a
gradual increase from south to north excluding some abnormally large scattered values, and panel (e) shows thick
lithosphere beneath the Himalaya and thinning of the lithosphere beneath the northern Tibetan plateau. The solid
yellow line represents LAB derived from Tunini et al. (2016), which is very close to our profile for comparison. The yellow
circle represents earthquakes focal depth distribution (USGS). Physical properties of rocks (numbers) taken Table 1. All
abbreviations are the same as in Figure 1.
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Figure 5. 2‐D density structures of the crust and upper mantle lithosphere beneath the central part of the Himalaya and Tibetan plateau along with profile B‐B′
(Figure 1). Contents of panels (a) to (d) are the same as described in Figure 4. Crustal and mantle density structures (magenta triangles) are derived from
Hetényi et al. (2007), Nabelek et al. (2009), Wittlinger et al. (2009), Basuyau et al. (2013). The results are presented in section 4.1.2. All other abbreviations are the
same as in Figure 1.
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Shan (Gilligan et al., 2015; Priestley et al., 2008; Rai et al., 2006; Wittlinger et al., 2004) and a steep reduction
in depth to the Moho about ~20 km beyond Karakoram fault (Wittlinger et al., 2004). Based on tomography
results, Li et al. (2008) delineated a high‐velocity structure beneath the entire Tibetan plateau which also
corroborates with the findings of the body wave (Barazangi & Ni, 1982; McNamara et al., 1997), and
surface wave studies (Agius & Lebedev, 2013; Lebedev & van der Hilst, 2008; Priestley et al., 2006; Shapiro
& Ritzwoller, 2002) depicting underthrusting of the Indian lithosphere beneath western Tibet up to Tarim
basin.

Figure 6. 2‐D density structures of the crust and upper mantle lithosphere beneath the eastern part of the Himalaya and Tibetan plateau along with profile C‐C′
(Figure 1). Contents of panels (a) to (d) are the same as described in Figure 4. Results are presented in section 4.1.3. All other abbreviations are the same as in
Figure 1. Physical properties of crustal bodies (numbers) are adopted from Table 1. All abbreviations are the same as in Figure 1.
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Figure 4 shows modeling results along 1,300 km long north‐south profile (Figure 1: A‐A′) which cuts
across the foreland Ganga basin in the south and Tarim basin in the north. The Ganga and Tarim basins
show negative Bouguer anomalies due to the presence of low‐density thick sediments with the Moho
positioned at ~40 km beneath the Ganga basin and ~45 to 50 km beneath the Tarim basin. The input data
along the profile shows a steep gradient in elevation and geoid at the margins of the plateau while topo-
graphy and geoid remain uniform and smooth with values of ~5,000 and ~15 m, respectively, over the
Tibetan plateau (Figure 4: panel b). The observed Bouguer gravity anomalies also show steep gradient
at the margins with a minimum value of −530 mGal observed in the center of the plateau (Figure 4:
panel a). The resultant crustal density model (Figure 4: panel c) shows that the Indian lower crust under-
thrusts beyond Karakoram fault. The inferred Moho depth shows steep gradient up to MCT, and then the
gradient becomes gentle up to Karakoram fault. The crust is 40 to 45 km thick in lesser Himalaya, 50 to
60 km thick in central Himalaya, and 60 to 70 km thick in greater Himalaya (Figure 4: panel c). It shows
the most immense crustal thickness (75 km) beneath the Karakorum fault west of the Qiangtang terrain,
and the deep earthquakes observed beneath the Karakorum fault appear to be related to the presence of a
thick crust in this region (Gilligan et al., 2015; Priestley et al., 2008; Rai et al., 2006). The Tibetan plateau
in the west is about 150 to 200 km wide and the north verging Karakax fault separates it from the Tarim
basin in the south. Our crustal model (panel c) also shows eclogized dense lower crust (ELC, 3.1 g/cm3)
beneath the Kunlun Shan at a depth of ~70 to 75 km (Rai et al., 2006; Wittlinger et al., 2009) and suggests
that the lower Indian crust must be present in partial eclogite (wet) or high‐pressure granulite (dry) facies
(Priestley et al., 2008; Searle, 2010).

The computed 2‐D mantle lithosphere section (Figure 4: panel e) shows a thick lithosphere (250 to 270 km)
beneath the Himalayan fold and thrust belt extending beneath the Karakoram. Further north, the litho-
sphere becomes relatively thin (~180 km) beneath the Karakax plateau where intermediate depth focus
earthquakes also occur. Even further north, the lithosphere becomes thick (~200 km) beneath the Tarim
basin. Interestingly, the thick lithosphere (down warp in asthenosphere) beneath the Karakoram inferred
from gravity modeling supports the results from receiver function (Kumar et al., 2005) and P wave tomogra-
phy (Negredo et al., 2007). Figure 4 (panel d) shows the shear wave splitting delay times plot projected on
either side of the profile with a bandwidth of 150 km. It indicates a gradual increase (barring a few scattered
values in the south) of shear wave splitting anisotropy from south to north with a sudden jump in delay times
toward the north of ITSZ (Oreshin et al., 2008). Interestingly, it coincides with the upwarp of the astheno-
sphere suggesting the presence of hot and deformed lithosphere in this region between the Indian and
Eurasian plate.
4.1.2. Crust and Lithospheric Mantle Structure Beneath the Central Part of Himalaya and
Tibetan Plateau
In the central part of the Himalaya‐Tibetan plateau collision zone, results from the Hi‐CLIMB
seismology experiment (Figure 1) across the Himalaya and the southern half of the Tibetan plateau
suggest underplating of the Indian lower crust beneath Lhasa block (Hetényi et al., 2007; Nabelek
et al., 2009). Also, northward advancement of the Indian lower lithosphere up to the center of the
Tibetan plateau (31°N), where it is opposed by the Eurasian lithospheric mantle is documented.
Figure 7 shows the observed and computed gravity anomalies and inferred lithospheric density structures
along a 1,500 km long N‐S trending profile (B‐B′) over the central part of the India‐Eurasia collision
zone. The available geological and geophysical constraints were incorporated in the model from the pub-
lished results such as crustal geometry from the Hi‐CLIMB seismic experiment (Nabelek et al., 2009),
crustal density section from Hetényi et al. (2007), and tectonics and geological structures from Yin and
Harrison (2000).

Along this profile, from foreland Ganga basin up to ITSZ the gravity field decreases rapidly from −200 to
−500 mGal showing a slight increase over the northern plateau. Further north, over the Tarim basin, the
gravity field attains the same value as over the Ganga basin. The occurrence of low gravity anomalies due
to mantle lithosphere amounts to thinning of the lithosphere resulting in additional uplift of the plateau
due to positive buoyancy. The observed elevation and geoid undulations show steep gradient at the margins
of the plateau with uniform values in the interior of the plateau. Adopting the samemodeling procedure and
methodology as employed along with profile A‐A′, significant features of the inferred lithosphere density
cross‐section along profile B‐B′ are presented.
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The crustal density structure (panel c) shows the presence of thick crust (~78 km) beneath the southern
Lhasa terrain, which reduces to ~65 km beneath Qiangtang region of Tibetan plateau with a step in Moho
beneath north of Lhasa terrain. It shows a high‐density body at ~50 to 70 km depth (ELC, green color,
3.1 g/cm3) where the reported high Vp/Vs values in Hi‐CLIMBmain array and is interpreted as underplating
of lower continental crust combined with lower crustal eclogitization (Hetényi et al., 2007; Monsalve et
al., 2008). The low Vp/Vs (<1.7) values observed beneath the high Himalayan range appear to be related
to leucogranites present in the upper crust.

The lithosphere density structure beneath the foreland basin reveals the LAB at a depth of ~170 km which
deepens to ~260 km beneath the Himalaya fold and thrust belt. Further north, the LAB becomes thin
(~150 km) beneath the northern Lhasa and Qiangtang terrain of the Tibetan plateau. These results suggest
the presence of a cold and thick lithosphere beneath the Himalaya and southern part of Tibetan plateau,
while northern Tibetan plateau is underlain with a relatively thin and hot lithospheric mantle.

Figure 7. This figure shows previous shear wave splitting measurements (Levin et al., 2008; Oreshin et al., 2008; Sandvol et al., 1997; Wu et al., 2015; Zhao
et al., 2010). The rest of the anisotropy data are taken online (http://splitting.gm.univ-montp2.fr/DB/public/searchdatabase.html). Geodetic measurements are
derived from Gan et al. (2007) and Pan et al. (2018). The horizontal velocity relative to the stable Eurasian plate throughout the Tibetan plateau suggests
that tectonic shortening and crustal thickening are occurring in the southern Tibetan plateau and east west extension in the north‐northeastern Tibetan plateau
(Ge et al., 2015; Pan et al., 2018). Notice that the excellent correlation between a zone of poor Sn propagation, strong shear wave anisotropy, and associated
potassic magmatism of recent period (~15–0 Ma) suggesting the presence of warm and deformed lithosphere in the north‐central and northeastern Tibetan
plateau. Based on 2‐D modeling results, we demarcated the northern edge of the Indian Lithospheric Mantle (ILM), Tibetan Lithospheric Mantle (TLM), and
Eurasia Lithospheric Mantle (ELM) of the three modeled profile plotted with the profiles A‐A′, B‐B', and C‐C′. We also plotted northern edge of the Indian
lithospheric mantle from previous tomography and receiver function studies (Li et al., 2008—dark brown dotted line; Tunini et al., 2016—solid purple line;
Chen et al., 2017—dotted blue line; Li & Song, 2018—dotted green line; Zhao et al., 2010—yellow box). Our interpretation is close to Li et al. (2008), Zhao
et al. (2010), and Li and Song (2018). Yellow and magenta filled circles mark two different episodes of magmatism distributions (Chung et al., 2005, 2009) (See text
for details).
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The most prominent feature of the crustal density section beneath the Tibetan plateau is the significant mis-
match between the Moho depth derived from gravity modeling on integrating with seismics and the depth
predicted from Airy isostasy. This clearly indicates the role of mantle isostasy beneath the Tibetan plateau,
which is very evident from the presence of a thin and hot lithosphere beneath the northern part of Tibetan
plateau. Thus, the isostatic balance of the observed topography over Himalaya and Tibetan plateau is
maintained by the opposing nature of mantle buoyancy. The sudden increase of delay times (>1 s,
Figure 5: panel d) over the northern Lhasa and Qiangtang region also points toward the hot and deformable
region. Toward the north, LAB beneath Tarim is about 170–200 km depth where the Eurasia lithosphere is
subducting southward.
4.1.3. Crust and Lithospheric Mantle Structure Beneath the Eastern Part of Himalaya and
Tibetan Plateau
In the eastern of part of Himalaya‐Tibetan plateau collision zone, geophysical studies suggest a thin litho-
sphere mantle located at 150 to 170 km depth beneath the eastern Tibetan plateau compared to northwes-
tern Tibetan plateau where the LAB occurs at a depth of about 220 to 250 km (Jiménez‐Munt et al., 2008;
Kumar et al., 2006; Shi et al., 2015, 2016; Tunini et al., 2016; Zhao et al., 2010, 2011). Here, we present the
results of a joint analysis of gravity, geoid, and elevation data along a NE‐SW trending 1,800 km long profile
(C‐C′) in the eastern sector of the India‐Eurasia collision zone. This region is well studied compared to the
western and central counterparts. Previous studies in this region suggest deeper Moho (70 to 80 km) beneath
southern Lhasa terrane, while crustal thickness in the northern Lhasa terrane varies between 74 and 65 km.
Further north, beneath the Qiangtang terrane, the crust thins 60 to 65 km and reduces further 55 to 60 km in
the Songpan‐Ganzi terrane and Qaidam Basin (Haines et al., 2003; Li et al., 2006; Owens & Zandt, 1997;
Zhao et al., 2001).

Interpreted crustal density section (Figure 6: panel c) in the eastern sector also shows significant variation
in the Moho depth. Crustal thickness is maximum (75 km) beneath the southern part of the Lhasa block,
while Moho is relatively shallow occurring at a depth of ~60 km beneath the Qiangtang and
Songpan‐Ganzi regions of Tibetan plateau. This model also suggests the presence of high‐density (ELC,
3.1 g/cm3) eclogized rock in the lower crust as inferred for the western and central profiles. The plot of
seismicity along the profile shows earthquake clusters along the major faults and thrusts but confined
mostly to the crust.

The lithospheric density structure (panel e) shows significant shallowing of the lithosphere‐asthenosphere
boundary (LAB) in the northern part of the Tibetan plateau where a systematic reduction in Moho depths
is also noticed (panel c). The thickness of the lithosphere varies from 200 km beneath the Indian plate to
a maximum of 230 km depth beneath the southern Lhasa, which unexpectedly thins down to 140 km under
the northern Lhasa and Qiantang terranes. Our results agree with Jiménez‐Munt et al. (2008), Tunini et al.
(2016), and Afonso et al. (2019).

A very significant feature observed in all the profiles is a relatively higher positive value of geoid undulations
over the Himalayan fold belt in the south which decreases to lower values at the northernmargin with a gen-
tle gradient over the plateau (Figures 4–6: panel b). This reflects the presence of excess mass resulting from
southward thickening of crust and lithosphere and deficit of mass due to thinning of crust and lithosphere
toward the north (Figures 4–6: panel e). It may be noted that geoid undulations predominately reflect the
deep‐seated density heterogeneities compared to Bouguer gravity anomalies. The modeled geoidal undula-
tions show excellent match between the observed and calculated anomalies over the Himalaya and
Tibetan plateau which is the region of our interest. However, it shows a misfit at both ends of the profiles
which may be caused due to the edge effects of the anomalous upper mantle density heterogeneities away
from the region of our study. Due to the lack of enough geophysical constraints, we did not model them
to reduce the misfit.

Wemodeled topography (Figures 4–6: panel b) alongwith the gravity and geoid undulations to determine the
depth to the Moho and thickness of the lithosphere. The computed elevations matched well with the
observed topography over the interior of the plateau. Unlike the uniform topography over the interior of
the plateau, thickness of the crust and lithosphere differ from southern Tibetan plateau to the northern
Tibetan plateau, which is very well reflected in the lithospheric density model (Figures 4–6: panel e).
Despite this variation, the presence of near zero free‐air anomalies over the interior of the plateau point
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toward complete isostatic compensation. The topography of the western Tibetan plateau is somewhat higher
(5,000 m) compared to the eastern Tibetan plateau (4,500 m) which is significantly narrower (400 km) than
the eastern Tibetan plateau (1,000 km). The variation in the geometry of the India‐Eurasia plate collision
zone explains the differences in surface topography between thewestern and eastern parts of Tibetan plateau.

Figure 6 (panel d) also shows shear wave splitting delay time data extracted along the profile with a band
width of 150 km on either side of the profile. The causes of anisotropy are usually associated with finite strain
such as the preferred orientation of minerals like olivine due to flow in the mantle or the lower crust, meta-
morphic fabrics, or fracture patterns. Measurements of SKS birefringence (delay time, δt) which is mainly
caused by finite strain in the lithospheric mantle shows a significant jump in δt values on the order 0.8 to
1.2 s from the background. To explain this, step‐like increase in δt, we require the presence of a 100 to
144 km thick lithospheric mantle in the region (Silver & Chan, 1991). Such a rapid change or increase cannot
be reconciled easily with the observed uniform thickness of the lithosphere in this region. McNamara
et al. (1994) suggested that large anisotropy in the northern Tibetan plateau is the reflection of E‐Wdeforma-
tion fabric in the mantle due to N‐S shortening of the Tibetan lithosphere. However, asthenospheric flow‐
induced anisotropy could be an alternative explanation where a weak asthenosphere flows eastward in
response to compression between converging strong and thick Indian and Eurasian lithosphere. Furlong
and Owens (1997) suggested that anisotropy may be attributed to a combination of sublithospheric mantle
flow and lithospheric fabric associated with the south dipping Eurasian lithosphere. We suggest that a sud-
den increase in the delay time (>2 s) in northern Lhasa and Qiangtang terrain might be due to mantle flow
and favor the earlier perception of a weak, deformable, and hot mantle lithosphere in this region. In this con-
text, we have computed the effective elastic thickness of the lithosphere (Te) described in the methodology
section 3.2 to understand the flexural strength of the lithosphere, which in turn may throw light on the nat-
ure of the deformation within the lithosphere.

4.2. Effective Elastic Thickness (Te): Implications on Lithospheric Structure

The estimated Te values (Figure 2, see blocks) are invariably high (~55 km) over the Indian shield region
and agree with the estimates of Lyon‐Caen and Molnar (1983), Caporali (1995), Jiang et al. (2004), and
Tiwari et al. (2008). In the northern Tibetan plateau, Te values are generally low (<30 km) within
Qiangtang (Block 3) and northeastern Tibet (Block 4) and agree with the estimates of Cattin et al. (2001),
Braitenberg et al. (2003), and Chen et al. (2015). Hetényi et al. (2006), with constraints on the crustal thick-
ness from receiver function analysis and INDEPTH results suggested a decrease in Te from 60–80 km under
foreland to 20–30 km further north as it is flexed down beneath the Himalaya and Tibetan plateau. Jordan
and Watts (2005) based on detailed analysis of Bouguer anomaly and topography suggested variations of
effective elastic thickness (Te) ranging from 70 km in the central region of foreland Ganga basin to
30–50 km toward the east and the west.

The presence of low Te values over northern Tibetan plateau (Figure 2, Blocks 3 and 4) indicates that the
lithosphere is thin in this region. This correlates well with the presence of recent (<6 Ma) potassic and
adakitic volcanism (Figure 7). The thinning of the lithosphere would explain the low P, Pn velocity
(McNamara et al., 1995), and inefficient Sn propagation (Barazangi & Ni, 1982; McNamara et al., 1995),
high‐Poisson's ratio (Owens & Zandt, 1997), low Te (Te < 30 km, Chen et al., 2015, and present study), east
and southeast oriented global positioning system displacements (Figure 7); large birefringence of S waves
(McNamara et al., 1994), up to 2 s or more between fast‐ and slow‐directions of polarization inferred as a
result of east‐west flow in the upper mantle observed in this region (Owens & Zandt, 1997) high electrical
conductivities suggesting a hot and deformable environment throughout crust and mantle (Yue et al.,
2012). It also corresponds to the widespread low‐resistivity zones in the crust indicating the presence of fluid
or melts derived from fractional melting of the lithospheric mantle (Unsworth et al., 2004; Wang et al., 2016;
Wei et al., 2001). Based on thermal modeling, Artemieva (2006) also predicts higher temperatures beneath
north‐east Tibetan plateau than in the south. The estimated lithospheric thickness, according to
Artemieva (2006), varies from 180 km beneath southern Tibetan plateau to 125 km beneath NE Tibetan pla-
teau. The warm and weak layers in the lower crust and the upper mantle in the northern Tibetan plateau
appear to facilitate an easterly escape of the whole lithosphere; such eastward movement is confirmed by
GPS data (Ge et al., 2015; Pan et al., 2018; Zhang et al., 2004).
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5. Discussions
5.1. State of Isostasy Beneath Himalaya and Tibetan Plateau

The Himalaya and Tibetan plateau constitute the highest mountains and highest plateau on the surface of
the earth, respectively, and are underlain by thick lithosphere associated with high‐velocity upper mantle
anomalies beneath the Himalaya and southern Tibetan plateau. However, the northern Tibetan plateau is
associated with a thin lithosphere low‐velocity upper mantle anomalies. These contrasting observations sug-
gest an intimate relationship between mantle geodynamic processes and surface topography. The presence
of near zero free‐air gravity anomalies over the Tibetan region suggests that it is in isostatic equilibrium. This
study reveals that Airy‐type isostatic Moho departs from the Moho derived from seismic and gravity model-
ing beneath the Himalaya and Tibetan plateau. The Moho derived from flexural modeling (Te = 40 km) and
that modeled from gravity with constraints from receiver function results are well correlated (Figures 4–6:
panel c). Hence, the Himalaya shows local deviations from Airy isostasy and suggests a different mode of
compensation (Cattin et al., 2001; Hetényi et al., 2006; Tiwari et al., 2006). In the Himalayas it is undercom-
pensated, whereas in Ganga basin it seems overcompensated, as reflected in the 2‐D crustal density sections.
Thus, the suggested regional flexural model seems appropriate for Himalayan topography and is most likely
related to the underthrusting and flexing down of the Indian lithosphere beneath the higher Himalaya's with
an extension toward southern Tibetan plateau resulting in thickening of the lithosphere and the crust.

As explained by Molnar et al. (1993), horizontal shortening due to continental collision would produce not
only a thickened crust but also results in thickening of the cold lithosphere which will be dense compared to
the surrounding asthenosphere at the same depth. Therefore, buoyancy due to crustal root appears to hold
the topography high, whereas negative buoyancy due to lithospheric root would reduce isostatic uplift of the
thickened crust andmust have resulted in slight deepening of theMoho as observed in 2‐D density models in
the southern side beneath the Himalayan mountains. However, thinning of the lithosphere due to convec-
tive removal of the thickened lithosphere because of Rayleigh‐Taylor instability would result in higher tem-
perature in the lithospheric mantle due to asthenospheric upwelling and the resultant buoyancy would not
only uplift the surface but also upwarp the Moho topography as observed in the 2‐D sections beneath the
northern plateau (Figures 4–6). This indicates that the entire lithosphere is involved in isostatic compensa-
tion of the Himalaya and Tibetan plateau, although significant contribution comes from the Moho
undulations.

Therefore, it is recognized that in spite of uniform elevation of Tibetan plateau, the mode of isostatic com-
pensation over its southern and northern parts is entirely different. As a consequence of this, Tibetan plateau
underwent two stages of uplift (i) during the thickening of the crust due to N‐S shortening of the Tibetan
crust and (ii) during the thinning of the Tibetan lithosphere due to convective removal of the thickened
lithosphere and asthenospheric upwelling. Uplift during stage (i) is slow but has a larger amplitude (~3.5
to 4.0 km), while during stage (ii) uplift is rapid, but amplitude is small (~1.5 km). A similar inference
was also drawn by Molnar et al. (1993) and Jiménez‐Munt et al. (2008).

5.2. Lower Crustal Eclogitization Process Beneath Himalaya and Lhasa Terrain

The presence of high density lower crustal rocks at a depth of 60 to 75 km above theMoho is a distinct feature
observed in all the profiles (Figures 4–6) and is attributed to eclogites. Compared to the western profile
(Figures 4: panel a), the central and eastern profiles (Figures 5 and 6: panel a), show local raise of gravity
north of the ITSZ, beneath the Lhasa terrain, which is a sign of eclogized high density material (panel c).
Our results are also consistent with previous 2‐D gravity models with a eclogized high density layer beneath
the Lhasa terrane north of the ITSZ (Hetényi et al., 2007; Tiwari et al., 2006). Also, Schulte‐Pelkum et al.
(2005) reported delineation of a high velocity region in the Indian lower crust toward northern part of the
Himalayas characterized as eclogite, which is high‐density material, affecting the dynamics of the Tibetan
plateau.

Previous studies have also shown that eclogitization of the lower crust is a key process in support of high
topographic elevation of both Himalayas and Tibetan plateau (Bousquet et al., 1997; Henry et al., 1997).
The presence of fast lower‐crustal Pwave velocities based on receiver functions, Schulte‐Pelkum et al. (2005)
argued that the lower crust is partially (∼30%) eclogitized just south of the Yarlung Tsangpo Suture (YTS)
and that the eclogitization process is governed by water availability. This implies that the lower crustal
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material reaches the eclogite facies via granulite facies conditions, as shown in Le Pichon et al. (1997) for
geotherms established after more than ∼20 Myr of relaxation. However, the latter study also indicates that
the geotherm may follow an amphibolite eclogite and even a blue schisteclogite path for shorter relaxation
times between∼10–20Myr and less than∼10Myr, respectively. The formation of eclogite is accompanied by
copious fluids (Hetényi et al., 2007), and evidence for which is also noticed in the form of high conductive
anomalies and seismic bright spots in the lower crust under the Himalaya and southern Tibetan plateau
(Brown et al., 1996; Unsworth et al., 2005; Zhang et al., 2014). Furthermore, evidence of high P wave velocity
(Schulte‐Pelkum et al., 2005; Shi et al., 2015, 2016), high density (Hetényi et al., 2007), and high Vp/Vs ratios
(Hetényi et al., 2007; Nabelek et al., 2009) suggests that the Indian lower crust has acquired variable degrees
of eclogitization beneath the southern Lhasa terrane. Therefore, the presence of eclogites in the lower crust
appears to be a characteristic signature of the Himalayan tectonic zone which might have facilitated delami-
nation and detachment as suggested by Leech (2001).

5.3. Nature of Lithospheric Mantle and Volcanism

The upper mantle density distribution inferred from constrained potential field modeling along the India‐
Eurasia collision zone (Figures 4–6) reveals distinct mantle anomaly contributions over the Tibetan plateau
to the north and the Himalayan fold belt in the south. Mantle anomaly contribution is negative over the
northern part of Tibetan plateau due to upwarp of the hot asthenosphere. This has resulted in thinning of
the mantle lithosphere to produce positive mantle buoyancy in this region. However, mantle anomaly con-
tribution is positive over the Himalayan fold belt due to the presence of a thick mantle lithosphere which
produced negative mantle buoyancy.

The anomalous zone of thin lithosphere is narrow over the Kunlun Shan in the west and broad in the central
and eastern parts encompassing the northern part of Lhasa, Qiangtang, and Songpan Ganzi terrain of the
Tibetan plateau. It also coincides with low Te value (<30 km) and shows excellent association with post‐col-
lisional (15 to 0 Ma). Cenozoic and Recent potassic volcanic rocks on the surface (Figure 7), whereas ultra‐
potassic and adakitic rocks of age (~30 to 9 Ma) are distributed in the south slightly away from the zone of
low Te and thin lithosphere. These volcanic rocks irrespective of their locations are chemically and isotopi-
cally similar (Miller et al., 1999; Turner et al., 1996) and are generally potassic and strongly enriched in
incompatible elements (Chung et al., 2009; Cooper et al., 2002; Zhang et al., 2008). It is suggested that these
alkaline volcanic rocks are produced due to partial melting of the thinned mantle lithosphere due to asthe-
nospheric upwelling (Xia et al., 2011). However, the lack of recent volcanism in the southern part of this
anomalous low Te and thin lithosphere is intriguing. The presence of cold and thick Indian lithosphere
inferred beneath this zone must have prevented the recent magmatism in this region which is in agreement
with the tectonic model proposed by Xia et al. (2011) based on age and petrochemistry of Cenozoic volcanic
rocks from Tibetan plateau.

5.4. Northern Extent of Indian Lithosphere Beneath the Himalaya‐Tibetan Plateau and Its
Geodynamic Implications

Based on the integration of 2‐D modeled lithospheric density cross sections (Figures 4–6: panel e), we have
demarcated the northern front of the underthrusting Indian lithosphere and compared with previous results
(Figure 7). In the western sector, the Indian lithosphere underthrusts up to Karakoram fault, and it extends
up to the south of BNS beneath the central region. While in the eastern region it continues up to ITSZ
(Figure 7). Our results are in consonance with earlier studies in the northern front of the Indian lithosphere
based on seismic tomography and receiver function analysis (Kumar et al., 2006; Li et al., 2008; Zhao
et al., 2010, 2011). Based on previous tomography models (Li et al., 2008; Replumaz et al., 2013; Tilmann
et al., 2003), Chen et al. (2017) proposed underthrusting of the Indian lithospheric mantle coinciding with
the Jinsa Nujiang Suture (Figure 7, blue dotted line), which extends too far northward. Li and
Song (2018), based on P and S wave tomography images also suggested that the subducted Indian mantle
lithosphere is torn into four pieces with different angles and with different northern limits. They indicated
that in the central part it is steeper and extends to BNS (Figure 7, green dotted line), where as in the west
and east it extends further with a gentle dip. Our 2‐D density modeling results also reveal that in the west,
the Indian lithosphere underthrusts/subducts horizontally up to the Karakoram at a low angle. In the cen-
tral region it is subducting at a high angle till south of the BNS, whereas in the east it again subducts at a
shallow angle reaching ITSZ and possibly up to south of the BNS (Figures 4–6: panel e). The geometry of
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the India and Eurasia plate collision zone also explains the differences in surface topography between the
west and east parts of Tibet. The more rugged and high topography observed in western Tibet can be sup-
ported by the rigid mantle lithosphere, whereas to the east, the lithosphere is weaker due to the existence
of the crush zone, which is also seen in spatial variations of Te reducing from west to east. A large number
of shear wave splitting (SWS) studies (Figure 7) also reveal that the mantle deformation in the western
Tibetan plateau is entirely different from that in the east. (e.g., Chen et al., 2010; Gao & Liu, 2009; Huang
et al., 2000; McNamara et al., 1994; Sandvol et al., 1997; Zhao et al., 2010).

Finally, the 2‐D lithospheric structures obtained in this study provide tight constraints on the geodynamic
evolution of the Himalayan‐Tibetan orogen. Our lithospheric density structures suggest that firstly, the
deformation of the Tibetan lithosphere started with the shortening of the lithosphere due to continued con-
vergence between India and Eurasia plates after their collision at ~50 Ma (Houseman & England, 1993;
Molnar et al., 1993). This resulted in thickening of the crust and lithospheric mantle and initial upwarp of
the Tibetan plateau. Subsequently the lithospheric root beneath the thickened crust of Tibetan plateau
was removed owing to Rayleigh‐Taylor instability during the Oligocene and is replaced with upwelling of
hot and light asthenosphere. This resulted in the rapid upwarp of the Tibetan plateau which is in agreement
with the geodynamic model of Houseman and England (1993), Molnar et al. (1993), Jiménez‐Munt and Platt
(2006), and Xia et al. (2011). The presence of a thick crust with a thick lithospheric root beneath the
Himalaya and southern part of Tibetan plateau favored the northward underthrusting of the cold Indian
mantle lithosphere at the onset of asthenospheric upwelling. The cold Indian plate appears to have reached
the southern part of Tibetan plateau by such time (Oligocene) and thus shut off the heat source from the
asthenosphere. As a consequence of this underthrusting of Indian lithosphere no igneous activity younger
than this age occurs in the southern Tibetan plateau, whereas the alkaline potassic volcanism caused by
the destruction and the removal of the thickened lithosphere in the northern Tibetan plateau continued
to the present time.

6. Conclusions

The results obtained in this study allow us to make the following conclusions.

The most significant and noteworthy result of our contribution is delineation of the geometry of the litho-
sphere‐asthenosphere boundary (LAB) beneath Himalaya and Tibetan plateau. 2‐D modeling results and
lateral variation of Te reveals significant excursions in the thickness of the lithosphere from south to north
beneath the Himalaya and Tibetan plateau. In the western part of the India‐Eurasia collision zone, litho-
sphere is thick (~200–250 km) beneath the Himalaya and the Karakoram fault and gradually thins to
(~160 km) beneath the Kunlun Shan and Karakax plateau and again increases to more than 200 km beneath
the Tarim basin. In the central part of Himalaya‐Tibetan plateau, the LAB shows significant variation in
depths starting from 145–160 km beneath the foreland basin to 200–240 km beneath the Himalaya and
reaching ~250 km beneath the Lhasa terrain to the south of the BNS. Further north, beneath the
Qiangtang and Songpan Ganzi region, we observed significant thinning (130–140 km) of the LAB and then
an increase to ~180–200 km beneath the ATF and Tarim basin. In the eastern Himalaya‐Tibetan region, our
results suggest thick lithosphere beneath the Himalaya that extends up to the north of ITSZ (30.5°N).
Further north, beneath the Lhasa, we observe a thin lithosphere (~140–160 km) which extends up to eastern
Qiangtang and Songpong‐Ganzi regions. Based on the integration of 2‐Dmodeled lithospheric density cross
sections, we have demarcated the northern front of the underthrusting Indian lithosphere. In the western
sector, the Indian lithosphere underthrusts up to Karakoram fault, and it extends up to the south of BNS
beneath the central region. Whereas in the eastern region it continues up to ITSZ.

The results of our study also reveal significant variations in subcrustal lithospheric mantle thickness that
mimic the differences in crustal thickness (Moho depth) suggesting that the entire lithosphere provides
the required buoyancy to maintain the nearly uniform elevation of the Tibetan plateau.

Our Te variations reveal first‐order differences in the mechanical character and structure between southern
and northern Tibet. The excellent agreement between Te and 2‐D modeling results suggest that the spatial
variations of Te values offer an alternative possibility to explain the flexural strength of the lithosphere
and northern extent of the underthrusting Indian lithosphere. Thinner lithosphere and low Te (~<30 km)
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under northern Tibetan plateau indicate predominance of mantle isostasy where the crust and mantle are
anomalously hot and deformable which also correlates well with low seismic velocity, strong shear wave ani-
sotropy (>2 s) and eastward crustal flow as observed in GPS data.

In general, our lithospheric density structures in this study are derived from 2‐D modeling of geopoten-
tial data and are restricted along the strike of the India‐Eurasia collision zone. This therefore warrant
further investigations using 3‐D modeling approaches to arrive at 3‐D density distribution and effective
elastic thickness leading to a better geophysical model. The work in this direction is under progress.

Data Availability Statement

The topography data are taken from Becker et al. (2009; https://topex.ucsd.edu/cgi-bin/get_srtm30.cgi).
Gravity data are downloaded from Ries et al. (2016; http://doi.org/10.5880/icgem.2016.002). The geoid data
are taken from Pavlis et al. (2012), Global model: EGM2008. Anisotropy data are taken online (http://split-
ting.gm.univ-montp2.fr/DB/public/searchdatabase.html). GPS data used in this study are from Gan
et al. (2007) and Pan et al. (2018). Some of the figures are generated with the GenericMapping Tools software
(Wessel & Smith, 1995).
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