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The Himalaya and Lhasa blocks act as the main belt of convergence and collision between the Indian and
Eurasian plates. Their crustal structures can be used to understand the dynamic process of continent-
continent collision. Herein, we present a 3D crustal density model beneath these two tectonic blocks con-
strained by a review of all available active seismic and passive seismological results on the velocity struc-
ture of crust and lower lithosphere. From our final crustal density model, we infer that the present
subduction-angle of the Indian plate is small, but presents some variations along the west-east extension

o of the orogenic belt: The dip angle of the Moho interface is about 8-9° in the eastern and western part of
Ecologitization . . . . . .
Himalaya th.e orogenic pelt, ‘and abqut 16° in the central part. Integrating crusFal P-wave velqcnty distribution from
Lhasa wide-angle seismic profiling, geothermal data and our crustal density model, we infer a crustal compo-
sition model, which is composed of an upper crust with granite-granodiorite and granite gneiss beneath
the Lhasa block; biotite gneiss and phyllite beneath the Himalaya, a middle crust with granulite facies
and possible pelitic gneisses, and a lower crust with gabbro-norite-troctolite and mafic granulite
beneath the Lhasa block. Our density structure (<3.2 g/cm®) and composition (no fitting to eclogite) in
the lower crust do not be favor to the speculation of ecologitized lower crust beneath Himalaya and
the southern of Lhasa block.
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1. Introduction

With the advent of the theories of continental drift and plate
tectonics, it has become widely accepted that the Tibet plateau is
the product of the collision between the Indian subcontinent and
the Eurasian continent and that this process of mountain building
is still continuing today (Holmes, 1965; Dewey and Bird, 1970;
Powell and Conaghan, 1973; Le Fort, 1975; Molnar et al., 1977;
Xia et al,, 2011; Wang et al,, 2012). The Indian subcontinent is
moving towards the Eurasian continent at a rate of 50 mm/yr
(Minster and Jordan, 1978; Chatterjee et al., 2012) with respect
to Eurasia plate. Owing to this ongoing tectonic evolution, the Tibet
plateau has attracted the interest of geoscientists over many dec-
ades. Where, numerous geophysical studies have played an impor-
tant role on understanding crustal evolution from the continent-
continent collision recorded by the crustal structure. This crustal
structure beneath the Tibetan Plateau started to be delineated with
the series of Sino-French seismic studies (Hirn et al., 1984a,b,
1995; Min and Wu, 1987; Teng et al., 1985; Xiong et al., 1985;
Galve et al.,, 2002; Zhang and Klemperer, 2005, 2010; Jiang et al.,
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2006), the Sino—American PASSCAL broadband experiment (McNa-
mara et al.,, 1997; Owens and Zandt, 1997), the results of the inter-
national and multidisciplinary INDEPTH experiments (Zhao et al.,
1993; Makovsky et al., 1996; Nelson et al., 1996; Zhao et al.,
2001), and a large number of geophysical methods have been used
to study the lithosphere of the Himalaya and Tibet regions, such as
deep seismic investigations (Hauck et al., 1998; Galve et al., 2002;
Haines et al., 2003; Meissner et al., 2004; Jiang et al., 2006; Zhang
et al., 2009a,b, 2010, 2011a,b; Zhang and Klemperer, 2005, 2010;
Chen et al., 2012; Hu et al., 2012), seismic tomography (McNamara
et al,, 1997; Villasenor et al., 2001; Chen et al., 2009a), magnetotel-
lurics (Wei et al,, 2001; Unsworth et al., 2004), gravimetry (Jin
et al., 1996; Braitenberg et al., 2000, 2003; Shin et al., 2007), recei-
ver functions (Kind et al., 1996) seismology (Mitra et al., 2005;
Chen et al., 2009b, 2012; Zhang et al., 2011c) and geothermics
(Chung et al., 2005).

It is well-known that the formation of the high Tibetan plateau
from the Indian-Eurasia plate collision is strongly dependent upon
each of the following parameters on the configuration of the elastic
plate and on the gravity anomalies: the flexural rigidity, the posi-
tion of the northern end of the elastic plate (the amount of under-
thrusting of such a plate beneath the Himalaya range), and the
density contrasts between the crust and the mantle and between
the sediments and the crust (Caen and Molnar, 1983).
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In order to understand the flexural rigidity and density struc-
ture of the two elastic plates of the collision, many 2-D gravity
models have been proposed recently. Rajesh and Mishra (2003)
models the Bouguer anomaly along longitude 90°E for latitude
25-40°N across Himalaya and Tibet based on the results of IN-
DEPTH seismic profiles across Tibet. In that work it is suggested
that the crustal thickness varies from 40 km under the Indo-Gan-
getic Plains to 70 km under the Indus Tsangpo Suture Zone (ITSZ),
remains almost constant at 70 km under the Tibet and reduces to
40 km north of Altyn Tagh Fault (ATF). The crustal vertical section
is divided into three layers of bulk densities (2.7, 2.8 and 2.9 g/
cm?), with two low-density layers (2.65 and 2.69 g/cm?) at the bot-
tom of the upper and middle crusts respectively, which are layers
with low seismic velocities. Hetenyi et al. (2007) combined seis-
mological and Bouguer anomaly data with 2-D thermo-kinematic
and petrological modeling to constrain the extent and kinetics of
the eclogitization process in the Indian lower crust underthrusting
Tibet. Based on Airy-type isostasy gravity modeling, they showed
that the presence of denser material (eclogite) is required beneath
the Lhasa block. Three profiles perpendicular to the Himalayan arc
with multilayer density-models suggest that the process of eclog-
itization of the Indian lower crust is completed where the maximal
depth of its descent is reached. The petrologic modeling results of
Hetenyi et al. (2007) showed many similarities but also some dif-
ferences in the three profiles. The similarities lie in the fact that,
at the very first order, the geometry of the Moho is quite similar
along each profile: it starts at 35 km of depth in the South and ends
at about 75 km of depth beneath the Tibetan plateau. The major
density variation of the Indian lower crust occurs once it reaches
its maximum depth. The differences between the three profiles
are also related to their geometries: the steepness and the localiza-
tion of the lower crust’s descent are particular to each profile. Be-
tween profile P1 and P2 (see detail in Hetenyi et al. (2007)), the
differences are small: profile P2 shows a somewhat steeper dip, lo-
cated closer to the front of the range compared to profile P1, but
both profiles reach their maximum depth in one ramp. This is
not the case for profile P3: there is a flat part in the descent of
the lower crust between two ramps, and constraints on the geom-
etry (even if they are less tight) suggest that it plunges at a lower
angle and on a longer distance than profiles P1 and P2. Thus the
gradual change of density also takes place on a larger distance.
One additional difference is the geometry of the foreland basin:
while data are well explained by a flexural form at profiles P1
and P2, it is better represented with a shallower, flat-bottom basin
at profile P3, as previously mentioned by Tiwari et al. (2006). Jime-
nez-Munt et al. (2008) presented a 2-D lithospheric temperature
structure and density model along a north-south transect from
the Indian plate to Asia, crossing the Himalaya front and the Tibe-
tan Plateau. The model is based on the assumption of local (Airy)
isostatic equilibrium, and it is constrained by the topography, grav-
ity and geoid anomalies and by thermal data within the crust. Their
results suggest that the height of the Tibetan Plateau is compen-
sated by thick crust in the south and by hot upper mantle to the
north. The Tibetan Plateau as a whole cannot be supported isostat-
ically only by thickened crust; a thin and hot lithosphere beneath
the northern plateau is required to explain the high topography,
gravity, geoid and crustal temperatures. The lithosphere reaches
a maximum depth of ~260 km beneath the southern Plateau, and
thins abruptly northward to ~100 km under the central and north-
ern Plateau. The lithosphere depth increases again beneath the
Qaidam basin and the Qilian Shan to ~160 km (Zhang et al.,
2008; Jimenez-Munt et al., 2008).

With the use of potential field methods in Tibet and using ter-
restrial data, Braitenberg et al. (2000) proposed a map of 3-D undu-
lations of the Moho and discussed the properties along four profiles
cutting the Tibet plateau longitudinally and transversally. They ap-

plied an inversion-method of the gravity field throughout the en-
tire plateau and later showed (Braitenberg et al., 2003) that there
are considerable flexural rigidity variations when going from the
Tibet plateau to the cratonic Tarim basin. Shin et al. (2007) pre-
sented a 3-D model of the Moho undulations over the entire Tibe-
tan plateau derived from gravity inversion using the Gravity
Recovery and Climate Experiment (GRACE) potential field, which
has been integrated with terrestrial data. This Moho model is char-
acterized by a sequence of troughs and ridges with a semi-regular
pattern, which could reflect the continent-continent collision be-
tween the Indian and Eurasian plates.

There are still numerous problems to answer, such as a plate
with a constant flexural rigidity of about 0.7 x 10**> Nm allows a
good fit to the data from the Lesser Himalaya and the Ganga Basin
(Caen and Molnar, 1983). However, such a plate cannot under-
thrust the entire Himalaya. Instead, the gravity anomalies show
that the Moho steepens from an inclination of about only 3° be-
neath the Lesser Himalaya to about 15° beneath the Greater Hima-
laya (Caen and Molnar, 1983). This implies a smaller flexural
rigidity beneath the Greater Himalaya than beneath the Ganga Ba-
sin and the Lesser Himalaya. They predict rapid uplift only in the
Greater Himalaya and at the foot of the Lesser Himalaya. The inter-
pretations of densely seismic and seismological observations
(Zhang and Klemperer, 2005) addressed the west-east difference
of the crustal structure between the eastern part of central-south
Tibet and the western part, which should be reflected in potential
dataset. In order to obtain 3D crustal density model beneath Hima-
laya and Lhasa blocks, we apply a 3-D gravity modeling with con-
strains of other geophysical observations.

As mentioned above, the structure of the Tibet is being investi-
gated by different approaches and at different sites. The 2D gravity
models have given promising results, which can be expanded by a
full 3D modeling. Furthermore, the density structures of the pub-
lished studies have low lateral and vertical resolution, which we
intend to improve in our 3D study. We integrate seismic with
the gravity modeling, in order to obtain an improved understand-
ing of petrological properties from the rock densities and veloci-
ties. This will allow us to have a better understanding of the
actual physical state of the crust in this continent-continent colli-
sional area. Many high-resolution seismic studies in Tibet (Xiong
et al., 1985; Xiong and Liu, 1997; Zhao et al.,, 2001; Liu et al,,
2003; Li, 2003; Zhang et al., 2002; Zhang et al., 2005; Chen et al.,
2009a,b) provide very good constraints on the geometry of crustal
structure and the seismic wave velocity profiles which we use in
our gravity modeling. In this study, Bouguer anomaly data are used
to: (1) obtain the crustal density structure and to delineate the re-
gional variations of the crustal structure in the subduction zone,
(2) define the depth of the Moho and the flexure of the Indian
shield, and (3) check the eclogitization of the Indian lower crust.

2. Brief description of gravity anomaly dataset

Fig. 1 shows the gravity data used in this study, which mainly
are 10’ x 10’ gridded Bouguer anomalies, and the same as used
in Braitenberg et al. (2003). The grid data was based on the Chinese
gravity network 85, with height reference of the Yellow Sea (Sun,
1989). The gravity data were reduced using the Helmert gravity
formula (Sun, 1989). A complete terrain correction was made, with
a maximum radius of 166.7 km and using a topographic density of
2.67 g/cm®. In order to obtain data coverage over a rectangular
grid, which necessarily goes beyond the Chinese border, the data
were integrated with Bouguer gravity values derived from the
IGG97L (Institute of Geodesy and Geophysics, CAS, Wuhan) earth
gravity model (Hsu and Lu, 1995). The gridded data have been inte-
grated outside the Chinese territory with gravity data derived from
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Fig. 1. Bouguer anomaly data of the central-south Tibet. The black dotted lines mark the area where the terrestrial gravity data are unavailable. The yellow curve connects a
series of gravity lows, which are placed above the supposed northern margin of the Indian plate. Blue curves present location of studied seismic and seismological profiles.
Seismic lines 1, 2, 3, 4, 6 and 7 are used in gravity modeling. Red lines indicate the vertical planes used to construct the geometry and initial density structure of the 3-D
model. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Sketch map of the collision of the Indian and Asian lithospheric plates from the results of S receiver function (S-rf) analysis and P receiver function (P-rf) results (after

Kumar et al. (2006)).

the GRACE potential field (Shin et al., 2007) which is combined
with the satellite derived gravity field and terrestrial gravity data.
From Fig. 1, we can observe that the Bouguer anomaly varies
between —574 mGal and —247 mGal in the study area. The differ-
ence reaches 327 mGal, which indicates large-scale variations in
the crustal structure of the area. An extensive gravity low (longi-
tude 86-92°E and latitude 32-34°N) is located in the north-east
of the study area. Three limited gravity lows are located in the Lha-
sa block, around (83°E, 31°N), (86°E, 30°N) and (90°E, 30°N),
respectively. The gravity data along seven ~1000 km long profiles
give similar trends with a ~500 mGal Bouguer anomaly decrease
from the Himalaya crossing southern Tibet to the central Tibet.

3. Procedure and initial 3-D crustal density model
3.1. Modeling technique

Forward modeling of the Bouguer anomaly was performed
using the IGMAS software (Interactive Gravity and Magnetic

Application System; see http://www.gravity.uni-kiel.de/igmas).
The modeling software (Gotze, 1984; Gotze and Lahmeyer, 1988;
Schmidt and Goétze, 1998; Breunig et al., 2000) makes use of an
interoperable 3-D Geoinformation System (IOGIS) and its function-
ality. The model is formed by 3-D bodies that are constructed
using polyhedrals whose geometry is predefined by the user on a
series of parallel vertical cross-sections, the 3-D structure is
achieved in IGMAS by defining several vertical planes on which
geological bodies are geometrically defined in the form of poly-
gons. The vertical planes are connected via triangulation, thereby
forming the 3-D structure. The geometry of the geological bodies
is defined along the 2-D cross-sections, whereas the geometry in
the area between them is interpolated. Hence, in order to perform
more detailed modeling, a great number of 2-D cross-sections
must be included.

The starting model of the density structure follows the geome-
try of the seismic results and is defined by nodal points (with x, y,
z-coordinates and density values) within cross sections arranged
parallel to each other and covering the study area. The nodal points
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Fig. 3. Flow chart of gravity modeling process of crustal density structure.

define lines separating the density bodies within a certain cross
section. The nodal points of corresponding lines within neighbor-
ing cross sections are automatically connected by triangulation,
giving the surfaces of the density bodies. As another input, we have
used the gravity data with a grid data file. In the southern most
part of the profiles, the Chinese gravity data are unavailable but
have been integrated with published global data sets (Shin et al.,
2007). In order to retain the measured information, the gravity ef-
fect of the modeled structures is calculated at the measurement
points. The design of a 3-D density model in IGMAS incorporates
three important decisions: the definition of the initial structure,
the selection of density values for the bodies forming the model
and the choice of a reference model.

Fig. 3 shows the flow-chart of gravity modeling process of crus-
tal density structure. The gravity effect of each 3-D (polyhedral)
body is computed and added to the effect of the other ones, giving
the anomaly value of the model structure for a given observation
point. Generally, the observed and computed gravity fields do
not agree. To enable the comparison between the two fields, a con-
stant shift value is automatically determined and added to the
computed anomalies (Fig. 3).

Initial density values for the modeled bodies are defined prior to
the gravity modeling. By iteratively changing the geometry of the
initial structure in accordance with the available constraining data
incorporated in the IOGIS, the optimal fit between the observed
Bouguer anomaly and the anomaly produced by the modeled 3-D
density structure is achieved. This modeled anomaly is calculated
from the density contrast between the modeled bodies and a lay-
ered background reference model.

3.2. Construction of initial 3D density structure model

The initial density structure is constructed with a priori infor-
mation from wide-angle seismic reflections, receiver functions,
and tomography acquired in the study area.

An initial crustal model is constructed by compiling available
seismic and other geophysical data. The degree of freedom in mod-
ifying the geometry of the crustal layers depends on the availabil-
ity and quality of seismic data. The study area was modeled with 7
south-north oriented and c.a. 900 km long cross-sections, with
spacing interval of 1° or 2° (Fig. 1). From east to west, the model
structure is c.a. 1000 km wide. To suppress edge effects, the den-
sity model was extended in all directions with the last given values
for up to 1500 km. Depth extension is 260 km. None of the sections
runs parallel to one of the seismic lines, but crosses them.

As it is well known, the greatest density contrast in the litho-
sphere is located at the Moho interface, followed by the sedi-
ment-basement interface. Previous works (Jin et al, 1996;
Braitenberg et al., 2000) have estimated the gravity effect of

lithospheric thickening and have shown that over the Tibet plateau
the gravity effect is almost constant, with variation of about
10 mGal. Although the effect of the lithospheric thickening is very
small, as the density contrast of the lithosphere to the astheno-
sphere (assumed as 0.03 g/cm?) is less than one tenth of the value
at the Moho (Shin et al., 2007), the asthenosphere layer is still
considered in the modeling of this study.

Kumar et al. (2006) presented a high-resolution image of the
base of the lithosphere from S-to-P converted seismic waves,
revealing the collision architecture of the Indian and Asian conti-
nental plates beneath the Tibet Plateau. The base of the Indian

Table 1
Physical parameters of the different bodies used in the initial modeling.
Description p (g/em®)  V (km/s)
Tertiary Indian foreland 245 Vs =2-2.75 (Mitra et al., 2005)
basin
India UC-lesser Himalayan 2.7-2.89 Vs = 3.5-3.8 (Mitra et al., 2005)
Greater Himalayan belt 2.75-2.91 Vs =3.4-3.8 (Mitra et al., 2005)
Vp > 5.7 (Hauck et al., 1998)
Tethyan Himalayan 2.65-2.7 Vs =2.5-3.2 (Mitra et al., 2005)
sequences
Vp =5.2 (Hauck et al., 1998)
Gangdese Batholith 2.75
Lhasa block UC 2.7-2.93 Vp = 6-6.5 (Meissner et al., 2004)
Vp =6.1-6.5 (Zhao et al., 2001)
Qiangtang Basin, 2.5-2.6 Density (Haines et al., 2003)
sediments
Vp ~ 5.7 (Meissner et al., 2004)
Qiangtang block UC 2.64-3.01 Density (Haines et al., 2003)
Vp ~ 5.8-7 (Meissner et al., 2004)
Vp ~ 5.6-6.5 (Zhao et al., 2001)
Songpan-Ganzi terran, 2.6-2.85 Vp = 5.4-6.2 (Jiang et al., 2006)
Kunlun
Qaidam Basin 2.4 Vp =5-5.5 (Zhao et al., 2006)
Qaidam-Qilian Shan UC 2.53-2.92 Vp=6-6.3 (Jiang et al., 2006)
Vp =5.5-6.5 (Zhao et al., 2006)
Vp =5.5-6.3 (Gao et al., 1999)
India LC 2.98 Vs = 3.9 (Mitra et al., 2005)
Greater Himalayan LC 3.05 Vs = 4-4.2 (Mitra et al., 2005)
Lhasa-Qiantang LC 3.05 Density (Haines et al., 2003)

Vp = 6.6-7.1 (Meissner et al., 2004)
Vp = 7-7.3 (Zhang and Klemperer,
2005)

Vp =6.5-7.3 (Zhao et al., 2001)

Qaidam-Qilian-Beishan 3.0 Vp = 6.5-6.8 (Jiang et al., 2006)
LC

Lithospheric mantle 3.2
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Fig. 4. The eastern cross-section of the initial model. Densities are deduced from P-wave velocity following Table 1.
Table 2
Physical parameters of the different bodies used in the density modeling.
Unit p (g/em?) Vp (kmy/s) Temp. (°C) Vp' (km/s)
IS1 2.55 3.59-4.6 50-150% 3.72-4.75
102 2.7 5.9-6.5 150-250° 6.04-6.64
HU3 2.75 >5.7 (Hauck et al., 1998) <400 >5.88
HM23 29 6.5 <600*¢ 6.69
HS4 2.65 4.2-53 50-180 4.32-5.45
HS34 2.65 42-53 50-180 4.32-5.45
LU6 2.7 6-6.5 (Meissner et al., 2004; Zhao et al., 2001) <600¢ 6.2-6.69
6-6.25 (Haines et al., 2003)
LM26 29 6.5-6.73 (Haines et al., 2003) 800c 6.69-6.85
6.5-6.7 (Meissner et al., 2004)
QS7 25 4-5 (Haines et al., 2003) <200b 4.13-5.15
QS37 2.6 4-5 (Haines et al., 2003) <200 b 4.13-5.15
QU8 2.64 ~5.8-6.2 (Meissner et al., 2004) 200-600*¢ 5.76-6.77
~5.6-6.5 (Zhao et al., 2001)
5.7-6.1 (Haines et al., 2003)
QM28 2.88 6.65-6.85 (Haines et al., 2003) 800 c 6.95-7.11
IL13/132/134/135 2.9/3.0 6.7 350-450*¢ 6.9
3.05/3.1
HL14/214 3.0,3.2 6.9-7.3 700-800b 6.97-7.44
LL15/215 3.0, 3.15 6.6-7.1 (Meissner et al., 2004) 1000-1100° 6.8-7.2
7-7.3 (Zhang and Klemperer, 2005) 700-800¢
6.5-7.3 (Zhao et al., 2001)
LL315 3.05 6.6-7.1 (Meissner et al., 2004) 1000-1100° 6.8-7.2
7-7.3 (Zhang and Klemperer, 2005) 700-800¢
6.5-7.3 (Zhao et al., 2001)
QL16 3.0 6.6-7.1 (Meissner et al., 2004) 1000-1100° 700-800° 6.8-7.2

7-7.3 (Zhang and Klemperer, 2005)
6.5-7.3 (Zhao et al., 2001)
7.1 (Haines et al., 2003)

Descriptions of each unit: 1S1 - Indian foreland basin; IU2 - Indian upper crust; HU3 - Himalaya upper crust; HM23 - Himalaya middle crust; HS4 — Himalaya sediments; HS34
- north Himalaya sediments; LU6 - Lhasa block upper crust; LM26 - Lhasa block middle crust; QS7 - Qiangtang block sediments; QS37 - north Qiangtang block sediments;
QU8 - Qiangtang upper crust; QM28 - Qiangtang middle crust; CM29 Qaidam middle crust; IL13, IL132, IL134, IL135 - Indian lower crust; HL14 - Himalaya lower crust; LL15
- Lhasa block lower crust; LL315 -north Lhasa block lower crust; QL16 - Qiangtang lower crust; QL316 - Qaidam lower crust; M17 - upper mantle; CM9 -Qaidam upper
crust. Black body texts for Vp are deduced from Vs from Mitra et al. (2005).

@ Brewer et al. (2003).

b Jimenez-Munt et al. (2008).

¢ Hetenyi et al. (2007).

lithosphere dips northward from a depth of 160 km beneath the
Himalayas to a depth of 220 km just south of the BNS. The base
of the Asian lithosphere is nearly horizontal at the depth of 160-

180 km from central to northern Tibet. There is a vertical gap of
about 50 km between Indian and Asian lithospheres. Similar sub-
duction images along two N-S profiles across the Tibetan plateau
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Fig. 6. The final constructed lithospheric density profile of model III.

have been disclosed by Chen et al. (2009a,b), which shows that the
leading edge of underthrusting might have exceeded the BNS and,
more to the north, even the JS (Jinsha Suture). Moreover, Chen et al.
(2009a,b)’s results also indicates that the lithospheric root can be
substantiated at ~180 km in some places (Qiangtang Block) and
exceptionally at in some places (Lhasa Block). Fig. 2 shows the sub-
duction of both the Indian and Asian lithospheres. The Indian plate
is penetrating into the mantle to the south of the Bangong suture
(BNS). This lithospheric model will be used in our gravity modeling
for the constraint of the lithosphere-asthenosphere boundary.
Crustal structures in the studied area are constrained by wide-
angle seismic profiles (Hirn et al., 1984a,b; Teng et al., 1980a,b;
Xiong et al., 1985; Wu et al., 1993; Makvosky et al., 1996; Zhao
et al, 2001; Zhang and Klemperer, 2005, 2010; Zhang et al.,
2010). Seismic data provide valuable information not only on the
geometry of crustal layers, but also on the depth distribution of
P-wave velocities. In order to construct an initial density model,

south-north trending velocity profiles have been collected from:
(1) two deep seismic sounding profiles: Cuoqin-Sangehu (line 8),
Zhangmu-Cuoqin (line 16); (2) three near vertical deep seismic
reflection profiles of INDEPTH project: Yadong-Namucuo (line 1)
from INDEPTH I and II (Makovsky et al., 1996), Deqin-Longwei
Cuo (line 10) from INDEPTH III (Zhao et al., 2001); (3) two east—
west trending velocity profiles, Paiku Tso-Puma Yum Tso (Zhang
et al., 2002; Zhang and Klemperer, 2010) (line 2) and Siling Tso-
Ya'anduo (Zhang and Klemperer, 2005) (line 3), will also be used
to constrain the initial model and evaluate the final density model.
(4) A 2-D velocity profile with 400 km length located in 30.8-
34.1°N and 84-85.2°E had been studied by wide-angle reflection
seismics (Xiong and Liu, 1997). (5) In the summer of 1998, project
INDEPTH 1II recorded a 400 km length NNW-SSE wide-angle
seismic profile in central Tibet, from the Lhasa block across the
BNS at about 89.5°E and into the Qiangtang block. (6) Based on
wide-angle reflection/refraction seismic survey, Zheng and Yao
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Fig. 7. (a) Observed and calculated gravity anomalies for model IIl in the study area.
(b) Mismatch between observed and calculated anomalies and histogram of gravity
difference. Black lines still indicate the vertical planes used to construct the
geometry of the 3-D model.

(2004) proposed a profile (line 16) from Zhangmu to Cuoqing in
southwest Tibet. (7) Another velocity model along seismic line 1
is obtained by reprocessing the INDEPTH I and II data using the
ray tracing modeling method (Li, 2003).

The entire above seismic wave velocity interpretations are
incorporated in this work in the process of constructing the 3-D

gravity model for the transition zone between the Indian plate
and the Eurasia plate. The modeling of potential fields will not only
provide a more complete understanding of the crustal architecture,
but also try to infer the physical properties and possible composi-
tion of anomalous crustal materials.

Initial crustal densities have been calculated at some sites along
7 north-south trending profiles from the proposed seismic veloci-
ties (Vp and Vs) and using the velocity-density relation of Chris-
tensen and Mooney (1995). The values of the physical properties
considered for each body are listed in Table 1. The initial density
model structure is taken from the seismic structure as given at
these cross points. The western part of studied area (to the west
of 86°E) is best controlled by the seismic line 1 and 3 (Fig. 1).
The eastern part (to the east of 86°E) is weakly controlled by the
seismic line 4 and 6, i.e., the initial density profiles are constructed
following four seismic lines (line 1, 3, 4 and 6): the northern parts
of profiles p1-p4 are controlled by line 4, the southern parts of p1-
p4 by line 6; the northern parts of p5-p7 are controlled by line 1,
the southern parts of p5-p7 by line 3.

4. Modeling process and final crustal density structure

As mentioned above, Fig. 3 shows the gravity modeling process
of crustal density structure. Firstly an initial crustal model (model
I, Fig. 4) based mainly on available seismic data was constructed to
start the lithosphere modeling. The gravity anomaly was calculated
for the initial density structure (Fig. 4) according to the relation-
ship between velocity and density shown in Table 2. The gravity
stations are placed at their measurement heights above sea level,
but the topographic relief was not included in the model because
its effect on the gravity attraction was already subtracted by the
Bouguer and terrain corrections. The modeling result shows that
the initial density model does not match the observed data
completely. It demands further modeling by adjusting geometry
of interfaces and inverting densities iteratively. In the initial
model, the unit QL316 (Qaidam lower crust) should be noticed
for its high density value (3.2 g/cm?). Since seismic and seismolog-
ical investigations have proposed a thick crust over 40 km and unit
QL316 is located in the lower crust, the density of unit QL316
should be decreased in order to match the gravity field. The opti-
mal value is estimated to be 3.05 g/cm?>. In order to fit the observed
Bouguer anomaly data, the interfaces have been changed by less
than 2 km.

With the adjustment of geometries of intra-crustal interfaces,
we get a model II (Fig. 5) with which the calculated Bouguer anom-
aly is in good agreement with the observed data with the exception
of some misfits that are either local or at the border of the model.
The main negative anomalies of the contact zone between the In-
dian and Eurasia plates are properly reproduced. The residuals of
observed and calculated Bouguer anomalies are around zero with
a standard deviation of 31.4 mGal, which is 5.4% of the maximum
Bouguer anomaly (—580 mGal) and the correlation coefficient is
0.9 between the observed and calculated Bouguer anomaly. We
then get the final crustal density model (model III, Fig. 6) until fit-
ting the calculated and the observed Bouguer anomaly dataset by
adjust density distribution with the fixed geometry of the crustal
structure in model II (Fig. 5).

Usually, the accuracy of the 3-D density model presented is
quantified in terms of how well it reproduces the observed gravity
anomalies. However, this does not say anything about the validity
of the modeled structures, particularly in the areas where no other
geophysical data are available. Due to the non-uniqueness of the
interpretation of potential field, other models with different struc-
ture and density distribution could also reproduce the observed
anomalies with the same accuracy, although they would be hardly
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Fig. 8. (a-g) Cross-sections P1-P7 (Fig. 1) of the final density model (model III). IS1 - Indian foreland basin; U2 - Indian upper crust; HU3 - Himalaya upper crust; HM23 -
Himalaya middle crust; HS4 - Himalaya sediments; HS34 - north Himalaya sediments; LU6 - Lhasa block upper crust; LM26 - Lhasa block middle crust; QS7 - Qiangtang
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IL135 - Indian lower crust; HL14 - Himalaya lower crust; LL15 - Lhasa block lower crust; LL315 - north Lhasa block lower crust; QL16 - Qiangtang lower crust; QL316 -

Qaidam lower crust; M17 - upper mantle; CM9 - Qaidam upper crust.

probable, due to the fact that continuity of the crustal structure
and of its layers exists. The further evaluation of the model needs
integration with reliable geological and geodynamical information.
Due to the fact that densities in the middle and lower crust are
higher than global average values, eclogitization will be discussed
in the next section.

Fig. 6 illuminates our preferred model (model III) after several
tests following a trial-and-error approach. The calculated Bouguer
anomaly is in good agreement with the observed data, with the
exception of few local misfits (Fig. 7). A comparison between
the observed and calculated gravity anomaly maps over the 3-D
model is shown in Fig. 7a). The main negative anomalies of the
contact zone between the Indian and Eurasia plates are properly

reproduced like in model II. The histogram (Fig. 7b)) shows a tight
concentration of residuals around zero with a standard deviation of
29.45 mGal, 5.1% of the maximum Bouguer anomaly (—580 mGal)
and correlation coefficient is 0.9 between the observed and calcu-
lated gravity anomaly data.

In the above-mentioned way, we get the final crustal density
structures along seven North-South profiles (Fig. 8a-g). The den-
sity model can be summarized as: density is about 2.7 g/cm> be-
neath Indian plate, and 2.75 g/cm® beneath Himalaya block, and
2.7 g/cm® beneath Lhasa block, 2.64 g/cm® beneath Qiangtang
block and 2.5 g/cm® beneath the Songpan-Ganzi block. In the mid-
dle and lower crust, density is about 2.9 g/cm? beneath Indian
plate, 2.9-3.2 g/cm® beneath Himalaya block, and 2.9-3.05
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beneath Lhasa terrane, 2.88-3.0 g/cm® beneath Qiangtang block,
2.85-3.05 g/cm® beneath Songpan-Ganzi block (Table 3).

For the crustal thickness beneath the south of IYS, it is deeper
than70 km beneath the Himalaya block with Moho depth of 73-
79 km and the average Moho of 76 km beneath the eastern profiles.
Moho depth ranges within 70-78 km with the average of 73 km
beneath the west profiles.

Crustal thickness beneath Himalaya block becomes less from
east to west and declines northward, with a crustal thickness of
78 km in the east (Pumoyong Cuo, the distance is 70 km along Ya-
dong-Namu Cuo profile) and about 70 km in the west (Peigu Cuo).

Moho deepens northward, but displays as a non-constant offset
beneath the sutures from the eastern to the western profiles. Usu-
ally in the south of IYS, the depth of Moho interface is deeper in the
east than the west as Moho interface is at depth of 73-79 km with
the average of 76 km in the east; but 70-78 km and the average of
73 km in the west. A complex undulated Moho exhibits beneath
the sutures and the Moho declines northward entirely in the east.

5. Discussion

A 3-D crustal model has been derived for the transition zone be-
tween the Indian plate and the Eurasia plate beneath Tibet. The
model is seismically constrained and explains the main gravity
anomalies over the area. The tectonic implications of this study
are discussed hereafter.

5.1. Checking of the model by comparison with other geophysical data

Fig. 9 displays the comparison of our crustal density model with
crustal structures from other related geophysical observations
(Yuan et al, 1997; Zhao et al., 2001; Zhang and Klemperer,
2005). From the figure, we can observe that the boundaries be-
tween the density layers of the model match well with the inter-
faces of the shear wave velocities gradient. The crustal velocities
are from INDEPTH III (Zhao et al., 2001) and density was calculated
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Fig. 8. (continued)

using the velocity-density regression parameters of Christensen
and Mooney (1995). The average Moho depths of Lhasa block
and Qiangtang block in model III are close to the result of INDEPTH
Il experiment. The modeled densities are slightly lower than those
deduced from the velocity-density regression parameters. Com-
paring the modeled structure with an east-west profile (Zhang
and Klemperer, 2005), which intersects the velocity profile at
260 km, which corresponds to 435 km position of the density pro-
file, we find that the offsets are less than 4 km. the interfaces of the
top of the lower crust and Moho have 2 km offset with respect to
the result of the receiver function (Yuan et al., 1997). Through
the sensitivity test of gravity modeling, we find that the anomaly
is not sensitive to the 2 km offset in the depth of ~70 km. So this
offset is negligible when applying the gravity method.

5.2. Lateral variation of the Indian plate subduction angle

The role of the Indian crust in doubling the thickness of the
Tibetan crust is still a subject of debate. Makovsky et al.’s (1996)

results tightened the geometrical constraint on the northern extent
of the Indian crust. Three alternative conceptual models for the
northern extent of Indian crust were discussed under the hypoth-
esis that the Indian crust remains intact with a thickness of
30-40 km and that it penetrates north of the Tethyan Himalaya
(Argand, 1924; Powell and Conaghan, 1973; Ni and Barazangi,
1984; Allégre et al., 1984; Harrison et al., 1992; Dewey and Burke,
1973; Molnar, 1988). The first one is that the Indian crust flattens
and underthrusts Asian crust to produce the double-thickness Ti-
betan crust (Argand, 1924; Powell and Conaghan, 1973; Ni and
Barazangi, 1984). The second model assumes that the Indian crust
continues to dip to the north at the observed 7-10°, or only grad-
ually steepens, and so underthrusts the IYS within the lower crust
for about 100 km to the north but does not constitute the lower
half of the Tibetan crust through central and northern Tibet
(Allégre et al., 1984; Harrison et al., 1992). In the last model the
Indian crust is subducted into the mantle south of the IYS and does
not constitute a part of the Tibetan crust (Dewey and Burke, 1973;
Molnar, 1988). Moreover, the tomography results of shear wave
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Table 3
Final crustal density structure along seven N-S profiles.

Block Layer Density (g/cm?)
Indian Upper crust 2.7
Middle-lower crust 2.9
Himalaya Upper crust 2.75
Middle-lower crust 2.9-32
Lhasa Upper crust 2.7
Middle-lower crust 2.9-3.05
Qiangtang Upper crust 2.64
Middle-lower crust 2.88-3.0
Songpan-Ganzi Upper crust 2.5
Middle-lower crust 2.85-3.05

velocity given by Chen et al. (2009a) shows that the leading edge of
underthrusting might have exceeded the BNS and, more to the
north, even the JS (Jinsha Suture). Obviously, the Indian plate
subduction angle is another important information to constrain
the behavior of the Indian plate subduction.

The geometric constraints given by the INDEPTH-I wide-angle
seismic reflection survey excludes the possibility of models 1 and
3. Therefore model 2 is preferred and it suggests that the Indian
crust continues north of the Tethyan Himalaya and underthrusts
the IYS within the lower crust. Makovsky et al. (1996) observed
the Main Himalayan Thrust (MHT) continuing with a uniform dip
of 7-10° to a depth of about 40 km beneath the surface at a dis-
tance of only 70 km south of the IYS where the Tibetan Plateau
crust is 65-70 km thick. The interpretation of wide-angle seismic
profile between Peigutso and Pumoyongtso in Tethys Hiamlaya de-
clared the gentle Indian plate subduction of about 8.5-9°, but may
endured a transition from steep subduction to nearly flat subduc-
tion (Zhang and Klemperer, 2010).

In addition, according to the Hetenyi et al.’s study (2007), the
results of Hi-CLIMB experiment gave a more appropriate answer
to the northward extent of the India plate: the plate margin is
located parallel to the Himalayan arc, and about ~450 km north
of the Main Frontal Thrust. In the meantime, the comparison of
six images along four profiles shows that while the location where
the Indian crust reaches its maximal depth can be approximately
related to the Yarlung-Tsangpo Suture, the position of the

Banggong-Nujiang Suture with respect to the northern extent of
the Indian lower crust is variable, with horizontal distances
ranging between 0 and 150 km.

Comparing the east and west cross-sections, the dip angle of the
Moho interface is larger in the middle of the study area. The former
is ~8.5° in the eastern and western areas, while is ~16.7° in the
middle of the study area (Fig. 10). Hence the Indian plate collides
with the Eurasia plate with a gentle angle of inclination in east
and west, while steeper in the middle part.

Deep seismic sounding survey in the Kashmir Himalaya (Kaila
and Narain, 1976) shows a Moho dipping toward the north-north-
east direction, at an average angle of 15-20°. Hauck et al. (1998)
and Schulte-Pelkum et al. (2005) proposed that the Moho dips with
an angle of few degrees northwards beneath the Sub and Lesser
Himalaya and steepens to about 15° beneath the greater Himalaya.
Tiwari et al. (2006) suggested MBT and MCT dip with an angle of
22° and 16° to the north, respectively. Similarly, our gravity mod-
eling shows that the Indian shield underthrusts the plate with a
slightly steeper angle beneath the central part than beneath the
eastern and western parts in central-south Tibet.

5.3. Moho undulation across the Yurlung-Zangpo suture belt

Tectonically, Yurlung-Zangpo suture belt records key process of
the collision between the Indian and Eurasia plates at 50 Ma
(Zhang et al., 2012 and references therein). But the penetration
depth of the suture belt is still not definitively imaged in spite of
the previous studies. Here, we use our solution to show a 3D Moho
topography map across Yurlung-Zangpo suture belt. Fig. 11 shows
the flexure of the Moho interface according to our model.

A seismic profile with 430 km length in central Tibet given by
Teng et al. (1980a,b) along the north-south direction near longi-
tude 90°E provided the most detailed information for the crustal
structure at that time. Teng et al. (1980a,b) showed that the crust
on two sides of the India-Yalunzambu suture (IYS) is significantly
different. The crust is 70-73 km thick in the northern side of the
IYS. A layer with P velocity of 6.0-6.2 km/s underlying a 4-5 km
thick sedimentary layer, extends to a depth of about 45 km. A
low-velocity layer of 5.6 km/s appears between the depth of
45 km and 55 km, underlain by a lower crust with about 7.2 km/
s P wave velocity. The crust thins from 65 km to 45 km near
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Yadong in the south of IYS. In summary, the crust beneath the
Himalaya is significantly thinner than the average crust in Tibet.
The thinning of the crust continues southward to about 40 km un-
der the Ganges Basin and to about 35 km under central India.

5.4. Crustal composition model of study area

Integrating crustal P-wave velocity distribution from wide-angle
seismic profiling, geothermal data and crustal density model, the
crustal lithologic composition model can be estimated (Zhang
et al., 2008, 2009a; Zhao et al., 2012). With similar approach we
infer a crustal composition model of study area, which is composed

of an upper crust with granite-granodiorite and granite gneiss be-
neath the Lhasa block; biotite gneiss and phyllite beneath the Hima-
laya, a middle crust with granulite facies and possible pelitic
gneisses, and a lower crust with gabbro-norite-troctolite and mafic
granulite beneath the Lhasa block. The details of reconstructing this
petrological model mentioned above will be presented elsewhere.

5.5. Evaluation of eclogitization in the lower crust

Eclogitization beneath Tibet is a subject of broad interest in the
field of earth sciences. Previous studies suggest that that eclogitiza-
tion of the lower crust probably play an important role in the
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Fig. 9. (continued)

orogeny process of Himalayas and Tibet plateau (Bousquet et al.,
1997; Henry et al,, 1997; Cattin et al., 2001; Tiwari et al., 2006;
Hetenyi et al., 2007). In the north of the Himalaya, the lower Indian
crust is characterized by a high-velocity region consistent with the
formation of eclogite and a high-density material whose presence
affects the dynamics of the Tibetan plateau (Schulte-Pelkum et al.,
2005). However, several seismic studies have inferred abnormally
low, rather than increased, velocities for the Tibetan lower crust
(Cotte et al., 1999; Zhao et al., 1996), suggesting an absence of
eclogite. Gravity modeling will be an extra constraint on the ab-
sence or presence of eclogitization in this study.

An end-member model (Fig. 12) is designed with eclogite in the
lower crust, with the same geometry as in model II. The calculated
gravity anomaly is larger than the observed data, when using the
model with lower crustal density over 3.3 g/cm®> beneath the
Himalaya and Lhasa block. In order to match the calculated gravity
anomaly with the observed data, the lower crustal densities are re-
duced. Finally, model III is created and its average lower crustal
density is less than 3.2 g/cm?.

There are different opinions about the eclogitization in the
lower crust of Tibet. The first one (Le Pichon et al., 1997;
Schulte-Pelkum et al., 2005) supports the presence of eclogite
beneath the Himalaya. Based on a receiver function study and ob-
served fast P-wave velocities in the lower crust, Schulte-Pelkum
et al. (2005) argue that the lower crust is partially (~30%) eclogi-
tized just South of the IYS, and that the eclogitization process is
governed by water availability. This implies that the lower-crust
material reaches the eclogite facies via granulite facies conditions,
as shown in Le Pichon et al. (1997) for geotherms established after
more than ~20 My of relaxation. However, the latter study also
shows that the geotherm may follow an amphibolite-eclogite
and even a blueschist-eclogite path for shorter relaxation times
between ~10-20 My and less than ~10 My, respectively.

Based on thermo-kinematic modeling, Henry et al. (1997) pro-
posed that the high altitude of the Himalayas is related to the ab-
sence of eclogites beneath the mountain range. Eclogites would not
have been formed due to the fast rates of underthrusting of rela-
tively cold material.

The third opinion is in support of the ecologitization beneath
Lhasa block (Tilmann et al., 2003; Cattin et al., 2001; Tiwari

et al., 2006). Seismic tomography of the upper mantle in central Ti-
bet revealed a subvertical high velocity zone beneath the northern
Lhasa block (Meissner et al., 2004) that probably represents the
front of the detaching of the Indian lithosphere (Tilmann et al.,
2003). The tomography results of shear wave velocity given by
Chen et al. (2009a) shows that the leading edge of underthrusting
might have exceeded the BNS and, more to the north, even the JS
(Jinsha Suture). It seems that the relative slow shear wave velocity
anomalies within middle-lower crust (velocity slices at 45 km and
75 km) do not support the idea of ecologitization in lower crust be-
neath central-north Tibetan plateau. Furthermore, based on gravity
data combined with numerical modeling, Cattin et al. (2001)
showed that eclogitization does not take place under the High
Himalayan range as expected from a steady-state local equilibrium
assumption, but rather further North beneath the Tibetan Plateau.
More recently, Tiwari et al. (2006) showed that gravity and mag-
netic anomalies across Sikkim can be explained with a model in
which the crust beneath Tibet (between 56 and 72 km depth) is
eclogitized ~100 km north of the IYS.

Mengel and Kern (1990) proposed that the P-wave velocity of
eclogite in lower crust is 6.8-7.6 km/s and density is 3.15-3.6 g/
cm®. According to the modeled density structure, our result shows
that the lower crustal densities are smaller than 3.2 g/cm? and sug-
gests the absence of eclogite or partial eclogitization due to delam-
ination under the central-south Tibet. Obviously, our crust density
values and composition structure in the lower crust do not support
the existence of eclogite in the lower crust beneath central-south
Tibet.

6. Conclusion

The Himalaya and Lhasa blocks are the product of the deep-
reaching process of mountain building due to the convergence
and collision of the Indian and Eurasian plates. We define a 3D den-
sity model beneath these tectonic blocks constrained by a review
of all available active seismic and passive seismological results
on the velocity structure of the crust and lower lithosphere in
Tibet.
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Fig. 12. Gravity modeling of an end-member model for the eclogitization of lower crust. The thick black line in upper part showing the computed gravity data, and the red
line showing the measured gravity data. Filled points in lower part present the densities and velocities of 29 rock types atcanlibrated at room temperature and 600 MPa
pressure. UC is upper crust, MC is middle crust and LC is lower crust, respectively. * Andesite (AND), Basalt (BAS), Diabase (DIA), Granite-granodiorite (GRA), Diorite (DIO),
Gabbro-norite-troctolite (GAB), Metagraywacke (MGW), Slate (SLT), Phyllite (PHY), Prehnite-Pumpellyite Facies Basalt (BPP), Greenschist Facies Basalt (BGR), Granite-gneiss
(GGN), Biolite (Tonalite) Gneiss (BGN), Mica Quartz Schist (QSC), Amphibolite (AMP), Felsic Granulite (FGR), Paragranulite (PGR), Anorthositic Granulite (AGR), Mafic
Granulite (MGR), Serpentinite (SER), Quartzite (QTZ), Zeolite Facies Basalt (BZE), Mafic Garnet Granulite (GGR), Mafic-eclogite (ECL), Calcite Marble (MBL), Anorthosite (ANO),

Hornblendite (HBL), Pyroxenite (PYX), Dunite (DUN).

The crustal structure of the Tibet plateau, in the area of latitude
26-34°N and longitude 82-92°E is investigated by three-dimen-
sional gravity modeling constrained by deep seismic surveys. The
calculated gravity field (Bouguer anomaly) of the initial density
model (model I), which depends on the velocity structure linearly,
misfits the observed data. By iterative changes in density and
geometry of the interfaces (less than 2 km), the produced second
density model (model II) matches better with the observed Bou-
guer anomaly data. Furthermore, since higher densities than global
average densities are found in model II, lower-crustal partial eclog-
itization is considered in the final model (model III). Seven north-
south trending density profiles are investigated by a 3-D gravity
forward modeling method with geometry controlled by seismic
data. The model implies large variations of the crustal structure
from the western to the eastern part of central-south Tibet. The fi-
nal model shows that dip angles of the Moho interface are near to
8.5° in the eastern and western part of the study area, which is
smaller than the one found in the central part (~16.7°). We may in-
fer that the Indian lithosphere underthrusts the Tibetan litho-
sphere gently in the eastern and western part of the central-
south Tibet, while it is a little steeper in the central part, which
indicates increased flexural rigidity of the lithosphere in the east-
ern and western part of the study area.

This study also provides a realistic crustal density structure as
the basis for analyzing the petrologic properties in the crust of cen-
tral-south Tibet. Integrating crustal P-wave velocity distribution
from wide-angle seismic profiling, geothermal data and our crustal
density model, we infer a crustal composition model, which is
composed of an upper crust with granite-granodiorite and granite
gneiss beneath the Lhasa block; biotite gneiss and phyllite beneath
the Himalaya, a middle crust with granulite facies and possible
pelitic gneisses, and a lower crust with gabbro-norite-troctolite
and mafic granulite beneath the Lhasa block. Density values and
composition in the lower crust indicates the absence of eclogite
in the lower crust of central-south Tibet.

The presence of eclogite has been widely used in support of the
theory of mass transfer from the lower crust to the underlying

mantle by previous studies (Bousquet et al., 1997; Henry et al.,
1997; Cattin et al., 2001; Tiwari et al.,, 2006; Hetenyi et al.,
2007), and the presence of eclogite in the lower crust beneath
the Lhasa block might also influence the topography of mountain
ranges and plateaus in Tibet (Bousquet et al., 1997; Henry et al.,
1997; Cattin et al., 2001), nevertheless our crust density values
and composition structure in the lower crust do not support the
existence of eclogite in the lower crust beneath central-south
Tibet.
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