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Abstract

It is our interest to study the Moho depths in the Qinghai±Tibet. An iterative hybrid spectral±classical
methodology is applied to invert the gravity data and obtain the 3D variation in Moho depth. The
gravity inversion is constrained by results from deep seismic sounding and seismological investigations.
The Moho is found between 70 and 75 km depth over most of Tibet. Maximum depths of up to 80 km
are found along the margins of the plateau, and shallower depths of 65 km correlate with an important
suture running along central Tibet (Bangong Nujiang). At Moho level most of Tibet is isostatically
compensated at 90±110%, according to the Airy isostatic model. The Qaidam basin in North-Eastern
Tibet and the Tarim basin to the North-West are found to be over-compensated. 7 2000 Elsevier
Science Ltd. All rights reserved.

1. Introduction

From a geophysical point of view, the Tibet plateau is a region characterized by extremal
values: the average topographic elevation of the plateau amounts to 5000 m (Fig. 1). A high
seismic activity indicates a highly unstable dynamic situation: between 1901 and 1989 the Tibet
plateau was struck by 12 events with M> 7.0 and 110 events with 6 <M< 7 (Zeng and Sun,
1993). The plateau is presently continuing its uplift, as could be con®rmed by geodetic
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measurements. Repeated leveling results (Ma, 1989) have shown that the plateau is rising by an
average of 10 mm/year, with a progressive increase from north to south. Repeated relative
gravity measurements between Chengdu and Lhasa have been carried out between 1982 and
1992, and have given a relative decrease in Lhasa of 3.6 microgal/year. This result is
compatible with the observed uplift rate. (Jiang et al., 1989; Hsu and Jiang, 1995).
In general terms, the uplift of Tibet is connected to the ongoing collision of the Indian and

the Eurasian tectonic plates. The convergence rate between India and Southern Tibet has been
estimated to amount to 10±25 mm/yr (Jackson and Bilham, 1994; Molnar, 1990). The details
of the collision process are presently not well understood, as the relatively inaccessible area
makes geophysical investigations di�cult.
Geological and geophysical investigations were made during 1982±1987 during the French±

English±Chinese cooperation along the 1400 km long Yadong Golmud transect (GGT). The
pro®le extends from the high Himalayas north-eastwards across Tibet (AA ' in Fig. 2). Wide-
angle fan-pro®ling provided some insight into crustal structure and Moho depths in Tibet.
Detailed description of the southernmost 500 km are given in Hirn et al. (1984). The depth
along the remaining part of the pro®le is reported in Wu et al. (1991a, 1991b) and Xiong
Saobo et al. (1985). Beneath most of the Himalayas and Tibet the Moho is found at about 70±
75 km depth, along the pro®le. The Moho depth is characterized by upward steps of up to 20
km in speci®c sections along the pro®le. These correlate partly with surface features as the
Yarlung Zangbo and the Bangong Nujiang sutures (Fig. 2). Some overlapping segments of
crust±mantle re¯ectors have been interpreted as an indication of the superposition of
neighbouring pieces of lower crust along deep thrusts.

Fig. 1. Topographic map of Tibet±Qinghai, including main towns and rivers.
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International cooperation has provided closer insight into the crustal structure in Southern
Tibet along 300 km geophysical/geological INDEPTH transect (Nelson et al., 1996), shown in
Fig. 2 as the pro®le BB '. The INDEPTH project built on the previous Sino±French and Sino±
British e�orts. The project collected near-vertical incidence common-midpoint re¯ection
pro®les, wide-angle re¯ection data, broad band earthquake, magnetotelluric and surface
geological data. The Moho was reached in the southern part of the transect at 75 km depth by
active seismic sounding. In the northern part a re¯ection horizon at 15±20 km prevented the
Moho to be seen. The re¯ection was ascribed to the presence of partially molten crust. In favor
of this hypothesis was a low-velocity crustal zone observed by receiver functions (Kind et al.,
1996) and a high-conductivity layer in the magnetotelluric (MT) pro®le (Chen et al., 1996). The
Moho in this part could only be found by broad band earthquake recordings at depths
between 70 and 80 km (Brown et al., 1996; Nelson et al., 1996). The deep seismic sounding
revealed evidence of an active thrust fault along which the Indian plate is underthrusting
Southern Tibet. The thrust fault, named MHT (Main Himalaya Thrust) dips north at an angle
of about 98 and has been observed at depths between 30 and 40 km at latitudes between 278
and 298 N. It is not shown in Fig. 2, as its link to the thrust faults observed at the surface is
still unclear. The MHT extends at least 200 km north of the Himalayan thrust front or MBT
(Main Boundary Thrust) (Zhao Wenjin et al., 1993; Nelson et al., 1996).
Gravity and topography data of Tibet have been studied jointly in Jin Yu et al. (1994) by

evaluation of the statistical and spectral properties of the ®elds. The cross correlation analysis
of gravity anomalies and topography along three pro®les orthogonal to the Himalayan arch
made at higher frequencies suggests positive correlation at wavelengths of 150 km and negative
correlation at 500 km, which has been interpreted as the folding of Tibet (Jin Yu et al., 1994).

Fig. 2. Main tectonic lines and units in Tibet area (Meng Lingshun et al., 1992). The line AA ' marks the Yadong
Golmud pro®le (Wu et al., 1991a), the BB ' the INDEPTH pro®le (Nelson et al., 1996).
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The coherence is modeled as that of a rheologically layered plate with a mid-crustal
discontinuity (Conrad) at 13 km, and the Moho set at 60 km. The lower crust is assumed to be
ductile and less rigid than the upper crust and upper mantle.
In a successive paper Jin Yu et al. (1996) study the Bouguer anomalies along six pro®les

crossing Tibet. They use a model of two plates of variable elastic thickness, the Indian and the
Eurasian plates, subducting the Tibetan crust. The Indian plate has elastic thickness of 90 km,
weakening below the Himalayas. The Eurasian lithosphere has a lower elastic thickness of 40
km. The long wavelength Bouguer anomalies are explained by a thickened crust approximately
obeying the linear depth/topography relationship predicted by the Airy isostatic model and the
e�ect of the subducting lithosphere. In the central part of Tibet some relief on the Moho is
introduced which is ascribed to the bending moment on the subducting plates, generated by
shear stress along the mantle suture.
The evaluation of admittance and coherence functions of topography and Bouguer gravity

anomalies over the Himalayan area brought Wang and Hsu (1996) to the conclusion that the
surface and subsurface loads are supported by both the strength of the lithosphere and the local
compensation. The e�ective elastic thickness of the Tibet plateau was found to be 80±90 km.
The questions remained open following the above gravimetric studies are ®rst to give a full

3D model of the Moho underlying Tibet and its gravity e�ect, an improvement with respect to
the models along pro®les. Secondly, all available material on crustal and lithospheric structure
shall be used in the model. In the present study, we persue such a task performing a 3D
inversion of the gravity ®eld over the entire Tibet plateau. The inversion is made taking into
account the Bouguer gravity data, the results of the INDEPTH crustal investigations, and of
the GGT Yadong Golmud transect. We use the results from the deep seismic refraction studies
(DSS) in order to constrain the inversion. In the ideal case, a gravimetric study sets the goal of
modeling the entire crust, and if possible also part of the upper mantle with appropriate
density values. For the Tibet area though, these expectations must be reduced, due to the
scarce constraints available. The approach we use aims at limiting the model to the Moho
undulations, which are responsible for the longer wavelength gravity variations. In the future,
when more DSS lines will be available, it can be thought of modeling the crust as a whole.
It is interesting to compare the Moho obtained from gravity inversion with that predicted by

an isostatic model. From the deviations of the two quantities some conclusions on the
geodynamics can be drawn. If the isostatic Moho is coincident with the Moho obtained from
gravity inversion, it means that the crust is in isostatic equilibrium, and that the buoyancy
forces cannot be made responsible for the uplift. An example for which the crust is deeper than
expected from the isostatic hypothesis is given by the South-Eastern Alps, where the
discrepancy amounts to about 10 km (Braitenberg et al., 1997).

2. Geological outline

A complicated structural collate consisting of various microplates (terranes) split from the
Gondwanaland and Eurasian plate characterizes the Qinghai±Tibet plateau (e.g. Chengfa et al.,
1986). It is composed (Fig. 2) of the Kunlun/Bayan-Har-Songpan, Qiang-Tang, Lhasa and
Himalayan microplates with four major suture zones between one another. It is generally
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accepted that the plateau has undergone a history of multiple collisions. Multiple collisions in
di�erent geological epochs have produced successively the Kunlun, Jinsha, Bangong Nujiang
and Yarlung Zangbo suture lines. The tectonic evolution of the Qinghai±Tibet plateau in the
Mesozoic is actually the history of the splitting of the northern margin of the Gondwanaland,
which may have been formed as a single platform during the late Paleozoic to early Mesozoic,
and the history of its subsequent collision with the Eurasian plate. For the late Precambrian
and Paleozoic, there is evidence of accretion of the continental sea of the Gondwanaland and
Eurasian passive continent. In the Mesozoic, the northern margin of the Gondwanaland was
disintegrated and drifted; the Meso-Tethys was developed and subsequently closed, and the
microplates within the Meso-Tethys ®nally collided with each other. In the Cenozoic, the
shortening, doubling and uplifting of the crust characterized the whole plateau. The main
characteristics of its tectonics and crust±mantle structure are as follows: the plateau itself
consists of several zones of comparatively high plasticity, surrounded by several large rigid
masses. The tectonic lines run nearly E±W. Several large left lateral strike-slip faults, such as
the Altyn Tagh, the Kunlun, the Xianshuihe, are predominant in the north and eastern part of
the plateau. Further west, the lines form a tight fold zone of Pamirs, while to the east they
turn rapidly to form the S±N tectonic belts. The tectonic belts formed by N±S compression are
dominant in the central part of the plateau, while shear zones dominate in the eastern and
western segments, forming a series of dextral strike-slip faults.

3. Methodology used in the gravity inversion

The methodology applied in the gravity inversion is an iterative hybrid spectral±classical
inversion method. It has been introduced and extensively tested in 2.5D applications in
Braitenberg et al. (1997) and used in Braitenberg and Drigo (1998). A ®rst application to 2D
gravity surveys was done for the South-Eastern Alps, where the 3D Moho undulations were
investigated, giving excellent agreement with the Moho depths found by seismic methods
(Zadro and Braitenberg, 1997). A discussion of a synthetic case of 3D modeling was discussed
in Braitenberg and Zadro (1999).
A boundary with ®xed density contrast (dr), separating two horizontal layers, is assumed to

be set at the depth (d ). The undulations h(x,y ) of the boundary are to be determined by
gravity inversion of the observed gravity ®eld. The observed gravity ®eld must be corrected for
contributions of density inhomogeneities lying above or below the boundary. Assuming the
discontinuity to be studied being the crust±mantle boundary (Moho), a lower frequency
contribution may arise from lithospheric thickening. Mid-crustal to super®cial inhomogeneities
a�ect increasingly higher frequency bands of the gravity observations, and may be separated
by ®ltering processes. In the ideal case that a density model of the mid- to super®cial part of
the crust can be made, it is preferable to eliminate these gravity contributions by direct
evaluation. In the case that insu�cient information is present for complete modeling, one must
rely on the statistical method, which bases on the spectral properties of the gravity potential
®eld.
Supposing the part of the gravity ®eld related to the boundary undulation being g0(x,y ),

sampled on a regular grid n = 1, N; m = 1, M, with sampling dx, dy, the Fourier Transform
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(FT) is computed, obtaining the 2D spectrum F0(n,m ). In the ®rst iteration step, the
undulation of the boundary is obtained from downward continuation:

h1�n,m� � FTÿ1
�
F0�n,m�esd 1

2pG
dr

�
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The undulation of the boundary is approximated by a series of rectangular prisms of sides a
and b and density +dr or ÿdr, according to whether the boundary is above or below the
reference level (d ), respectively. The gravity ®eld g1(n,m ) obtained from the direct computation
(Nagy, 1966) is used for calculating the gravity residual dg1(n,m )=g1(n,m )ÿg0(n,m ). The FT of
the gravity residual is substituted for the gravity ®eld in Eq. (1), in which by means of the
downward continuation, a correction to the boundary undulation is obtained. The iterations
are repeated following this scheme, obtaining a successively decreasing correction to the
undulation, or, equivalently, a decreasing root mean square (rms) gravity residual. That the
iterations are always necessary is due to the fact that Eq. (1) is only an approximation to the
relation between the FT of the gravity ®eld and the FT of the undulation of the boundary. As
can be seen from the series expansion of Parker (1972) the above relation uses only the ®rst
term of the series. In all synthetic test situations the iterations converged, and a unique
solution to the boundary undulation was retrieved, if the correct values of density contrast and
reference depth were given in input. For more details we refer to the above mentioned papers.
At every iteration step a low pass ®ltering of the gravity ®eld is applied in order to limit the

maximum spatial frequency of analysis, depending on the depth of the boundary (d ). This
takes care of the fact that the Moho undulations are not related to the high frequency part of
the gravity ®eld, caused by masses located above the discontinuity layer. The limitation in
frequency overcomes also the problem that the downward continuation becomes unstable at
high frequencies. We use a circularly symmetric modi®ed Hamming frequency ®lter de®ned by
the following expression, (s ) being the spatial frequency (Eq. (1)), and pmin the cut-o�
wavelength:

H�s� � 0:5�1� cos�2pspmin�� sR1=pmin

H�s� � 0 s > 1=pmin
�2�

4. Gravity inversion

The gravity inversion is carried out on the geographic window (longitude 75±1058, latitude
25±418) centered on the Tibet plateau. The gravity data used are 10 ' � 10 ' gridded Bouguer
anomalies. Resources were based on the Chinese gravity network 85, with height reference the
Yellow Sea (Sun, 1989). The gravity data were reduced using the Helmert gravity formula. A
complete terrain correction was made using a topographic density of 2.67 � 103 kg/m3. The
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overall data error in the Bouguer values is estimated to be 1 mgal. The missing gravity data
south of the Himalayan arch were substituted with Bouguer gravity values derived from the
IGG97L (Institute of Geodesy and Geophysics, CAS, Wuhan) Earth gravity model (Hsu and
Lu Yang, 1995; Lu Yang and Houze, 1998), complete to degree and order 720 in China and
available on a 30 ' � 30 ' grid. At last the data have been interpolated on a regular grid of 20
km� 20 km, the grid extending 2540 km in N±S and 3900 km in E±W direction. The data grid
exceeds the area to be studied by 110 km on all sides, in order to allow for a bu�er zone
reducing border e�ects. The results of the gravity inversion are limited to the area for which
the densely spaced data are available. In Fig. 3 the Bouguer anomaly map is shown, and the
region excluded from the discussion is identi®ed as the hatched area. The main tectonic lines
and the locations of principal towns have been added to the map for better orientation.
At ®rst the observed gravity data are corrected for the lithospheric thickening. The

lithosphere thickening obtained from seismic investigations and available on a 28 � 28 grid
(Zhou et al., 1991), is approximated by rectangular prisms of 220 km � 220 km sides. The
density contrast of lithosphere to asthenosphere is set equal to 0.04 � 103 kg/m3and the depth
of the equilibrium boundary is set to d = 90 km, following the investigations of Zhou et al.
(1991). The lithosphere thickness model is shown in Fig. 4 and the gravity e�ect is given in
Fig. 5, this last amounting to a correction ranging from ÿ16 to 60 mgal. The e�ect of a thick
lithosphere beneath the Tibet plateau leads to a uniform positive gravity e�ect of between 40
and 60 mgal for most of the area. This value compares well with the lithosphere gravity e�ect
of the ¯exure model found by Jin Yu et al. (1996), who ®nd a positive e�ect of about 50 mgal
along the pro®les crossing Tibet. To the east of Tibet, the gravity correction is small and is

Fig. 3. Bouguer anomaly map with tectonic lines. The hatched area marks the region not covered by the Chinese
gravity database.
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mostly below 15 mgal. The main tectonic lines have been added to the map for better
orientation.
The gravity data, corrected for the lithosphere e�ect are low-pass ®ltered with the modi®ed

Hamming ®lter, with cut-o� wavelength Pmin=200 km. The cut-o� wavelength of 200 km

Fig. 4. Lithospheric thickness model of Zhou et al. (1991) with tectonic lines.

Fig. 5. Gravity e�ect of lithospheric thickening and main tectonic lines. The lithosphere model is shown in Fig. 4.
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eliminates the part of the gravity ®eld which is generated in the mid- or upper crust. In fact the
investigations of Jin Yu et al. (1994) showed that the gravity variations of wavelengths longer
than 150±200 km are likely due to the masses seated at depths of 50±100 km, which
corresponds to the Moho level. The side length of the square prism used for calculating the
gravity e�ect of the undulating boundary is chosen to be 260 km. The number of iterations is
®xed to four. Fixing the number of iterations does not alter the results obtained, as will be
shown later.
The inversion procedure necessitates a-priori values for the reference depth (d ) and the

density contrast (dr) across the Moho boundary. This can be made by using generally accepted
mean values as d = 30±35 km and dr=0.3±0.5 � 103 kg/m3, and de®ning the resultant Moho
within the subsequent uncertainty boundaries. Alternatively, di�erent couples of geophysically
plausible density and depth values can be tested and the seismic Moho, where available, be
used as boundary values. We have pursued the second option, using the results from the GGT
(pro®le AA ' in Fig. 2) and the INDEPTH (BB ' in Fig. 2) transects. The Moho was seen by
active seismic sounding only in the ®rst third of the INDEPTH pro®le (Nelson et al., 1996)
and was found to be located at the depth of about 75 km. To the north, the position of the
Moho is constrained by receiver function determinations from the broad band earthquake
data. These indicate that the Moho lies between depths of about 70 and 80 km along the
length of the survey (Kind et al., 1996; Makovsky et al., 1996). Apart from a ®xed bias due to
the conversion of time delays to depths, the uncertainty in the determination of the Moho is of
the order of 25 km. This uncertainty is conservative for the seismic investigations by fan-
pro®ling (GGT transect), and is adequate for the depth estimation obtained from wide-angle
observation of P-to-S-wave conversion (Nelson et al., 1996). The seismic Moho depths
according to the two transects INDEPTH (dots) and GGT (crosses and diamonds, referring to
the papers of Wu et al. (1991a) and Hirn et al. (1984), respectively) are plotted in Fig. 6. The
continuous line shows the gravimetric Moho for di�erent pairs of density contrast across the
Moho and reference depth (d ), the density varying between 0.3 and 0.4 � 103 kg/m3 and the
reference depth between 30 and 40 km.
Apart from local discrepancies, the range of possible models is of 30 km depth with density

r=0.3±0.4 � 103 kg/m3, 35 km depth with density r=0.35±0.4 � 103 kg/m3, or 40 km depth
and density r=0.4� 103 kg/m3. The greatest discordance is between km-marks of 100 and 300
km along the pro®le with the values reported by Hirn et al. (1984). According to Hirn et al.
(1984), just to the north of the high Himalayas a disruption of the Moho is observed, resulting
in a Moho step. This observation was not con®rmed by the INDEPTH- investigations. The
minimum and maximum crustal depths, and the rms (root mean square) of the gravity residual
are given in Table 1, for iteration steps 1±4. The values in the table pertain to the reference
depth equal to 35 km and the density contrast of 0.4 � 103 kg/m3. It can be seen that already
at the third iteration, no considerable reduction in the residual is achieved. For reference, the
initial gravity standard deviation from the mean is 207 mgal.
In Fig. 6 the observed Bouguer anomaly and the topography along the pro®le are graphed.

For orientation the intersections with the main sutures are added on the topography (YZ =
Yarlung Zangbo, BN = Bangong Nujiang, JS = Jinsha, KL = Kunlun). Some interesting
features emerge regarding our Moho model, as obtained from the gravity inversion: the sharp
increase of topography in the south is re¯ected by a steep deepening of the Moho. The greatest
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Moho depth is shifted to the north with respect to the highest topography (high Himalayas).
The Moho shows an upwelling near Central Tibet, which resulted also from the gravity
inversion of Jin Yu et al. (1994) and Jin Yu et al. (1996). The alternation of a Moho trough
and high is observed to the north of this upwelling, before the Moho reaches shallow values in
Northern Tibet.
The results for the 3D Moho undulations obtained from the gravity inversion are graphed in

Fig. 6. The Bouguer, topography and the seismic and gravity Moho along pro®le AA '. The intersection with main

suture lines is indicated by YZ (Yarlung Zangbo), BN (Bangong Nujiang), JS (Jinsha) and KL (Kunlun). The
seismic Moho is shown according to the di�erent sources as dots (Nelson et al., 1996), diamonds (Hirn et al., 1984)
and crosses (Wu et al., 1991a). The gravity Moho is shown for di�erent couples of the reference depth and the

density contrast.
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Fig. 7, the inversion having been made with the Moho reference depth of 35 km and the
density contrast of 0.4 � 103 kg/m3. Due to the range of acceptable couples of reference depth
and density contrast, the uncertainty on the Moho model is a systematic shift of at least 25
km.
The deepest Moho is found along the southern, western and northern margin of the Tibet

plateau, with values which reach 80 km depth. The shallowest values of Central Tibet are
found along most of the Bangong Nujiang suture, with depths ranging between 70 and 65 km.
Shallow Moho depths are also found beneath the Bayan Har-Songpan block in the north-
eastern part of Tibet, where the Moho rises to 60 km depth. Most of the Tarim basin reveals
Moho depths of 45±50 km, only the central part having more shallow values between 35 and
40 km.

Table 1
Summary of the four iterations of the gravity inversion. Minimum and maximum depth of the Moho and rms of

the gravity residual. Reference depth set to 35 km, density contrast equal to 0.4� 103 kg/m3

Iteration Max-root (km) Min-root (km) rms residual (mgal)

1 72.0 39.9 28.0
2 78.1 38.6 21.4

3 81.1 37.1 20.7
4 83.1 35.4 20.7

Fig. 7. Moho depths obtained from the gravity inversion according to the reference depth of 35 km and the density
contrast of 0.4� 103 kg/m3.
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5. Percentage of isostatic compensation

The Moho depths we have calculated from gravity inversion have been obtained without
taking into account the topography or any isostatic hypothesis. We now intend to compare the
gravity Moho with the Moho expected from isostasy, or equivalently to study the amount of
compensation according to an isostatic model. The isostatic compensation is de®ned (Bott,
1971) as the percentage of the observed crustal root with respect to the expected isostatic root.
It has been shown that at long wavelengths the Moho predicted with isostatic lithospheric

¯exure models converges to the isostatic root according to Airy (Turcotte and Schubert, 1982).
It is therefore justi®ed to consider the isostatic Airy model, when limiting the analysis to long
wavelengths. We thus apply a low-pass ®lter to the gridded topography, using the ®lter
described in the previous paragraphs and characterized by the 200 km cut-o� wavelength. The
coe�cients necessary in the Airy model are obtained from regression analysis. The regression is
extended over the entire studied area, except for the portions for which the dense gravity
covering was not available (hatched area in Fig. 3). The Fig. 8 shows the scatterplot of the
gravity Moho depths and the topography. With m the isostatic Moho (in km), and t the
topography (in m), the regression gives us the following Airy-relation:

m � 36:4� 0:0069t �3�
It is seen that the reference depth we obtained from anchoring the gravity inversion with the

seismic data (35 km) is close to the zero-topography Moho depth in the Airy isostatic
compensation model (36 km). Assuming a density contrast of 0.4 � 103 kg/m3 across the
Moho, the linear coe�cient (0.0069) leads to a crustal density of 2.76� 103 kg/m3. The crustal
roots are obtained by subtracting the zero-topography crustal thickness (36.4 km) from the
gravity and isostatic Moho depths, respectively.
A compensation greater than 100% is equivalent to over-compensation and is obtained when

the gravity Moho is deeper than the isostatic Moho depth. An undercompensation is obtained
when the gravity Moho is shallower than the isostatic Moho.
In Fig. 9, the amount of isostatic compensation in Tibet is shown, obtained from the ratio of

the gravity crustal root and the expected Airy isostatic root. As before, the hatched region

Fig. 8. Scatterplot of the gravity Moho (km) and the lowpass ®ltered topography (m ) with the regression line.
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marks the area for which we do not have the detailed gravity data. The main faults are shown
as blue continuous lines, and dots give locations of major towns. The black heavy line marks
the extension of the Tibet plateau, and shows the line for which topography exceeds 3000 m.
This follows the demarcation of the Tibet plateau as introduced by Fielding et al. (1994). Most
of Tibet is isostatically compensated, the compensation being between 90% and 110%. Along
the margins of Tibet, the topography is over- or under-compensated. All of the eastern part of
the Tarim basin has a crustal root considerably thicker than expected from isostasy, leading to
an extended region of over-compensation. Remarkable is also the localized area of over-
compensation, which is found in correspondence to the topographic depression in North-
Eastern Tibet, the Qaidam basin. Conclusively, we may observe that most of the Tibet margin
is characterized by a coupled over- and under-compensation across the margin, the over-
compensation being localized inside Tibet, the under-compensation outside of Tibet.

6. Discussion and conclusions

In the present study existing gravity data are inverted in order to obtain a 3D model of the
Moho undulations throughout the Tibet plateau and the neighbouring regions to the north and
east. The inversion method has been tested on synthetic and real cases (Alps, Kohistan) for
2.5D and 3D modeling, and has shown to furnish reliable results (Braitenberg et al., 1997;
Braitenberg and Drigo, 1998; Braitenberg and Zadro, 1999). A previous study regarding the
spectral analysis of the gravity ®eld over Tibet (Jin Yu et al., 1994) has shown that the ®eld at
spatial frequencies higher than 1/150 per km is due to sources in the upper crust, and that the

Fig. 9. Level of isostatic compensation at long wavelengths (g>200 km) according to the Airy model.
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variations at lower frequencies are due to sources seated deeper. This result is a statistical
evaluation based on the method of Spector and Grant (1970). At present the lack of
information on the ®ner structure of overall Tibet makes this the only method to separate the
Moho gravity e�ect from the total observed ®eld. We use this result in that our inversion
considers the gravity ®eld at frequencies lower than 1/200 per km. The very long wavelength
gravity contribution does not enter the inversion process, as it is taken o� by a model of
lithospheric thickening which bases on the seismologic lithosphere model (Zhou et al., 1991).
The inversion method integrates gravity data with results from deep seismic sounding: the

Moho from deep seismic sounding is used to anchor the gravity Moho. For Tibet this was
possible along the Yadong Golmud pro®le, where the results from Sino±Chinese (Hirn et al.,
1984) and international e�orts (Nelson et al., 1996) were integrated. The seismic information
allows to ``anchor'' the gravity Moho with an uncertainty of about 25 km. We must therefore
allow for a systematic upward or downward shift of about this amount (5 km) in the inverted
gravity Moho. This tolerance may be reduced in the future, when more seismic investigations
become available.
The gravity inversion is made under the assumption that the density contrast across the

Moho is constant. The presence of a lateral variation of the density contrast would provoke a
modi®cation of the Moho undulation, nearly proportional to the variation in density. The
existence of a lower density contrast, would lead to a local Moho deepening, for example.
Presently, it is though not feasible to create a di�erent density model, due to the lack of
constraints.
Crossing Tibet along an E±W pro®le one observes an essentially ¯at Moho, in the contrary

to a pro®le which cuts Tibet along its shorter side, when the presence of an undulation of
several km amplitude is observed. The wavelength of the oscillation, calculated as the peak to
peak and trough to trough distance varies between 200 and 460 km. The Moho oscillation
across the plate could be connected to the buckling of the crust in response to the compression
exercised by the Indian to Eurasian plate collision (Jin Yu et al., 1994). For a further
discussion of the results along pro®les crossing the plateau see also the complementary paper
by Braitenberg et al. (1999).
We study the gravity Moho in terms of Airy isostatic compensation at long wavelengths.

The compensation is calculated in terms of the percentage of the gravity crustal root with
respect to the Airy root. Most of Tibet is found to be compensated at a level of 90±110%. An
exception is given by the Qaidam basin, a topographic depression in North-Eastern Tibet
which does not have a counterpart in the Moho topography, leading to an overcompensated
crust. Similarly also the Tarim basin is overcompensated (150%), although the Moho is a lot
more shallow than under Central Tibet. The border of Tibet is characterized by a coupled
over/under-compensation. This is comparable to the situation in mountain ranges as for
instance the Eastern Alps, where the axis of maximum crustal depth is shifted northwards with
respect to the topographic crest (Braitenberg et al., 1997). An explanation could be the drag
exerted at the base of the crust by the converging lithosphere, which could lead to a shift
oriented towards the direction of the drag.
We may conclude that the inversion has furnished a reliable long wavelength model of the

Moho undulations. Our model reproduces the Moho undulations from a gravimetric and deep
seismic sounding standpoint, and is independent from assumptions regarding the dynamics
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involved. It can therefore be used as important independent input for future dynamic models
which aim to explain the Indian±Eurasian collision belt. Our considerations on isostasy over
Tibet have shown that at long wavelengths over most of Central Tibet isostatic equilibrium is
satis®ed. It may be concluded that the present uplift of Tibet is not due to isostatic
adjustments at crustal level. One possible candidate to cause the uplift is the underplating of
Tibet by the Indian plate. Another mechanism is ascribable to a process of folding and
shortening of the Tibetan crust, due to a compression exerted by the Indian±Eurasian collision,
and a consequent vertical expansion of the crustal material giving way in the direction of least
resistance. It should be tested in the future whether the areas of isostatic over-compensation, as
the Qaidam and the Tarim basins, are distinguished by increased uplift rates and/or other signs
of increased instability with respect to the remainder of the plateau.
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