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Abstract

We have used Bouguer gravity anomaly and topography data to determine the equivalent elastic thickness of the lithosphere, Te
in the region of the India–Eurasia collisional system. Comparison of observed and modelled gravity anomalies along 1-

dimensional profiles suggest there are significant variations in Te along-strike of the Himalaya foreland. Estimates decrease

from a high of 70 km in the central region to 30–50 km in the east and west. We have verified these inferences of spatial variations

using a 2-dimensional, non-spectral, interative flexure and gravity anomaly modelling technique. The Himalaya foreland forms a

high Te (40bTeb100 km) rigid block with a well defined edge, as shown by the localisation of faulting and deformation along its

northern margin. Other high Te blocks occur to the north beneath the Qaidam and Sichuan basins. The Tibetan plateau forms a low

Te (0bTeb20 km) weak region that extends from the central part of the plateau into south-western China. Tectonic styles in the

India–Eurasia collisional system therefore involve both drigidT and dnon-rigidT blocks. Where high Te rigid blocks are present the

styles dominated by underthrusting of the more rigid block.Where the collisional zone is not constrained by rigid blocks, however,

the style appears to be dominated by lower crustal flow and a more continuous style of deformation.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The flexural rigidity, as determined by the equiva-

lent elastic thickness, Te provides a measure of the

long-term strength of the lithosphere. Previous studies

suggest continental Te is in the range 5 to 125 km (see

summary in Watts 2001 [1]) with the highest values
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being associated with cratonic shields and the lowest

values with extensional rift-type basins. Recently,

McKenzie and Fairhead [2] have questioned the valid-

ity of continental Te values N25 km, especially those

based on the Bouguer coherence spectral technique

(e.g., [3–5]).

The controversy has focussed on the India–Eurasia

collisional system in the region of the Himalayan fore-

land. Lyon-Caen and Molnar [6] and Karner and Watts

[7], for example, used forward modelling techniques to
etters xx (2005) xxx–xxx
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show that the Bouguer gravity anomaly over the

Ganges basin could be explained by the flexure of the

Indian continental lithosphere. They modelled the flex-

ure by applying forces that were representative of the

load of the Himalaya and Tibetan plateau on the end of

an elastic beam that overlies an inviscid fluid. By

comparing the observed gravity data to model predic-

tions they showed that Te of the continental lithosphere

was in the range 80–110 km [6,7]. McKenzie and

Fairhead [2], however, challenged these high values

using spectral estimates of the free-air admittance and a

non-spectral free-air gravity anomaly profile shape-

fitting technique. They concluded that the Te of Indian

lithosphere was low (24 km by admittance and 42 km

by shape-fitting) and significantly less than that

obtained by previous workers.

The low values derived by McKenzie and Fairhead

[2] are of the order of the thickness of the seismogenic

layer, Ts which is the depth range over which earth-

quakes occur [8]. This led Jackson [9,10] to question

earlier rheological models of a strong upper crust,

weak lower crust and strong mantle proposed, for

example, by Chen and Molnar [11]. They proposed

instead a single strong crustal layer that dfloatedT on
an underlying weak, non-seismogenic, mantle.

The inference that a lack of earthquakes implies a

weak mantle has subsequently been questioned.

Watts and Burov [12], for example, suggest that

tectonic stresses (including those associated with

flexure) are not usually large enough to exceed the

brittle strength of the sub-crustal mantle and generate

earthquakes. Handy and Brun [13] also dispute the

link between the presence or absence of earthquakes

and the long-term strength of the lithosphere. Based

on structural and laboratory-based studies of the

deep-structure of orogens and rifted margins, they

argue that the mantle must be strong. These studies

suggest therefore that rather than being equal to Ts,

Te may very well exceed it.

Since McKenzie and Fairhead [2], there have been

a number of forward modelling (e.g., [14]) and spec-

tral (e.g., [15–19]) studies of the India–Eurasia colli-

sional system. These yield Te values in the range 10–

50 km. Forward modelling along profiles [14] yield a

single estimate of Te as do spectral methods based on

profiles [14] and windows of fixed sizes [16–18].

Only Rajesh and Mishra [19] directly considered the

possibility of spatial variations in rigidity by calculat-
ing the spectral estimates in multiple, overlapping,

windows. Rather than considering the actual values

of Te however, Rajesh and Mishra [19] expressed the

variations in terms of spatial changes in the Bouguer

coherence transitional wavelength.

Spectral studies of continent-wide gravity anomaly

and topography data elsewhere (e.g., North Amer-

ica—[20–22], South America—[5], Africa—[23],

Fennoscandia—[24]) suggest that Te of cratonic

regions is high and N~60 km. However, as Perez et

al. [24] have recently shown, there are difficulties with

the spectral estimation of Te. One problem is that the

ability to recover high Te is dependant on window

size. If the region of high Te is of small areal extent,

relative to the window, a lower average Te may be

recovered. Smaller window sizes will improve the

resolution, but may not be large enough to recover

the maximum value of Te.

An alternative approach, which avoids some of the

problems with spectral methods, has been suggested

by Braitenberg et al. [25]. These workers use the

surface topographic load to calculate the flexure of

the top and bottom of the crust for a range of uniform

Te values. The Te which gives the best fit between an

observed Moho, derived from gravity and seismic

data, and the flexed Moho within a window is then

assigned to its centre. By moving the window step-

wise across the Tibetan plateau, Braitenberg et al. [25]

recovered a Te structure that varied from 8 to 110 km

over horizontal distances of less than 250 km. They

found that the lowest values of Te occurred in the

centre of the plateau and the highest over flanking

regions.

The purpose of this paper is to use both forward

and non-spectral inverse gravity modelling techniques

to determine the Te structure of the India–Eurasia

collisional system. The study is carried out in 3

main steps. First, we use forward modelling to show

that the centre of the Himalaya foreland has a high Te
(c70 km) while regions to the east and west have

lower values (c30–50 km). Then, an inverse tech-

nique, which synthetic modelling shows is capable of

recovering a high resolution Te structure directly from

gravity anomaly and topography data, is used to verify

these Te variations. Finally, we examine the implica-

tions of the Te structure for the terrane structure of

peninsula India and for tectonic processes in the Ti-

betan plateau and surrounding regions.
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2. Geological setting

The India—Eurasia plate boundary is one of the

best-known examples of continent continent colli-

sion on Earth. The collisional process has created

the Himalayan mountains with many peaks over

7000 m and the Tibetan plateau which, in places,

is over 1000 km wide and 3000 m high. The

collision culminated during the Eocene (~50 Ma)

when the Indian plate underthrust the southern mar-

gin of Eurasia. Paleomagnetic evidence suggests

that during the Cenozoic, India dindentedT Eurasia

by as much as ~2000 km [26]. In the process, the

crust has thickened to ~70 km below the Tibetan

plateau and deformation has been distributed across

a 1500 km wide region to the north of the Indian

plate.
Table 1

Parameters assumed in the flexure and gravity modelling

Parameter Value

Poisson ratio 0.25

Young’s modulus 1011 Pa

Crustal density 2800 kg m�3

Mantle density 3330 kg m�3

Infill density 2650 kg m�3

Load density 2650 kg m�3
3. Gravity anomaly and topography profiles

Most previous studies of Te in collisional systems

have been based on profiles and vertical end loads

and/or moments applied to the end of a semi-infinite

(i.e., broken) plate (e.g., [7]). The plate break was

varied, together with Te so as to achieve a best fit

between observed and calculated Bouguer gravity

anomaly profile data. More recent studies use the

actual topography and either a finite difference (e.g.,

[27]) or a finite element model (e.g.,[14]) to simulate

the plate break.

We follow here the approach of Stewart and

Watts [27] in which the 1-dimensional finite differ-

ence method of Bodine [28] is used to calculate the

flexure and the line integral method of Bott [29] is

used to calculate the resulting gravity anomalies. We

consider the load to comprise of two parts: a

bdriving loadQ given by the topography (above

sea-level) between the mountain front and the

plate break and an binfill loadQ given by the material

which fills in the flexure. Both the driving and infill

loads contribute, of course, to the flexure so that if

they were removed due, for example, to erosion,

then the flexed plate would return to its equilibrium,

unloaded and stress-free state.

van Wees and Cloetingh [30] suggested that the

original formulation of Bodine [28] may not be

correct because of his omission of certain cross-
terms in the general flexure equation. We therefore

computed the flexure using the Bodine method and

compared it with the analytical solutions of Hetényi

[31]. We considered a 5 km high, 200 km wide

rectangular load with one edge on the end of a

broken elastic plate with Te=90 km and other para-

meters as defined in Table 1. The plate break was

simulated by a Te that increased from 0 to 90 km

over the first 100 km of the profile. The finite

difference method gave a value of 20.28 km for

the deflection at the plate break while the analytical

solution showed the maximum flexure to be 19.67

km. The two methods are therefore in close agree-

ment. The Te used in the finite difference model that

best fit (i.e., minimum Root Mean Square (RMS))

the analytical solution was 93 km which is only

3.3% higher. The flexure computed using the two

methods is therefore in close agreement, suggesting

a Te that increases from zero to a high value over a

short distance is a satisfactory way to simulate one

end of a broken plate.

The profile method used in this study differs from

that of McKenzie and Fairhead [2] and McKenzie

[32]. We assume the load and the plate break, and

then calculate the flexure and hence, the Bouguer

anomaly for different values of Te. The best fit Te
and the position of the plate break is then selected as

the one that minimises the RMS difference between

observed and calculated Bouguer anomalies. Syn-

thetic tests show that this method recovers well

both the Te and the position of the plate break

(Fig. A1). McKenzie and Fairhead [2], in contrast,

used a curve-fitting technique to recover Te directly

from the shape of the observed free-air anomaly,

thereby avoiding the need to make assumptions

about the load and plate break. Both methods are

based on the gravity anomaly and should yield sim-
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Fig. 1. Location map and observed and calculated Bouguer gravity anomaly profiles of the Himalaya foreland region. The map is based on a

GETECH d5�5T minute grid [69]. Thick solid lines show the location of the eastern, central and western profiles. Thin dashed line shows the

location of the additional profile in Fig. 6. Thick dashed line shows the position of the dbest fitT plate break. a) Western profile. The upper profile

shows topography. The lower profiles show the observed Bouguer anomaly (thick grey line) and calculated Bouguer anomaly profiles (thin solid

line) for 0bTeb180. The dbest fitT profile is highlighted as a dashed line. The inset shows a plot of the RMS difference between observed and

calculated gravity for different Te. b) Central profile, profiles as in a). c) Eastern profile, profiles as in a).
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ilar results. We found, however, using synthetic tests

that a finite difference method which takes into

account the contribution of the Bouguer anomaly

of both the top and base of the flexed crust, gives

more realistic solutions for the flexed surfaces and a

better defined RMS minima than does the method of

McKenzie and Fairhead [2] (Fig. A2).

We therefore follow previous studies [7,27] and

explicitly take into account the known surface to-

pographic loads and the multiple density interfaces

that arise from flexure. The parameters used were as

defined in Table 1. The values of Young’s modulus

and Poisson ratio are widely used in continental

flexural studies. The densities of load and infill

vary, but as has been shown they have a relatively

small impact on the recovered Te [33].

The discussion thus far has been in terms of surface,

rather than sub-surface loads. Sub-surface loads due,

for example, to intra-crustal thrusts, obducted dblocksT,
and dense down going slabs, have been invoked to

explain the Bouguer gravity anomaly dcoupleT at

some orogenic belts (e.g., Appalachians—[7], Apen-

nines—[34], Taiwan—[35]). However, such a dcoupleT
is not observed in the India–Eurasia collisional system

[7,6,36,14]. We therefore conclude that sub-surface

loads do not significantly contribute to the gravity

field in this region.

Fig. 1 compares the observed Bouguer gravity

anomaly along 3 profiles of the eastern, central

and western Himalaya foreland to calculated pro-

files. The observed profiles were constructed from a
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show a single well-defined minima, which we attribute to the fact that at
grid of Bouguer gravity and topography data com-

piled by GETECH (UK) as part of their South-East

Asia Gravity Project (SEAGP). The Bouguer anom-

aly data is terrain corrected out to 167 km and has

had a long wavelength satellite-derived gravity field

complete to degree and order 20 removed from it

[37]. We chose this field because it is dominated by

the Indian Ocean gravity dlowT which most workers

attribute to deep processes in the sub-lithospheric

mantle. The calculated profiles assume that surface

topographic loads in the Himalayas have flexed one

end of a broken elastic plate. By calculating the

RMS difference between observed and calculated

Bouguer anomalies (Fig. 2), we estimate a best

position of the plate break with respect to the moun-

tain front and Te for each of the profiles. Fig. 1a–c

shows the topography and gravity anomalies stacked

with respect the best plate break. The central profile

(Fig. 1b) reveals a best fit Te of 70 km. Fig. 2

shows the technique also recovers the position of

the plate break. Fig. 2 highlights the fact that no

value of Teb70 km can account for the central

profile, irrespective the plate break location. The

eastern and western profiles (Fig. 1a and c) show

significantly lower values, however, of 50 and 30

km, respectively.

The results in Fig. 1 are in accord with previous

studies. In particular, they agree ith the high Te values

reported by Lyon-Caen and Molnar [6] and Karner and

Watts [7] for the central Himalaya foreland. They also

confirm the earlier suggestion of Lyon-Caen and Mol-
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ARTICLE IN PRESS

T.A. Jordan, A.B. Watts / Earth and Planetary Science Letters xx (2005) xxx–xxx6
nar [33] that Te decreases to the west and east. Al-

though our values in the west disagree with those

recovered by Caporali [36] based on end-conditioning

loads, they agree well with those of Cattin et al. [14] in

the east who used actual topographic loads.
4. 2-dimensional modelling

In order to verify the Te structure inferred from

individual profiles, we have developed a technique to

recover spatial variations in rigidity directly from

grids of topography and Bouguer gravity anomaly

data. The technique assumes that a) the topography

represents the only load on the lithosphere that deforms

by elastic plate flexure, b) the flexure involves the

deformation of the top and bottom of the crust, and

c)the principal contribution to the Bouguer anomaly is

from the gravity effect of the two interfaces that bound

the flexed crust.

The technique incorporates a 2-dimensional finite

difference method to calculate the flexure and a Fast

Fourier Transform method to calculate the gravity

anomaly. The finite difference method has previous-

ly been used by van Wees and Cloetingh [30] and is

as described in the Appendix of Stewart and Watts

[27]. The main difference is that all boundaries of

the plate are assumed to have free-edges. Wyer [38]

has shown that this assumption yields a flexure that

agrees to within 1% of the analytical solution for a

simple disc-shape load on an elastic plate with

uniform Te [39]. The gravity anomaly modelling

method is based on Parker [40] and includes higher

order terms up to 4.

The modelling process has two parts. The first part

follows [25] and uses grids of Bouguer gravity anom-

aly and topography data to recover an initial Te struc-

ture. For each structure, the flexure below an input

topographic load and its associated Bouguer gravity

anomaly are calculated. The modelled Bouguer anom-

aly is then compared to observations in a d5 by 5 Tpoint
window and the RMS difference between them calcu-

lated. The RMS difference is assigned to the window

centre and the window is shifted by 1 point. The

process is repeated thereby generating a RMS differ-

ence map for each constant Te structure. The Te is

selected which gives the lowest RMS difference at

each point in the grid. Finally, the resulting Te structure
is smoothed using a Gaussian filter since such filters

avoid side lobes and reduce rapid variations in the

rigidity which could cause instability in the finite

difference modelling.

The second part is an iterative one which refines

the smoothed Te structure. The flexure and Bouguer

gravity anomalies associated with the dinitial variable
Te structureT are calculated. Also calculated are the

effects of shifting the entire Te structure by �4,�2,+2

and +4 km. RMS difference maps are created for each

of these 5 variable Te structures. The shift in Te at each

point which gives the lowest difference is applied to

the dinitial variable Te structureT. This new variable Te
structure is then smoothed with a Gaussian filter. This

structure is passed back to the start and the process

repeated until the model is deemed to be stable.

Finally, an assessment of the stability of the model

is made based on how much Te has changed over the

last 5 iterations.
5. Synthetic tests

We have tested the iterative method by first con-

structing a synthetic gravity anomaly and topography

data set based on a known Te structure and then using

it to recover Te. The modelled flexure assumes a

fractal load that is superimposed on a 2-dimensional

elastic plate with a spatially varying rigidity [41,24].

The topography is calculated by addition of the load

to its associated flexure. The Bouguer gravity anom-

aly was calculated from the flexure, assuming a single

interface at the crust mantle boundary (i.e., load den-

sity=crust density).

Fig. 3 shows how well the iterative method

recovers Te for a range of noise levels in the synthetic

data and ratio, F, of surface to sub-surface loading

[42]. The figure shows that in the absence of noise (i.e

0%) and sub-surface loading (i.e., F =0) that the shape

of the input Te structure is recovered well. The max-

imum value of Te recovered was 58.2 km compared to

50.0 km that was input. This overestimate is probably

due to the fact that the modelled topography includes

flexural bulges. The bulges are treated as loads by the

iterative technique and therefore should be removed

from the input topography. Unfortunately, this is dif-

ficult to do without a priori knowledge of the Te
structure.
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The recovery of Te is not as good when either the

noise levels or F are increased. The sensitivity to

noise was evaluated by adding 5% and 10% random
Gaussian noise to the synthetic Bouguer gravity data

for F =0. Although the shape of the input Te structure

is retained, the absolute values of the recovered Te
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increase, particularly over the highest Te areas. This

increase, however, is relatively small (maximum Te
with 10% noise is 64 km compared to 50 km). The

sensitivity to F was considered for values of F of 0.25

and 0.75. Again, the shape of the input Te structure is

retained. However, as the amount of sub-surface load-

ing increases (F =1 corresponds to an equal amount

of surface and sub-surface loading), the maximum

values recovered decreases. This is because a high

Te sub-surface loads have small topographic expres-

sions relative to the mantle topography, which gener-

ates the Bouguer gravity anomaly. When the Te is low,

however, (as it is towards the edges of the model) then

the recovery is good.

These tests with a synthetic gravity and topogra-

phy data set show that the iterative method recovers

an input Te structure well. The best recovery is for

low noise levels and small amounts of sub-surface

loading. This is true even in the case of subdued

topography, the maximum used here being in the

rangeF400 m.

Incorporation of mechanical discontinuities such as

breaks into an elastic plate model is a difficult prob-

lem, which is beyond the scope of this paper. We have

shown, however, in tests with synthetic data, using

both 1-dimensional and 2-dimensional models, that a

Te that decreases to 0 km over a short distance is, in

fact, a good proxy for a plate break.
6. Results

We have applied the iterative method to determine

the Te structure of the India-Eurasia collisional sys-

tem. Fig. 4e shows the recovered Te together with the

observed (Fig. 4a) and calculated (Fig. 4b) Bouguer

gravity anomaly. The figure shows that Te varies

widely across the region, with recovered values rang-

ing from 125 km in the Himalayan foreland to nearly

0 km in the Tibetan plateau. There is an excellent

agreement between the observed Bouguer anomaly

and the calculated anomaly based on the Te structure.

A useful way to evaluate the role of flexure is by

consideration of the isostatic gravity anomaly. We first

consider the Airy isostatic anomaly which is defined

as the difference between the observed Bouguer grav-

ity anomaly and the gravity effect of the Airy-type

compensation. This scheme of compensation consid-
ers the topography as a load on the surface of an

elastic plate with a Te of 0 km. If all the topography

in a region is locally compensated, then the Airy

isostatic anomaly should be nearly zero. Alternatively,

if the topography is flexurally compensated then a

distinctive pattern of Airy isostatic anomalies should

be seen.

Fig. 4c shows that Airy isostatic anomalies are

generally subdued, especially over the Indian penin-

sula, central Tibet, and Burma and south-west China.

The most striking feature of the figure is the positive–

negative dcoupleT that correlates with the Himalayan

mountain belt and its flanking foreland basin. The

negative part of the dcoupleT occurs over the foreland
basin, suggesting that the Moho is deeper here than is

predicted by Airy. The positive occurs over the Hi-

malayan mountains, suggesting that the Moho is shal-

lower here than is predicted by Airy. We attribute the

dcoupleT to flexure of the Indian lithosphere by the

topographic loads of southern Tibet and the Himalaya.

There is evidence from the amplitude of the dcoupleT
that the role of flexure decreases from the central part

of the mountain front to the west and east. Northern

and eastern Tibet also show a dcoupleT, although it is

of smaller amplitude. Interestingly, the south-eastern

corner of the plateau lacks a dcoupleT, suggesting his

region is in Airy isostatic compensation.

We next consider the flexural isostatic anomaly

which is defined as the difference between the

observed Bouguer gravity anomaly and the gravity

effect of the compensation based on the recovered

Te structure in (Fig. 4b). The flexural isostatic

anomaly (Fig. 4d) is generally of smaller amplitude

than the Airy isostatic anomaly (Fig. 4c), which is

indicative of a regional rather than local-type com-

pensation. The positive–negative dcoupleT so visible

in the Airy isostatic anomaly map, for example, is

now absent.

The role of flexure is particularly well illustrated in

power spectra plots of the different isostatic anomalies.

Fig. 4f shows, for example, power spectra plots for a

central rectangular region of the study area (dashed

line, Fig. 4c). The plots show that the recovered Te
structure significantly reduces the power of the isostat-

ic anomaly compared to Airy (i.e., Te=0 km) and

uniform Te values of 40 and 100 km. These considera-

tions indicate to us that a spatially varying Te describes

well the state of isostasy in the region.



ARTICLE IN PRESS

m
ga

l
m

ga
l

Calculated 
Bouguer anomaly

Observed 
Bouguer anomaly

Flexural isostatic anomaly

0

25

50

75

100

125

T
e 

(k
m

)

a) b)

c) d)

Isostatic anomaly power
spectra

e) f)

Airy isostatic anomaly

Te structure

0

Po
w

er
 (

m
ga

l2
)

Wavelength (km)

Flexure

1000

300

200

100

120

0

200
40°

70° 80° 90° 100°

70° 80° 90° 100°

70° 80° 90° 100°

30°

20°

10°

40°

30°

20°

10°

40°

30°

20°

10°

40°

30°

20°

0°

40°

30°

20°

10°

0

-200

-400

-600

60

-120

-60

2000

Airy

Te = variable
Te = 100 km
Te = 40

Fig. 4. Bouguer gravity anomalies, Isostatic anomalies, and the recovered structure Te in the India–Eurasia collisional system. a) Observed

Bouguer gravity anomaly from the GETECH [69] data base. The Bouguer gravity data was provided as 2.5�2.5 min dsmoothedT values which
we have been gridded using GMT (surface) with a tension, T, of 0.25 and a grid spacing of 5 min. b) Calculated Bouguer gravity anomaly

(stabilized regions only) after 30 iterations of the model. c) Airy isostatic gravity anomaly, calculated by subtracting the gravity effect of the Airy

(i.e., Te=0 km) compensation from the Bouguer anomaly. Dashed box outlines the analysis region for the power spectral plots in Fig. 4f. d)

Flexural isostatic gravity anomaly, calculated by subtracting the gravity effect of the flexural compensation from the Bouguer anomaly. e)

Recovered Te structure obtained after 30 iterations. Contour interval=10 km. Output Te structures were smoothed using a 350 km Gaussian

filter. f) Power spectra of the Airy, Te=40 km, Te=100 km and variable Te flexural isostatic anomalies. The isostatic anomaly based on the

variable Te spectra shows the least power. Parameters as in Table 1.

T.A. Jordan, A.B. Watts / Earth and Planetary Science Letters xx (2005) xxx–xxx 9
The main departures in the flexural isostatic anom-

aly in Fig. 4d are limited to the Qaidam Basin, north

of the Tibetan Plateau, and to the eastern syntaxis of
the Himalayas. The Qaidam Basin is underlain by 7–

10 km [43] of alluvial plain sediments and it is likely

that these sediments account for the discrepancy. The
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origin of the discrepancy at the eastern syntaxis,

however, is not as clear. The region, which shows

high uplift rates (3 to 5 mm/yr [44]), is associated with

oblique convergence and strike-slip faults and we

speculate that the discrepancy is in some way the

consequence of this tectonic complexity.

The reliability of the Te structure in Fig. 4e can be

accessed by consideration of its stability and sensitiv-

ity. The stability, which we define as the change in Te
structure over successive iterations, is shown in Fig. 5a.

The white areas in the figure show regions of conver-

gence where little further change in Te occurs with

subsequent iteration. The black and white dashed line

in Fig. 5a shows the regions where the model appears to

be stable. These include most of peninsula India, the

Tibetan Plateau, and southwest China and Burma. The

sensitivity, which we define as the deviation in the

Bouguer anomaly due to small shifts of the Te structure,

is shown in Fig. 5b. The figure shows high sensitivity

around the edges of the Tibetan Plateau, suggesting that

Te is well resolved in these regions. Although the

sensitivity is low over peninsula India, it is non-zero

and therefore some estimate of Te can be recovered

even in this topographically subdued region.

A final test of the iterative method is to visually

compare observed and calculated gravity anomalies

along selected profiles of the region. We selected 4
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other profile (dashed line on the map in Fig. 1) crosses

the southeast margin of the Tibetan plateau.

Fig. 6a–c show the Bouguer gravity anomaly

based on the spatially varying Te structure fits the

observed data well along the western, central and

eastern profiles. The calculated profiles explain the

amplitude and wavelength of the observed profiles

in the region immediately beneath the load and in

flanking areas. On the central profile, no uniform

Te fully explains the observed Bouguer gravity

anomaly. A uniform Te of 100 km accounts for

the data in the foreland region, but fails to explain

the anomaly immediately beneath the load. A uni-

form Te of 40 km accounts for the data beneath the

load, but not in the foreland region. On the western

and eastern profiles, however, a uniform Te of 40

km appears to explain the gravity anomaly data

both beneath the load and flanking regions. We

attribute this to the fact that there is less variation

in Te along these profiles, as seen in the recovered

Te values which average ~40 km along much of

their length.

In contrast to the western, central and eastern

profiles, the southeast margin of Tibet profile shows

a relatively constant, low, Te structure Fig. 6d. The
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Airy model (i.e., Te=0 km) and the variable Te struc-

ture yield virtually identical calculated Bouguer

anomalies. This could be a consequence of the long

wavelength of the topography which makes a region

appear weak, irrespective of its actual strength (e.g.,

[1]). We believe, however, that Te is low, as seen by

the inability of a high Te (40, 100 km) to adequately

recover details of the observed profile, such as the

small amplitude anomalies between 500 and 900 km.
7. Discussion

7.1. Comparison with previous Te estimates

There have been a number of previous estimates of

Te in the Himalayan foreland region. In the central

region our estimates of 70 km based on forward

modelling and 125 km based on the iterative method

(Figs. 1 and 7) agree with previous results [6,7]. We
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agree therefore with the conclusions of McKenzie and

Fairhead [2] and Jackson et al. [45] that the northern

Indian shield and Himalayan foreland is unusually

strong. We do not agree, however, with the low (24

to 42 km) Te values that these authors recover. As Fig.

1 clearly shows, Te values this low cannot account for

the amplitude and wavelength of the observed Bou-

guer gravity anomaly in the central foreland region.

The iterative method reveals that Te decreases from

the central foreland to the east and west. In the east,

our values of 30bTeb60 km agree with the result of

Cattin et al. [14] who recovered a Te of 50 km in this

area.
Over the Tibetan plateau, we recover a variable Te
in the range 5–35 km with the lowest estimate

corresponding to the central part of the plateau.

Rajesh and Mishra [17] recover a Te of 50 km using

spectral methods across the entire region, which

maybe the result of their averaging of the Te structure

of both the foreland and the plateau. Rajesh et al. [18]

used similar methods to recover a Te of 35 km across

the Himalayan foreland, 20 km in the central plateau

region, and 25 km for the northern margin of the

Tibetan plateau and the Tarim and Qaidam basins.

The results in the central area are close to those

recovered in this study, but the values recovered to
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the north and south, although higher than in the

central region, are not as high as we derive. We

attribute this to their use of relatively narrow analysis

windows (500 km wide) which prevents the recovery

of high Te [24,46].

Braitenberg et al. [47] recover a spatially varying Te
structure across the Tibetan Plateau which agrees well

with our results, particularly over the Qaidam basin

area where we recover values of 50–60 km while [47]

recovers 60–80 km. Jiang et al. [48] concluded that Te
along the northern margin of the plateau was in the

region of 40–45 km assuming a broken plate along the

Altyn Tagh and Kunlun faults. This in accord with our

results. Yang and Liu [49] recover values from 60 to

N100 km over the central Tarim basin. This also agrees

with our results of ~50 km in the west of the basin. At

the southern margin of the basin, however, these work-

ers recover lower Te values (24 km) which they suggest

correlate with intensive and localised faulting. Finally,

to the east of the plateau, Yong et al. [50] have recov-

ered Te values of 43–54 km for a Triassic foreland basin

[50], which are somewhat higher than those recovered

in this study (20–45 km).

The iterative method reveals that the Indian penin-

sula, south of the Himalayan foreland, has a highly

variable Te structure. In the region of the Deccan

Traps, we recover Te values of b5 km on the coast,

rising to approximately 30 km to the west across the

shield. These values are significantly less than those

estimated by Watts and Cox [51] on the basis of the

width of the lavas, but agree with the value of 8 km

recovered from spectral analysis along profiles [15].

Stephen et al. [16] also used spectral methods to

recover Te values across the southern Indian peninsula

(Fig. 7, areas DT and DC). They obtained relatively

uniform Te values of 11–15 km which concur with our

results over the Deccan Traps, but disagrees over the

Dharwar craton where we have recovered values N65

km. This may be because of a dcapT on the recovered

Te due to the window size used [24].

Recently, Rajesh and Mishra [19] determined the

transitional Bouguer coherence wavelength in over-

lapping windows across peninsula India. The pattern

of rigidity variation implied is very similar to the Te
structure recovered in this paper. However, the Te
values recovered (18–26 km in Northern India and

12–16 km in Southern India) are significantly lower

than our values. We attribute this discrepancy to the
fact that the Te recovered by these authors are lower

bounds, as indeed their RMS plots of the difference

between observed and calculated Bouguer coherence

suggest [19].

7.2. Te and terrane structure

We compare in Fig. 7 the Te structure of the India–

Eurasia collisional system to the main terrane bound-

aries, faults, and earthquakes.

Over peninsula India, there is a general correlation

between Te terrane boundaries, faulting, and earth-

quakes. This is most clearly seen to the south of the

Himalayan foreland where the region of high Te is

truncated by a fault which correlates with a suture

zone (the Satpura Mobile Belt [52]). This and other

terrane boundaries separate Archean–Proterozoic

dblocksT which appear to be more rigid and less prone

to faulting than the intervening sutures. The terranes

sutured together between 1600 and 500 Ma [52]. This

suggests that suture zones are weak and have remained

so over long periods of time. Evidence that old suture

zones are areas of low rigidity also comes from spectral

studies of other continents. Simons [53] showed, for

example, that in the Australian continent suture zones

are weak. We attribute his to the fact that old suture

zones tend to be the sites of intra-cratonic fault locali-

sation [54].

The terranes of the Tibetan plateau show a less

obvious correlation with the Te structure. There is a

suggestion, however, that the southern most suture (the

Zangpo suture) marks the limit of the high (N40 km) Te
zone which extends north from the Himalayan fore-

land. This is in accord with the results of the INDEPTH

project [55] which show that north of the Zangpo suture

the middle crust is partially molten. Seismic reflection

profile data shows highly reflective dbright spotsT
which are interpreted as fluid (probably magma) [56]

at depths of 15–18 km beneath the central plateau. The

presence of magma suggests that the crust below these

depths is close to melting and, hence, these regions

would be expected to be weak. This is likely to be

particularly true for the central and northern parts of the

Tibetan plateau that are not underlain by Indian conti-

nental shield material.

The northern and eastern edges of the Tibetan pla-

teau are bordered by the Tarim, Qaidam and Sichuan

basins. Although these regions are not delimited by
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terrane boundaries in Fig. 7, they are believed to be

underlain by fragments of old cratonic dblocksT. The
Qaidam basin, for example, is underlain by Palaeozoic

crust [57] and the Sichuan basin by Proterozoic base-

ment [58]. These dblocksT correlate with lower levels of
seismicity and apparently are of higher Te than sur-

rounding regions.

7.3. Te and crust and mantle strength

The Te values recovered in this study are, in places,

high and clearly exceed the seismogenic layer thick-

ness, Ts [8]. This is best seen in the central Himalayan

foreland where Te is N70 km and Ts is ~40–45 km

(Fig. 7). The Te values greatly exceed the crustal

thickness (40–44 km) [59] which implies that the

sub-crustal mantle must, in places, be rigid enough

to significantly contribute to the long-term integrated

strength of the lithosphere.

The fact that the sub-crust mantle can be involved

in the support of long-term loads, is not surprising

given that in oceanic areas, away from a mid-ocean

ridge, Te greatly exceeds the crustal thickness. As

shown by Watts [1] oceanic Te values lie within the

depth to the 300–600 8C isotherms as defined by a

cooling plate model. Therefore, a significant portion

of the sub-oceanic mantle is strong down to depths of

up to ~50 km.

Seismic tomographic data shows that the mantle

below parts of the continents has a significantly higher

shear wave velocity at 120 km depth than has the

oceans [60]. If the mantle is cooler below the conti-

nents than the oceans, as these data suggest, then it is

likely that it is rigid to a greater depth. Therefore

continents, where they have cold mantle roots, would

be expected to be stronger than the oceans.

Further lines of evidence that the continental man-

tle has some rigidity over long periods of time comes

from direct samples and thermal modelling. McKen-

zie [61], for example, showed that the geotherm of the

Archean Kaapvaal craton in South Africa could be

modelled as a plate with a mechanical boundary layer

thickness of 165 km and a interior potential temper-

ature of 1280 8C. This thickness compares to ~100 km

for the equivalent layer in the oceans. Extrapolating

the geotherm shown in [61] gives a depth to the 600

8C isotherm of 75–80 km. At these temperatures, by

analogy with the oceans, the mantle, if it is dry, will be
rigid enough to provide a significant contribution to the

observed Te. McKenzie [61] also presents data from

sheared peridotite nodules which originate from depths

greater than about 160 km, geochemical studies of

which show them to be part of the convecting mantle.

Nodules shallower than 160 km are not sheared, sug-

gesting that this part of the mantle is behaving rigidly

when stressed by convection.

The great depth to the convecting mantle in conti-

nental regions is in accord with the results of Simons

[53] based on spectral and tomographic studies in the

Australian shield. They showed that a correlation

exists between the isostatic (as defined by the direc-

tional Bouguer coherence) and seismic anisotropy

down to a depth of almost 200 km and therefore that

the lithosphere is apparently rigid to these depths. At

greater depths, the correlation breaks down and while

the mantle may have a preferred orientation on short

seismic time-scales it appears weak on the long time-

scales associated with flexural isostasy [53].

If the Kaapvaal and Australian cratons are typical

of Archean shield areas, then other shields, such as the

Himalayan foreland, should also be rigid we believe

to great (150–200 km) depths. The high Te recovered

in parts of the Indian peninsula is therefore a mani-

festation of this rigidity. We cannot, however, deter-

mine the actual thickness of the rigid layer from

isostatic studies because, as a number of authors

have shown (e.g., [62]), Te is not the actual depth to

which materials behave elastically, but reflects the

integrated strength of the lithosphere.

7.4. Te and ductile crustal deformation

We have shown that the elevated regions of the

south-eastern margin of Tibet and Yunnan are associ-

ated with low values of Te suggesting that they may be

locally compensated (SWC—Fig. 7). The region there-

fore differs from, other parts of the margin (e.g., the

Himalayan foreland) which appear to be regionally

compensated by a strong under thrusting lithospheric

plate. If the south- eastern margin of the plateau, east of

the eastern syntaxis, is not associated with under thrust-

ing of a strong plate, then the question arises as to why

it is elevated? One possibility is some form of lower

crustal flow [63–65]. According to this model, low

viscosity lower crustal material flows out from beneath

the Tibetan plateau and dinflatesT south-west China.
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Previous authors (e.g., [66]) have argued that the

Tibetan plateau can be modelled as a thin viscous sheet

which is deformed by a rigid dindenterT to the south.

This model was able to incorporate higher viscosity

(more rigid) blocks. These deformedmuch less than the

surrounding material and generated regions of low

relief which were suggested to be analogous to the

Tarim basin to the north of the Himalayas.

Royden et al. [63] pointed out that a viscous sheet,

however, is unrealistic since such models do not incor-

porate a vertical stratified rheology. They therefore

proposed instead a model in which the upper crust

and mantle are effectively decoupled by a low-viscos-

ity lower crust during compressional deformation.

Clark and Royden [64] show that there are two dend-
membersT for the topographic gradient of the Tibetan

plateau margin; steep (e.g., southern Himalaya, Tarim

and Sichuan basins) and shallow (e.g., Yunnan, south-

western China). Theymodel these endmember cases in

terms of a channelised viscous flow in the lower crust.

In the steep case, the channel contains high viscosity

material and a steep topographic gradient develops. In

the shallow case, a low viscosity channel inflates the

crust, giving rise to a shallow gradient. They showed

that the Tibetan plateau was surrounded by a number of

rigid dblocksT, which included the Tarim, Qiadam, and

Sichuan basins and the Indian shield. The lower crust,

they argued, would preferentially flow around these

dblocksT and in the process generate the shallow topo-

graphic gradients seen at the present day in south-west

China.

The high Te areas mapped in this study supports the

view that deformation in the Tibetan plateau and sur-

roundings has involved dblocksT that have remained

rigid for long periods of time. However, the mechanism

of crustal thickening across the region is more complex,

we believe, than has been previously suggested. We

know that in the regions of steep topographic gradients,

surface loads are compensated, at least in part, region-

ally not locally as has been assumed by previous

authors [66,63,64]. Moreover, it is hard to reconcile

the underthrusting of the rigid Indian lithosphere be-

neath the Tibetan plateau [55] with viscous injection

and flow of the lower most crust. Searle et al. [67], for

example, showed that in the Mt Everest region mid-

crustal material has plastically extruded to the surface

from depths of 12–18 km and laterally from approxi-

mately 200 km to the north. This suggests that the
topography of the high Himalaya is generated, at

least in part, by viscous flow of mid-crustal material

that is over-riding the strong Indian plate, rather than by

inflation of the lower crust [64].

We support, however, the arguments of Clark and

Royden [64] for lower crustal flow in the shallow

topographic gradient areas of south-west China (Yun-

nan). Wang [68] has shown, from a GPS-derived ve-

locity field, that central Tibet is, on a large scale,

deforming continuously and that material is being ex-

truded from the Tibetan plateau to the south east. This

we believe represents movement of weak surface crust-

al material deforming andmoving to the south east with

the lower crust beneath it. The pattern of deformation is

consistent with he results of this study, which show a

broad region of low Te beneath the Tibetan plateau

which appears to continue between high Te regions

and into south-west China (Yunnan). This region of

low Te may represent the isostatic signal of the weak,

flowing, lower crust.
8. Conclusions
1. The iterative method is a non-spectral technique

that successfully recovers a spatially varying Te
structure directly from observed topography and

Bouguer gravity anomaly data.

2. Application of the method to the India–Eurasian

collisional system reveals acomplex Te structure

with both high and low rigidity areas.

3. The Himalaya foreland is a high Te region

(40bTeb100 km) which forms a rigid dblockT
with well defined edges, as shown by localisation

of faulting and deformation along its northern mar-

gin. Other rigid dblocksT have been identified in the

region of the Qaidam and Sichuan basins.

4. The Tibetan plateau is a low Te region (0bTeb20

km) which forms a weak zone that separates these

rigid blocks. The weak region extends into south-

west China (Yunnan) where Te is also low.

5. Within cratonic regions there is evidence (e.g., In-

dian peninsula) that the rigid blocks are separated by

weaker areas which correlate with ancient suture

zones.

6. Tectonic styles in the India–Eurasian collisional

system involve both rigid and non-rigid dblocksT.
Where high rigidity dblocksT are present the style is
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dominated by underthrusting of the more rigid

dblockT. Where the collisional zone is not con-

strained by rigid dblocksT the style appears to be

dominated by lower crustal flow and continuous

deformation.
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Fig. A1. Comparison of the analytical solution of Hetényi [31] for a

discontinuous (i.e., broken) plate and the finite difference method. a)

Analytical solution based on an input Te=90 km and xpb=200 km.

The driving load is 5 km high and 200 km wide. The infill load is the

material that infills the flexure. b) Calculated Bouguer gravity anom-

aly assuming two uniform density contrast interfaces, one at the top of

the flexed crust and the other at the base. c) Plot of the RMSdifference

between the calculated Bouguer gravity anomaly in b) and a

dsyntheticT anomaly calculated using a finite difference model with

a range of values of Te. The figure shows that the finite difference

method recovers well both the input plate break and input Te.
Appendix A

We used in the analysis of 1-dimensional profiles

a finite difference method in which the flexure and

Bouguer gravity anomaly associated with an arbi-

trary shaped surface topographic load is calculated

and compared to observations. The method was

tested by comparing it directly to the analytical

solution of the Hetényi [31]. The Hetényi [31] solu-

tion was used to calculate the flexure and Bouguer

gravity anomaly associated with a 5 km high, 200

km wide, rectangular ddrivingT load, one edge of

which is located on a discontinuous (i.e., broken)

plate with Te=90 km (Fig. A1a,b). We then used the

finite difference method to calculate the flexure and

Bouguer gravity anomaly for a range of values for the

distance from the load edge to the plate break, xpb, and

Te. The plate break was simulated by assuming Te=0

at the plate break (x =0) and Te=90 at xz100 km.

Fig. A1c shows a plot of the RMS difference between

the calculated Bouguer gravity anomaly based on the

Hetényi [31] solution and the finite difference method

for different xpb and Te. The figure shows a well

defined minima in the RMS a xpb=200 km and

Te=90 km, demonstrating that the finite difference

method recovers well both the distance from the

edge of the load to the plate break and the elastic

thickness.

The finite difference method of recovering Te is

similar to that used by previous workers (e.g.,

[27]), but differs from that of McKenzie and Fair-

head [2]. These authors used a shape-fitting tech-

nique to estimate Te directly from the free-air
anomaly. Their method has the advantage that it

does not require that either the load or plate break

be specified a priori.
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Fig. A2. Comparison of the RMS difference between calculated

gravity anomalies based on the finite difference method, the shape

fitting technique of McKenzie and Fairhead [2] and the analytical

solution of Hetényi [31]. a) Calculated Bouguer gravity anomalies

assuming two interfaces, between foreland basin sediments and crust,

and crust and mantle, based on the finite difference method (thin

lines). The thick line shows a dsyntheticT anomaly based on Te=90

km, xpb=200 km and the same two interfaces. The inset shows the

RMS difference between the Bouguer anomaly associated with the

finite difference model and the synthetic anomaly. b) Calculated

gravity anomalies based on the shape-fitting technique [2] (thin

lines) assuming a single uniform density contrast interface at the

base of the flexed crust (i.e., Moho). The thick line shows the

synthetic as defined in a) but for only the Moho interface. c) Calcu-

lated gravity anomalies, beyond the load edge, based on the shape

fitting technique [2] (thin lines) compared to a multiple interface (free

air) synthetic. The synthetic (thick line) assumes 3 interfaces, the

Moho, the base of the foreland basin and the flexural bulge.
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We found that although the two methods give

generally similar results, the minima in the RMS

difference between the gravity anomaly based on

the finite difference and McKenzie and Fairhead

[2] methods is better defined in the former than the

latter. This is clearly seen in Fig. A2 which com-

pares the two methods. The finite difference meth-

od (Fig. A2a) yields a well-defined RMS minima

centred on Te=90 km which is the Te used in the

analytical calculation [31]. The minima in the McKen-

zie and Fairhead [2] method, however, are broad and

are centred on Te=80 km when a single density inter-

face at the Moho is used in the gravity anomaly

calculation or Te=125 km when interfaces at the top

and base of the crust are assumed. We attribute these

differences to the nature of the calculated flexure

curves. In the finite difference method the shape of

the flexure is determined by the height and width of

the driving load. The flexural bulge, for example,

migrates in a systematic way away from the load as

Te increases. In the McKenzie and Fairhead [2] meth-

od, however, the flexure shows departures. The bulge

shows little or no migration as Te increases. More-

over, a low Te the flexure shallows towards the load

edge. This is clearly not plausible if flexure is driven,

as we believe, by downward-acting surface topo-

graphic loads.
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