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Abstract

Wide-angle reflection–refraction profiles at crustal scale have been obtained along a 700 km transect of northeastern Tibet

from six shotpoints. A combination of sampling by broadside fan-recordings and in-line profiling allows us to image increases

in Moho depth towards the centre of the plateau. These occur with different styles across the two block boundaries between

North Kun Lun, Bayan Har and Qang Tang, as shown also by the changes resolved in the internal architecture and layer

velocities in the crust. Clear S-waves are observed: together with P-waves they bring rare constraints on the composition of

crustal units, which reveals an abnormally felsic average composition for the whole crust and its lower half along the whole

length of the transect.

Across the North Kun Lun–Qaidam block, variations of crustal thickness are detected, with Moho depth between 55 and

65 km, and an inverse correlation with basement topography. In the north of the Bayan Har block, a strong heterogeneity in

the middle of the 70 km thick crust is shown. As suggested from synthetic seismograms modelling, it may result from thin

layer inclusion marking the northward tectonic superposition of the Bayan Har crust on the North Kun Lun crust. As imaged

by a fan profile, the corresponding upper part could have been transported northwards to thicken also the upper crust of the

present North Kun Lun block. In the north of Qang Tang, a model is obtained with a 75-km thick crust and a lower half of

the crust with average velocities characteristic of felsic composition. From Bayan Har to Qang Tang, variations of deep

architecture are documented across the Jinsha suture and Xianshuihe fault from recording in-line and broadside to several

shotpoints. Together with the felsic composition of the lower part of the crust, a Moho offset suggests the imbrication of the

Bayan Har crust in the Qang Tang lithosphere between a south-dipping Moho above and a north-dipping Moho below. A

model of indentation of the Qang Tang by an originally thinner Bayan Har crust and lithosphere, with part of the Qang Tang
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brought to greater depth would also be consistent also with the Moho topography across the transition from the Qang Tang to

Bayan Har, as imaged by fan profile.

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

Spatial variation of the thickness and internal struc-

ture of the crust across regions of present active con-

vergence can be resolved by reflection–refraction

seismic methods. Such an image of the result of the

evolution of the continental lithosphere provides con-

straints on the processes and mechanisms of material

deformation and transport. The northeastern edge of

Tibet, where the crust is presently experiencing thick-

ness processes (Meyer et al., 1998), could be sampled at

crustal scale by a wide-angle reflection and refraction

seismic experiment. On the main SSW–NNE transect

that is 700 km long from the Qang Tang block in

Central Tibet, through the Bayan Har block and into

the North Kun Lun–Qaidam block (Fig. 1), were

recorded three of the 3- to 5-ton shots detonated in

borehole arrays in order to compose a 2D model.

Additional in-line and fan profiles were obtained,

with the over 200 recorders displaced each once or

twice during the 3-week survey of 1998, to test spatial

variations.

The continental crustal block of the North Kun Lun–

Qaidam shows a succession of ranges and of inter-

mountain basins such as the Qaidam, Gonghe and

Qinghai basins (Fig. 1). The largest one, the Qaidam

basin, has an elevation as low as ~2800 m amidst

borders over 5000 m high, and a sediment infill esti-

mated to be up to 10 km thick (Métivier et al., 1998;

Chen et al., 1999). The next block to the south, the

Bayan Har block, also called Songpan–Garze terrane is

considered to have originated as a continent–ocean

margin with a 5 to 10 km thick cover of Triassic flysch.

This cover was fed from the Qinling Orogen that was

formed to the east when at Late Triassic, the North and

South China blocks collided (e.g., Mattauer et al., 1992;

Bruguier et al., 1997). The Qang Tang block of conti-

nental crust to the south forms the centre of the Tibetan

Plateau. The three blocks described above sutured

along the Triassic Kun Lun suture and the Jurassic

Jinsha suture. These sutures have been successively

re-activated from south to north after the collision of

India, setting up the left-lateral strike-slip Xianshuihe

and Kun Lun faults. From the geological study of this

region a model of plateau formation by stepwise growth
has been proposed by Tapponnier et al. (1990, 2001)

and Meyer et al. (1998).

In the northern half of Tibet, previous studies of

deep structure have reported a moderately thickened

crust, over 1000 km away from the Himalayan conver-

gence zone, from teleseismic P-wave tomography (Wit-

tlinger et al., 1996) and from teleseismic S to P

converted waves (Owens and Zandt, 1997). However

the thickness and the internal structure of the crust,

which mark its mode of evolution, may be better re-

solved by high-frequency waves from artificial sources

and the tight spatial sampling in refraction–reflection

seismology. In the southern Qang Tang and into the

Lhasa blocks, Zhao et al. (2001) carried out such an

explosion seismology transect across the structural

strike, with several shotpoints over 450 km. From a

2D modelling of P waves they report a crust of 65-km

thickness with a main mid-crustal interface without

notable variations.

The present explosion seismology survey contrasts

with the standard approach in three ways. First of all the

spatial sampling is improved by shooting and recording

not only along but also broadside to the transect. Pro-

files were specifically designed outside the 2D dip-line

transect, as in-line or fan profiles, in order to check the

regional variations of features detected on the transect,

giving thus control on the intracrustal and Moho archi-

tecture. Second, the use of 2 Hz sensors allowed us to

record signals in presence of a significant attenuation

which prevented high frequencies generated by the

explosive shots to propagate very far. Third, clear S-

waves could be recorded in addition to P-waves, since

3-component sensors were used.

Galvé et al. (2002a) illustrated that there were first-

order contrasts between crustal blocks. According to

them, the crustal architecture across the limit between

the North Kun Lun–Qaidam and Bayan Har blocks

suggests imbrication and the thickened crust of North

Kun Lun–Qaidam is felsic.

In this study we document new elements on the

architecture at the northern edge of the Qang Tang

towards the Bayan Har block, which have implications

on evolutionary models. They suggest lithospheric im-

brication at diverse level, which can be viewed as partial

collision or subduction. However, these mechanisms



Fig. 1. Geological map of the northeastern part of the Tibetan plateau showing in yellow: Eocene to Quaternary rocks; in green: Cretaceous rocks; in

blue: Jurassic rocks; in pink: Triassic rocks and in red: metamorphic rocks and granite. Black stars are shotpoints of charges of 3 to 5 tons. Black

lines represent the profiles with 3-component seismometers at 5 km spacing.

M. Jiang et al. / Tectonophysics 412 (2006) 121–140 123
involved at the northern edge of the Qang Tang appear to

be different to the ones observed at the northern edge of

the Bayan Har (Galvé et al., 2002a). We also constrain
Vp /Vs in the Bayan Har and north Qang Tang. This

allows us to suggest a tentative interpretation of elastic

parameters of the lower half of the crust in northern Qang
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Tang and northern Bayan Har. They appear to be similar

in composition but with different metamorphic facies.

Galvé et al. (2005—this issue) develop further inferences

on temperature, hydration and evolution of the lower

crust from additional constraints on seismic attenuation

derived from joint elastic and anelastic modelling of

amplitudes.

2. Data set and modelling practice

The six shots have generated P-waves that can be

correlated consistently over several tens of kilometres

along the line of stations; it attests to the presence at

depth of reflecting levels with reasonable continuity.

Several traveltime curves can be correlated on each

record-section in each block, notably the PmP reflection

from the crust–mantle boundary (Fig. 2). A first order

difference among the three crustal blocks is their con-

trasted reflectivity response (Galvé et al., 2002a). While

the North Kun Lun–Qaidam sections reveal a simple

structure with a strong Moho reflection, the Bayan Har

block shows successive branches of traveltime curves

and among them a mid-crustal reflection that is strong

with respect to the Moho reflection. In the Qang Tang

block also several traveltime curves are seen and the

Moho reflection appears strong and clear at offsets that

are short with respect to its late arrival time.

Velocity–depth models have been constructed by

trial and error modelling (Zelt and Smith, 1992), in

order to provide traveltimes matching the observations.

Due to the trade-off on traveltime between interface

depth and layer velocity, there is a well-known non-

uniqueness, with not only a range, but possibly differ-

ent types, of acceptable models. The strategy adopted is

to obtain for each record section first a minimum-

structure model. This is the simplest model, in which

there are not more interfaces than traveltime curve

branches, and the velocity increases stepwise at inter-

faces. In addition, a 2D model is then derived from

these 1D models on the main SSW–NNE transect.

Consistency of overlapping observations among shots

recorded on a line or crossing lines is checked during

this process.

Then, amplitudes are considered, in particular the

location of the maximum of the amplitude along the

profile, and the relative amplitude level on successive
Fig. 2. Examples of record-sections (represented with a 6 km/s velocity reduc

crossed, as discussed in the text: a) Shot 6 to west, b) Shot 5 to northwest, in

Moho reflection PmP (T5). c) Shot 4 to southeast, d) Shot 4 to southwest in t

addition to the Moho reflection, T7. e) Shot 2 to northwest in the Qang Tang

arrival time.
branches. These amplitudes are compared to those of

synthetic seismograms generated by the reflectivity

method (Fuchs and Mueller, 1971; Kennett, 1975) for

a variety of tentative models. Even though P-waves are

the focus of such an explosion seismic study, the use of

low-frequency, three components seismometers allowed

the observation of S-waves, that contribute unique indi-

cations on the composition of the north Tibetan crust.

3. Simple velocity–depth model and lateral variation

of the crust in the North Kun Lun–Qaidam block

Galvé et al. (2002a) have reported from coincident S

and P reflections that the composition is felsic on

average for the whole thickness of the crust in the

North Kun Lun–Qaidam block. They inferred that

thickening of mostly the upper crustal layer led to an

anomalous crustal thickness. Here, by considering ad-

ditional profiles, the lateral variations in crustal thick-

ness within the block can be resolved and intracrustal

layering discussed. It was sampled by three of the six

shots. In addition to the main North–South line, groups

of stations were placed on the borders of the Qinghai

and Qaidam basins (Fig. 1). In this way, reflections

from deep interfaces beneath the basins could be

recorded, avoiding the effects of the thick and not

well-known sedimentary layer in particular the delay

introduced on arrival times. The main feature is a strong

and clear Moho reflection after few weak intracrustal

reflections (Fig. 2). Lateral contrasts are clearly evi-

denced since the Moho reflections at a same distance on

different record-sections have different arrival times

and different slopes. This reflects strong variations in

the upper lithosphere across the Qaidam–North Kun

Lun block. A significant variation of the Moho depth

is implied in case the average crustal velocity does not

vary over the region.

3.1. Lateral variation in crustal thickness, rather than

velocity in the North Kun Lun–Qaidam block

Moho reflections are very clear on most record-

sections, but the intracrustal arrivals are weak, indicat-

ing small velocity contrasts as compared to the one

corresponding to the Moho discontinuity. An assess-

ment of uncertainty in average crustal velocity and
tion) highlighting the different reflectivity response of the three blocks

the North Kunlun–Qaidam block characterized by a clear and strong

he Bayan Har block, where a strong intracrustal reflection T5 is seen in

block, the Moho reflection T6 is strong at short offset despite its late
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Fig. 3. Moho depth and crustal structure obtained in the North Kunlun–Qaidam block, an example from Shot 5 to northwest. a) and b) Two different

and extreme choices of PmP correlations and corresponding velocity–depth models in black and grey still fitting the same observations as displayed

with the corresponding different correlations of traveltime curves for the last deep intracrustal and the Moho reflections. c) Crustal thickness values

in map view as sampled by the several profiles. d) Crustal columns with values of velocities in km/s, projected along the black line just above,

showing the less thickened crust under the Qaidam basin.

M. Jiang et al. / Tectonophysics 412 (2006) 121–140126
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thickness is given in the next section and illustrated in

Fig. 3a and 3b. From the correlated traveltime branches

such as in Fig. 2a and b, velocity–depth models are

developed as in Fig. 3d, and the spatial variation of

Moho depth summarized in Fig. 3c.

For the sake of completeness, we describe the

correlations adopted, the resulting velocities and thick-

nesses and their spatial variability. Although shot-

points are located in basement rocks of different

geological units, record-sections (Fig. 2a and b) do

not show any strong variation in the upper crust

structure. The closest stations sample an upper layer

of 5–6 km thickness with a velocity gradient, from

around 5.6 to 5.9 km/s (Fig. 3b). The amplitude and

critical distance of the two next traveltime curves (T2

and T3) can be fitted in both the sections by reflec-

tions at the base of layers with 6.1 and 6.2 km/s

velocities. With this same value of the velocity for

both profiles, the base of the 6.2 km/s layer appears

then to be deeper south of the Qaidam basin than

north of it. The interface is 29 km deep below the

surface of the Qaidam basin, and 38 km deep south of

it. The best fitting velocity in the next layer obtained

by modelling the T4 traveltime curve, varies from 6.3

km/s in the north to 6.5 km/s in the south whereas the

depth of its base increases from 45 to 53 km.

The lower crustal layer beneath is only about 10

km thick, as derived from the last traveltime curve

(T5) which corresponds to the reflection from the

crust–mantle boundary. Its velocity is 6.5 km/s north

of the Qaidam, 6.6 km/s under the Qaidam and 6.8

km/s south and east of it, although these differences in

velocity are not well constrained since the lower

crustal layer is thin. The whole crustal thickness

under the Qaidam basin appears thinner (54 km)

than under its margins where we observe 64 km to

the north, 62 km to the east and 65 km to the south-

east of the basin. The profile north of the Qinghai

Lake shows that the crust has a 55 km thickness and

an average velocity of 6.3 km/s.

In order to sample the Moho depth in more loca-

tions, groups of stations were placed at different azi-

muths from shotpoints at the expected critical distance.

Then, using the shallower part of the velocity–depth

model of the nearest profile, we have modelled the

observed traveltime curve of the deeper interfaces (T4

and T5). On the southern border of the Qaidam basin,

we found a crustal thickness of 72 km and an average

velocity of 6.3 km/s. This is an indication that the Moho

is deeper towards the Kun Lun suture. We obtain also a

value of 64 km on the eastern border of the Qaidam

basin. Another measurement obtained just south of the
Qinghai basin yields a thickness of only 55 km (Fig. 3c

and d).

3.2. Resolution of lateral variations

To check that the data from different profiles can

resolve these differences in crustal velocity and Moho

depth, we estimate the errors bars on the velocity–depth

models. We do this by keeping a similar minimum-

structure model and searching for the extreme values of

layer velocity and corresponding thickness, which still

allow fitting of the observed traveltime curves. Fig. 3a

illustrates on an example the accuracy on thickness and

velocity for the layer above the crust–mantle boundary,

as constrained by the last traveltime curve (T5). The

recording of shot 5 from stations north of the Qaidam

basin gives a record-section that samples the Moho

under the Qaidam basin. Since the reflection is ob-

served over a long distance range, there is only a

narrow range of velocity values that allow us to fit

the traveltime curve. The case here is extreme since

we incorporate the possibility of misinterpretation, with

a different wave correlation for T5 as shown in the two

sections of Fig. 3. Even though, it is only by changing

by 0.2 km/s the 6.6 km/s velocity value in the lowest

part of our preferred model that the slope of the com-

puted traveltime curve deviates from fitting the furthest

offsets observed arrival times. In this worst case, we

still have a constraint on the average crustal velocity of

F0.06 km/s and on the thickness of F2 km.

This small error bar, allows us to be confident in the

large Moho depth variations found in the North Kun-

lun–Qaidam. Since the sedimentary infill of the Qaidam

basin is estimated to be around 10 km thick (Chen et al.,

1999; Métivier et al., 1998), the thickness of the non-

sedimentary crust under the Qaidam basin is then of 45

km, significantly less than the values of over 60 km on

its borders. Under the Qinghai lake the thickness of the

sedimentary layer is not well known but in any case the

total crustal thickness with the sediments is 55 km, that

is smaller than under its border where we found 60 to

65 km (Fig. 3d).

4. The Bayan Har block: alternating low or high

velocity layers and crustal architecture at its

northern edge

4.1. A minimum structure model is not sufficient

In contrast to the previous record-sections in the

North Kun Lun–Qaidam block, in the Bayan Har

block several intracrustal reflections can be correlated
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(Fig. 2c and d). Notably, a main intracrustal reflection

T5 observed from 100 to 200 km at the reduced time of

3 to 4 s is characterized by a strong amplitude. This

strong mid-crustal reflection appears on all the record-

sections from the Bayan Har block. However there are

some differences in the characteristic of the deeper

reflections: an additional traveltime curve T6 can be

correlated before the Moho reflection, as in Fig. 2c, or

not, as in Fig. 2d.

Fig. 4b displays the synthetic seismograms for a

model of the Bayan Har sections in Fig. 2c and d,

with the same number of interfaces as observed

reflected traveltime branches for Shot 4 towards the

southwest (Figs. 2d and 4a). We successfully fit the

amplitudes of the first traveltime curves T1, T2, T3 and

T4, the traveltime branches T1 and T2 being consistent

with respectively refraction and reflection of a 5 to 8 km

thick layer of metamorphic flysch expected in the

Bayan Har (Mattauer et al., 1992).

However, this minimum-structure model constructed

to fit the arrival times does not fit satisfactorily the

amplitudes of the last traveltime curves, nor does any

model of the same kind explored in the trial and error

modelling. The high amplitude of the strong mid-crust-

al reflection in the observed data at a short offset of 140

km with respect to the amplitude of the Moho reflection

cannot be obtained on the synthetics. This is true even

when here as in the following, a high velocity value of

8 km/s is assumed in the upper mantle. Velocity–depth

models with more complex structures are indeed nec-

essary for the deeper part.

4.2. Alternative velocity–depth models for the strong

amplitude intracrustal and Moho reflections: possible

tectonic superposition of crusts at the northern edge of

Bayan Har

On the synthetic seismograms of the minimum-

structure model (Fig. 4b) the strong amplitude and the

short critical distance of the T5 reflection could not be

fitted with a single layer of velocity over 6.8 km/s down

to the Moho, beneath the 6.3 km/s velocity above. This

is because if material with such velocity reached down
Fig. 4. Bayan Har (Shot 4 towards SW in Fig. 1). Observed and synthetic s

km/s velocity reduction and amplitudes scaled with distance. a) Observed r

reflection T7. b) Minimum structure model with layers of increasing veloci

allow to fit the amplitude and critical distance of the intracrustal reflection

interface, in order to increase the velocity contrast, thus fitting better amp

intracrustal interface in order to increase the velocity contrast, and consequen

the velocity contrast there, thus fitting better amplitudes. These simplified 1D

profile.
to the Moho, the reflectivity of the latter would not give

the appropriate amplitude level and amplitude versus

offset variation. We shall explore non-minimum-struc-

ture types of crustal models containing hidden layers,

such as low velocity layers, that is models with more

interfaces than traveltime curves observed.

In a first type of model, we test a low-velocity layer

on top of the mid-crustal interface, in order to move the

amplitude maximum to shorter distance and increase

the amplitude of the T5 reflection. With a velocity step

from 5.8 to 6.9 km/s at 31 km depth, the strong intra-

crustal reflection together with the Moho reflection are

then fitting observations from shot 4 towards the south-

east (Fig. 4c). There is no strong constraint on the

thickness of the 5.8 km/s material under the 6.2 km/s

one since there is no wide-angle observation of the top

of the low-velocity layer, and hence the depth of the

interface at its base is not precisely determined. The

value of the average velocity in the lower part of the

crust may vary from 6.9 to 7.1 km/s from one profile to

the other, depending on the observed critical distance of

the Moho reflection that is around 230 to 210 km,

respectively. This lower layer of the crust is 40 km

thick, except for the profile of Shot 3 towards the

north, whose stations are situated north of the Kun

Lun fault. Here we have a smaller thickness of 30 km

for the lower crust, and a total crustal thickness around

72 km.

In the other type of model, we increase the velocity

of the layer underneath the 6.2 km/s layer at 33 km

depth (Fig. 4d). To fit the amplitudes, the velocity under

the interface has to be increased up to 7.6 km/s, a value

close to that in the upper mantle. In this type of model,

the velocity has then to decrease again at some depth

beneath that interface, in order to allow modelling the

amplitude level and critical distance of the next branch

that is the reflection from the Moho. In the corres-

ponding lower crustal low-velocity layer, the velocity

value has to be at most 6.8 km/s to fit observations. As

usual, the thickness of the high-velocity inclusion under

the mid-crustal reflector is not well-constrained. Fig. 4d

displays the synthetic seismograms and the

corresponding velocity–depth model with a 70 km
eismograms for different velocity–depth models, represented with a 6

ecord-section, with the strong intracrustal reflection T5 and the Moho

ty with depth accounting for traveltimes where observed. It does not

T5. c) First option of a low velocity layer on top of the intracrustal

litudes of T5. d) Second option, of a high velocity layer under the

tly a deeper low-velocity layer on top the deep Moho in order to restore

model do not imply there is a thin layer continuous under the whole
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thick crust that includes a 7.6 km/s velocity layer at

around 35 km depth followed by a 30 km thick

6.8 km/s velocity layer for the lower crustal part.
Even if the observed record-sections show the same

main characteristics, in detail the record-section ampli-

tudes appear to be explain either by the mid-crustal



M. Jiang et al. / Tectonophysics 412 (2006) 121–140130
high velocity layer or by the mid-crustal low velocity

layer types of models.

The two types of velocity–depth models that are

found to account for the observations coincide in their

crustal thickness that is the same, on the order of 70 km,

much thicker than normal. This reveals that the present

high surface topography of the Bayan Har terrane is

supported by a crust that has been thickened rather than

by a local upper mantle heterogeneity.

4.3. Vp and Vp /Vs, composition and possible

anisotropy

Clear S-wave Moho reflections (SmS) allowed us

to constrain an average Vp /Vs=1.73F0.01 (Galvé et
Fig. 5. Constraint on the Vp /Vs ratio in the Bayan Har block. Shot 3 towards

the S-waves. b) P-waves record-sections on which the traveltime curves of

200 km, we have a poor correlation between the traveltime curve of the veloc

1D velocity modelling. These arrivals are well fitted in 2D modelling by the p

waves record-section represented assuming Vp /Vs ratio equal to 1.73 for tim

the P-waves record-section. The P traveltime curves of b) have been superim

arrival time correlations. The earlier arrival of the S-wave implies a lower Vp

the corresponding velocity–depth models of a), grey for P and black for S.
al., 2002a) in the North Kun Lun–Qaidam block. This

is significantly lower than the average for a continen-

tal crust, which is 1.77 to 1.78 according to Christen-

sen and Mooney (1995) and Zandt and Ammon

(1995). It hence documents an average felsic compo-

sition for the whole thickened crust. By contrast, the

SmS reflection is usually poorly recorded in the Bayan

Har block, SmS is instead not seen in general. The

exception is for Shot 3 recorded towards the northeast,

where S waves could be recorded into the North Kun

Lun block possibly because of better propagation there

(Fig. 5). These arrivals can be used to estimate Vs.

under the Bayan Har where the rays bottom. Here at

least two traveltime curves can be correlated on the S-

waves section that will allow us to resolve the value
NE. a) Velocity–depth model in grey for the P-waves and in black for

the velocity–depth model are superimposed in grey. Between 170 and

ity–depth model and the observed arrivals that is due to the use here of

resence of a thick sedimentary basin beneath the stations (Fig 8). c) S-

e scale and reduction velocity, in order to be directly comparable with

posed in grey full line. The black dashed lines represent the S-wave

/Vs ratio in the lower part of the velocity–depth model, as illustrated in
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of Vp /Vs in the layers between the reflecting inter-

faces, and not only derive a crustal average as in

the North Kun Lun where the intracrustal reflec-

tions were weak. When we plot on the S section

the S-wave traveltimes predicted from the P veloc-

ity–depth model by assuming a 1.73 velocity ratio

(Fig. 5), S arrivals are observed earlier, hence the

Vp /Vs ratio is lower than 1.73.

S arrivals even get relatively earlier with respect to

the model derived from P, from one traveltime branch

to the later. Hence the Vp /Vs ratio is decreasing with

increasing depth, and is smallest for the lower crust.

Modelling the S velocity with depth by assuming the

layer thicknesses derived from P, then results in a Vp /Vs

value of 1.70 for the layer at mid-crustal depth from 15

to 39 km and a value of 1.63 for the lower part of the

crust from 39 to 65 km depth. This velocity–depth

modelling assumed the same structure all along the

profile. However the propagation is not completely in

the Bayan Har, but also in part in the North Kun Lun

block. Since in that block the average crustal velocity

ratio has been derived as 1.73 (Galvé et al., 2002a), the

values obtained here are upper bounds on the values for

the Bayan Har.

An interpretation of such small Vp /Vs values may be

sought in a peculiar composition or possible anisotropy.

Considering measurements on rock samples, a way to

account for low Vp /Vs is to consider that crustal com-

position is felsic on average, with a large proportion of

quartz and albite as the plagioclase feldspar (Christen-

sen, 1996). Thus felsic rocks as a granite–gneiss have a

velocity of 6.3 km/s and Vp /Vs=1.70 (Kern and Rich-

ter, 1981; Christensen, 1996). However, the values we

measure are in situ values at depth that depend on

pressure and temperature. With temperature increasing

with depth, Vp and Vp /Vs of quartzite and granite show

strong variations. First, there is a significant decrease,

when temperature increases from 200 to 500 8C, due to
the quartz alpha to beta transition, then there is a drop in

Vs at melting (Kern, 1982; Müller and Raab, 1997).

Depth makes velocities vary also due to their pressure

derivative, but pressure–temperature changes may also

induce changes in metamorphic facies. The effects of

both pressure and temperature on the rock velocities,

but also the possibility of phase transitions have been

considered by Sobolev and Babeyko (1994) in their

petrophysical modelling of rocks from monomineral

parameters. They find a very distinct drop of Vp /Vs

with increasing pressure, in an isothermal transition

from low-pressure to high-pressure facies. For instance

at a temperature of 700 8C, Vp /Vs in granite decreases

from 1.69 to 1.64 when pressure increases from 1.2 to
1.8 MPa, and Vp /Vs in diorite decreases from 1.76 to

1.69 between 0.8 and 1.5 MPa. For a granodiorite with

an intermediate composition, and thus a more realistic

Vp with respect to our estimation for the lower crust at

the northern edge of Bayan Har (6.8 km/s), Vp /Vs

would decrease from 1.70 at 0.8 MPa to 1.66 at 2

Mpa, whereas Vp increases from 6.3 to 6.8 km/s. The

observation of a low value for Vp /Vs that is decreasing

with increasing depth may thus be interpreted as due to

the material being of felsic composition even at the

great depth of the lower crust under the Plateau.

On the other hand, S-velocity peculiarities in the

crust have been inferred in the Bayan Har from tele-

seismic receiver-function analysis. Transverse compo-

nent energy, together with a variation of the radial as a

function of backazimuth have been noted and attributed

to conversion at a dipping intracrustal S low velocity

layer by Zhu et al. (1995) and Owens and Zandt (1997).

Vergne et al. (2003) also detect this phenomenon spe-

cifically along the routes followed by seismic profile

presented here, but attribute it instead to shear-wave

splitting in an anisotropic layer of schists in the upper

crust between 10 and 18 km depth. Their model con-

tains a layer of transversely isotropic material, aniso-

tropic material having a hexagonal symmetry, with the

slow velocity along the axis of symmetry, which they

model as striking N408E with a 408 dip. This strike is

that of the present explosion seismology profile and

propagation direction, and this dip is just the ray inci-

dence for deep crustal critical reflections. The down-

going ray from the shot point in the Bayan Har recorded

NE on the North Kun Lun–Qaidam block would then

be along the axis of symmetry of such an anisotropic

layer, propagating with the lowest value of S-velocity,

as well as the lowest value of P-velocity. Therefore, the

measurements of P and S velocities is unperturbated by

the anisotropic fabric. Hence, even if such an aniso-

tropic layer existed, the derived Vp /Vs ratio along the

explosion seismology profile is representative of the

composition of the material (e.g., Godfrey et al.,

2000) which would not be the case at other incidences

since the velocity of P and S waves will be affected by

anisotropy.

Such anisotropy is hence no explanation to the

abnormally low Vp /Vs observed in wide-angle crustal

reflections. However the possible presence of another

type of anisotropy and its effect on the Vp /Vs ratio

needs to be considered. Hirn et al. (1995, 1997, 1998)

by considering teleseismic S and P delays and S split-

ting delays along the line from the Himalayas into Qang

Tang, documented that anisotropy in the upper mantle

and in the crust was not of the simple type usually
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considered in SKS-splitting studies. Anisotropy appears

there with orthorhombic symmetry rather than with a

horizontal symmetry axis, that is merely an azimuthal

anisotropy in the horizontal plane as has only been

considered there by Sandvol et al. (1997), Chen and

Özalaybey (1998) and Huang et al. (2000).

This is constrained by observations otherwise unac-

counted for, such as i) the dependence on incidence,

shown by a splitting delay larger for S waves than for

SKS waves, and ii) the increase from Himalayas to

Qang Tang, together with this splitting delay, of a

delay of first arrivals of teleseismic S out of proportion

with respect to that of P, and iii) an even larger delay for

SKS. A crustal contribution to the variation of the

relative teleseismic S and P delays is documented

from the comparison of receiver-function and wide-

angle reflection profiling of the Moho from the Hima-

layas into Qang Tang (Galvé et al., 2002b). Hence, part

of the anisotropy causing the splitting with vertical slow

axis could also be expected in the crust. This is also the

kind of anisotropy that has been measured in western

Europe for a region of reflective layered lower crust

(Rabbel and Lueschen, 1996). S-waves from explosions

propagate principally as SV since they result from

interaction of the P waves generated with near source

heterogeneities. In an anisotropic medium with a verti-

cal slow axis, the SV-polarized wave is the fastest for

wide-angle reflections that have incidence between 308
and 508, where splitting is largest. At this incidence,

Vp /Vs is then the lowest over the whole range of

incidences and polarizations. For such a geometry, an

apparent value of Vp /Vs=1.57 is measured in the case

of very strong anisotropy of felsic schists (Godfrey et

al., 2000) illustrating that such anisotropy could explain

our calculated low Vp /Vs ratio. The Vp /Vs value rep-

resentative of the schist composition is then of 1.73

(Godfrey et al., 2000). This value for the lower crust is

still indicating a felsic nature.

In conclusion, even if we correct the Vp /Vs value

from a possible anisotropy effect in the crust, we con-

strain low values of the average and lower crustal Vp /

Vs in the Bayan Har block.

5. The northern Qang Tang block and transition to

the Bayan Har block

5.1. Adapting survey design for sampling variations in

structure

In the survey area, Yushu region is the boundary

between the Qang Tang and the Bayan Har blocks. It

comprises the Jinsha suture and the western part of the
Xianshuihe strike-slip fault (Fig. 1). We were suspi-

cious from past experiments that the technique of

refraction and wide-angle reflection along across-strike

profiles (Zhao et al., 2001) may not resolve correctly

the sharp structural changes because of non-vertical,

oblique rays interacting with them in a complex way.

Thus, we resorted to additional propagation geome-

tries such as broadside shooting with wide-angle re-

flection along strike and fan-recording at constant

offset on a line across strike. In this case waves

avoid structural variation along their path. Sharp tra-

veltime changes that can be resolved along the fan-

profile, then sample the variation across strike. Their

structural significance could be checked by indepen-

dent methods like vertical reflection profiles in the

Pyrenees (Hirn, 1988; ECORS Pyrenees Team,

1988) or receiver-function profiles in southern Tibet

(Hirn et al., 1984b; Galvé et al., 2002b). However

across-strike transects do not resolve the velocity–

depth distribution since waves are recorded at only

one offset. It then exists in fan-profile images a trade-

off between Moho depth variation and crustal velocity

variation. Therefore we have the record-section of

Shot 2 to north and we added south of the Jinsha

suture a profile along the strike. These are the record-

ing profile geometries from which a reliable velocity

depth model can be obtained, since it complies best

with the assumption of tabular structure, to correct

from the velocity–depth variation of the structures

above the Moho. Indeed, when placing Shot 1 broad-

side to the transect in order to achieve these geome-

tries (Fig. 1), we also installed all available receivers

on all roads and tracks in the region of Yushu (Shot

2). The area between the Jinsha suture and the Xian-

shuihe fault is so complex that it was likely to induce

odd propagation of seismic waves blurring the image

of deep interfaces, and we wanted to check this.

5.2. A low Vp /Vs for the whole crust south of the Jinsha

suture, and a low velocity deeper crust to account for

strong reflections from a deep Moho observed at short

offset

On the reversed strike-line profile in the northern

Qang Tang, the record-section of the profile northwest-

ward from Shot 2 towards Shot 1 has the clearest

wavefield (Fig. 2e). An unexpected result is that S-

wave energy is present also for the Moho reflection.

According to Galvé et al. (2002a), this observation

supports the absence of significant partial melt. SmS

arrival times, when compared to PmP (Fig. 6a), reveal

that the whole crust has a low Vp /Vs ratio of



Fig. 6. Modelling of the strike-line in northern Qang Tang, Shot 2 towards NW. a) Observed record-section with a velocity reduction of 6 km/s,

showing a strong Moho reflection T6 with strong amplitudes at short distance. b) Minimum structure model with layers of increasing velocity with

depth accounting for traveltimes where observed. It does not allow to fit the amplitude and critical distance of the Moho reflection T6. c) Synthetic

record-section for a model containing a low velocity layer on top of the crust–mantle interface. This option improves the fit of observations by

bringing to higher amplitude at short offsets the Moho reflection T6.
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1.73F0.02. As in the Bayan Har block, this Vp /Vs

value is indicative of a felsic crust.

By contrast, another observation illustrates a major

difference with the Bayan Har (Fig. 2c and d). While in
the Bayan Har block the difficulty was to account for a

strong mid-crustal reflection, here it is the distance of

the maximum of amplitude of the Moho reflection (Fig.

6a) that is not fitted by the minimum-structure model



ig. 7. Depth-converted record-section of wide-angle Moho reflec-

ons across the Bayan Har to Qang Tang. The central insert is data

om Shot 2, the remainder from Shot 1, with recording offset

dicated at the bottom. NMO correction of wide-angle to normal

cidence times, and depth conversion assume the 6.26 km/s average

rustal velocity obtained from modelling strike line from Shot 2. Grey

rea in top part recalls that depth transformation is only valid for the

eep Moho reflections. Arrows indicate correlation of deep reflector,

s two segments of Moho interface northdipping and southward

ownstepped with each other.

M. Jiang et al. / Tectonophysics 412 (2006) 121–140134
(Fig. 6b), and a more complex one has to be considered.

The rather short critical distance of ~140 km observed

for the main intracrustal reflection T5 from the base of

this 6.4 km/s layer (around 40 km depth) implies that

the velocity underneath should be at least 7.0 km/s.

However such a velocity all the way down to the crust–

mantle boundary cannot account for the critical distance

and the large amplitude observed for the Moho reflec-

tion. In order to model this feature in Fig. 6c, a velocity

lower than 6.4 km/s has to occur between a mid-crustal

high velocity layer and the Moho. A crustal thickness

of 75 km is obtained with an average velocity of 6.26

km/s very abnormal with respect to any crustal average

worldwide, which has important implications for the

nature of the present crustal structure and its origin.

This model with a low-velocity layer on top of the

Moho increases the amplitude at short offset but still

only fits approximately the distance of the maximum

amplitude for the Moho reflection. It also provides no

explanation for the observed low frequency of the

Moho reflection with respect to the previous intracrus-

tal reflection, which is discussed by Galvé et al.

(2005—this issue) in terms of attenuation versus fine-

layering.

For the sake of completeness, we note here that the

reverse profile, from Shot 1, does not present the same

clear character of deep reflections. Taken at face value

in a 1D model, its not very clear PmP amplitude would

lead to assume a small velocity contrast across the

Moho, i.e., a higher value of velocity in the lower

crust and hence a deeper Moho. However, the cor-

responding line of receivers at large offsets from Shot

1 had to straddle the suture to the east of Yushu, and

reflection amplitude may here be affected by local

heterogeneity, documented further hereafter.

5.3. Image of the deep crust: contrast in thickness

across the Xianshuihe fault and possibly in crustal

velocity across the Jinsha suture

Major and sharp variations of structure are indeed

resolved across the boundary of Bayan Har to Qang

Tang from a fan profile (Shot 1 recorded by the NNE–

SSW main line, Fig. 1). In order to reach the large depth

expected for the Moho in this area, recording was

attempted at an offset of around 200 km. It was more

successful than across the Kun Lun suture and fault,

because Shot 1 here was more efficient than Shot 5

there. In Fig. 7, this depth-section is presented in which

all the records displayed have been NMO-corrected and

depth-transformed with the low average crustal velocity

derived in the previous sections. We also introduce a
F
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central insert made of records from that Shot 2 to Shot 1

strike-line profile, with the high amplitude PmP.

In Fig. 7, we can then correlate over the span of the

depth-section two separate segments of the Moho in-

terface that appear to be dipping northward. The north-

ern Moho, around 70 km depth is sampled up to the

south of the surface trace of the Jinsha suture and

Xianshuihe fault. It is originally made of 2 segments

that nearly connect (Fig. 7) at the Xianshuihe fault

when we migrate the northern part of the record-section

(north of the Xianshuihe fault) with the average velo-

city value of 6.35 km/s derived for the Bayan Har block.

A second Moho segment is hinted at on the record

depth-section in its southern part, which samples south

of the Xianshuihe fault well inside the Qang Tang

which depth migration was done using the average

crustal velocity of 6.26 km/s derived from Shot 2 in

the northern Qang Tang. This short segment of Qang

Tang Moho comes out more as a broad reflective zone

and is at a great depth of 70–80 km, apparently

dipping northward. The two segments of Moho inter-

face can be followed on each side of the fan profile,

although the late energy appear complex and not well

correlated in space which can be due to propagation

effects in a complex zone rather than weak reflector.

From Shot 2 records, the strike-line profile south of



Fig. 8. Two dimensional crustal model for the Bayan Har and its borders, obtained by traveltimes modelling of three shots (numbered stars) along the transect. The 1D initial model for Bayan Har is

the one in Fig. 4c, with the mid-crustal low velocity layer, and velocity in km/s is indicated for each layer. The thick grey lines represent the reflector segment points sampled for each shot which

number is indicated. Superimposed are the NMO-corrected and depth converted seismograms from broadside recording on fan profiles, obtained across the Kunlun suture according to Galvé et al.

(2002a) and Jinsha suture from Fig. 7, as described in the text. Moho has been highlighted in red. Inserts at bottom left and right, respectively are cartoons of lithospheric transects, with Moho

highlighted in red, across the Pyrenes mountain range between France and Spain (Daignières et al., 1989), and the western Alps between France and Italy (here taken after Bayer et al., 1987). Insert

at bottom center shows a schematical cartoon of possible evolution with time of the three blocks from before (bottom) to after (top) convergence due to the collision of India and northward motion as

indicated by black arrows on top. Before collision, the Moho in red is beneath a layer of lower crustal lithology under the upper and intermediate crust in yellow and Moho depth is smaller beneath

Bayan Har initially formed as a continent ocean margin sutured at the Jinsha suture after presumably southward subduction of its oceanic part in the Triassic–Jurassic. After convergence due to

collision of India, the Bayan Har crust is schematized to have overridden the lower part of Qaidam crust, which seismic Moho may have migrated upwards by eclogitization of material of lower

crustal, basic lithology. At its southern edge, the Bayan Har crust may have imbricated the thicker Qang Tang crust, which deeper part, of lower crustal more basic lithology may have been

eclogitized with the seismic Moho having migrated upwards.
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the suture indeed does not sample the deepest, south-

ernmost Qang Tang Moho. In the transition from the

main Bayan Har to Qang Tang blocks, at least two

segments of Moho are identified, that are northdipping

and southward downstepping with respect to each

other. When the northern Moho and the deeper

Qang Tang Moho are prolongated from the edges to

the center of the section, they show an offset in depth

that could be up to 20 km, if one was to believe in the

southern broad Moho segment.

5.4. 2D crustal transect through Bayan Har and its

edges, from traveltime modelling along section and

broadside fan-profiling

Complementary elements of interpretation can be

drawn from the structural variation along the NNE–

SSW transect of the crustal section connecting the

shotpoints in line (Fig. 8). This 2D model of interfaces

and velocities is obtained by ray-tracing using the

procedure of Zelt and Smith (1992) to adjust arrival

times to observations for all direct and reverse over-

lapping record-sections.

Across the transition from Qang Tang to Bayan Har,

the image of the Moho depth record-section of Fig. 7

discussed above has been superimposed. With respect to

the ray-tracing traveltime modelling along the whole

transect of Fig. 8, the northern Moho segment of Fig. 7

appears indeed as the southward geometrical continua-

tion of the Bayan Har Moho modelled there. This Bayan

Har Moho would hence extend further south than the

location of the Jinsha suture at the surface. In the depth-

section across the Qang Tang to Bayan Har in Fig. 8, the

upper inset on the southern part is from records around

125 km offset that were designed to sample intracrustal

interfaces, as had been the case across the Kun Lun fault

(Galvé et al., 2002a). It highlights a reflector in the

middle crust that is dipping southward into Qang Tang,

away from the Jinsha suture.

This image of crust shows discontinuous Moho

segments dipping northward under the transition zone,

together with antithetic conjugate southward dipping of

an intracrustal interface.

A similar case is recalled by the cartoon under this

southern part of the transect, which represents the

structure across the Pyrenean mountain belt between

Spain and France which originated due to the Eocene

convergence and strike-slip of the Iberian peninsula and

Europe. Such a step in the Moho, highlighted in red,

and crustal indentation with opposite vergence in the

upper crust has been established by a succession of

wide-angle reflection, teleseismic and vertical reflection
methods (Hirn et al., 1980; Hirn et al., 1984c; ECORS

Pyrenees Team, 1988).

The seismic-record depth-section superimposed on

the north of the transect (Fig. 8) results from a fan-

profile across the Kun Lun fault (Galvé et al., 2002a).

It recalls the variation in crustal architecture, which

was interpreted as resulting from the previously thin-

ner crust of Bayan Har having thickened by thrusting

over the lower crust of the North Kun Lun–Qaidam

terrane. In front of it, the crustal thickening of the

North Kun Lun–Qaidam occurred by the thickening of

upper crustal material. In such a model of evolution,

the strong reflector in the middle of the present Bayan

Har crust that is not seen to the north of the Kun Lun

fault, can be regarded as either the basal décollement,

or as the Moho reflector of the previous Bayan Har

material thrust over part of the North Kun Lun–Qai-

dam crust. This image can thus be interpreted in terms

of this evolutionary model in any of the two alterna-

tive types of velocity–depth models of Bayan Har

crust. Indeed depending on the option, the tectonic

base of the Bayan Har unit that is thrust over to the

north can be either within its former crust and thus

give a reflective décollement, or beneath its Moho,

which then is giving the strong reflections since they

would dominate at wide-angle over those of any

tectonic limit underneath.

As recalled by the cartoon beneath in Fig. 8, the

position of the possible original base of the Bayan Har

crust and that of the lower crust of the North Kun Lun

that it overrides, which are sketched as Moho in red are

similar to what is observed in the western Alps in the

ECORS-CROP profile, from France to Italy (Nicolas et

al., 1990; ECORS-CROP Deep Seismic Sounding

Group et al., 1989). A similar, lithospheric wedging

occurred there, not only which involved a sedimentary

or crustal wedge, but also the lower crust and probably

its upper mantle sole. These materials were thrown over

the lower crust of the northwestern foreland, as

sketched in the cartoon.

6. Conclusions and discussion

The seismic profiles reported here provide a repre-

sentative sample of crustal wavefields for the three

blocks of North–Central Tibet, constraining the varia-

tion of velocity with depth and sensing the horizontal

variability of crustal structure. They evidence a contrast

in internal structures among the three blocks crossed

along this 700 km long transect, in terms of intracrustal

reflectivity, and of composition, whereas the average

crustal thickness, a parameter which may also be
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approached by other methods, has modest variation

except in the south.

Crustal thickness increases from 65 to 70 km and 80

km across block boundaries towards the centre of the

Plateau. This is an abnormal thickness with respect to

the continental average value of 41 km and the value of

46 km for orogens (Christensen and Mooney, 1995).

The second first-order parameter is the average

crustal velocity resolved as being significantly different

among blocks: on the order of Vp=6.2 km/s for North

Kun Lun–Qaidam, 6.36 km/s for Bayan Har, and 6.26

km/s for the northern edge of Qang Tang. These values

are very low compared to continental or orogen average

of 6.45 and 6.39 km/s, the more so when normal

pressure and temperature derivatives are taken into

account for the in situ conditions at the larger depth

(Christensen and Mooney, 1995).

Another first-order parameter which is rarely con-

strained in explosion-seismic experiments is the velocity

ratio Vp /Vs in the crust. In the North Kun Lun–Qaidam

block, clear S-wave Moho reflections allowed us to

constrain an average Vp /Vs=1.73F0.01 (Galvé et al.,

2002a). This is significantly lower than the average for a

continental crust, which is 1.77 to 1.78 (Christensen and

Mooney, 1995; Zandt and Ammon, 1995; Christensen,

1996). It hence documents an average felsic composition

for the whole thickened crust. In the north Bayan Har,

extremely low Vp /Vs is measured, smaller than 1.6 for

the lower crust, anyway below 1.73 even if we take into

account an anisotropy in the lower crust of the kind

inferred in the lithosphere of the Lhasa block. In the

north Qang Tang, the strike-line rather unexpectedly

documents SmS that, although lacking sharpness yield

a Vp /Vs ratio again as low as 1.73F0.02.

These low Vp /Vs and Vp values constrain a felsic

composition for the whole crust. Furthermore, in the

intracrustal response obtained uniquely by explosion

seismology resolves this not only on average but spe-

cifically for the lower half of the crust. The Vp /Vs

values constrained as 1.73 and below are far less than

the 1.77 value for the average crust (Christensen, 1996)

that contains only an upper half of felsic material.

If the composition of the crust before thickening had

been average, that is with about a lower half of basic

and intermediate composition material, then an expla-

nation of the absence of other than felsic velocities to

70 km depth is needed. This can be due to eclogitiza-

tion of the basic part of the original crust in the crustal

thickening process, which brings its velocity to mantle-

like value, as discussed by Galvé et al. (2005—this

issue). Such a process had been proposed to occur

under the Himalayas and South Tibet up to the
Indus–Tsangpo suture from the low Vp measured in

the very thick crust (Hirn and Sapin, 1984; Sapin and

Hirn, 1997). Such an explanation has also been resorted

to by Beck and Zandt (2002) in order to account for the

nature of the thickened orogenic crust in the Andes.

The seismic images of crustal architecture suggest

mechanisms of lithospheric interaction in convergence.

Crustal thickening appears to occur by two different

mechanisms at the outboard and inboard of the Bayan

Har in its northeastward motion towards stable Eurasia.

We have indicated a possible analogy with the Alpine

flat subduction and the Pyrenean lithospheric imbrica-

tion (Fig. 8), that we will place in the perspective of

other models proposed for Tibet and its northeastern

part.

The interaction between Bayan Har and North Kun

Lun–Qaidam has been considered before by Tappon-

nier et al. (1990) and Meyer et al. (1998). Both studies

emphasized the contrasting structures of upper crustal

units and the sharp tectonic boundaries between them,

and proposed a model of sequential growth and uplift of

the plateau. Our seismic observations concur with this

general view, but the particular form of their model of

continental subduction may be discussed in a perspec-

tive to incorporate new elements.

In their analogy with subduction Tapponnier et al.

(1990) and Meyer et al. (1998) predicted that the lower

crust, Moho, and lower lithosphere of the North Kun

Lun form a slab steeply dipping south and passing into

the mantle beneath Bayan Har. They sketch the Moho

of the subducting plate to be entrained to reach a depth

of around 90 km under the 60 km deep Moho of the

Bayan Har. Hence this model features a Moho step

upward from north to south across the boundary. On

the contrary a downward slope from north to south is

shown in the cross-section obtained by explosion seis-

mology (Galvé et al., 2002a, and Fig. 8). Furthermore

with an independent method, a teleseismic receiver-

function profile provides an image that Vergne et al.

(2002) explicitly describe in terms of Moho steps lo-

cated at the main sutures showing a crustal thickening

that occurs in staircase fashion.

Rather than to lithospheric mantle subduction (Meyer

et al., 1998) or to staircase-fashion southward-downstep-

ping of the Moho (Tapponnier et al., 2001; Vergne et al.,

2002), the cartoon of Tapponnier et al. (1990) taken at

face value corresponds indeed to indentation of the North

Kun Lun–Qaidam crust by the Bayan Har, that implies a

mechanism of decoupling between the upper and the

lower crust of Kun Lun–Qaidam. Such indentation

with a décollement on top of the lower crust had been

proposed earlier as part of the thickening process sug-
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gested from seismic profiles by Hirn et al. (1984a,b,c)

and Hirn (1984, 1988) through South Tibet–Himalayas,

where they also proposed decoupling and interwedging

in the mantle lithosphere.

Our seismic images show that the structure resulting

from the convergence between North Kun Lun–Qaidam

and Bayan Har presents features akin to subduction but

with distinct differences. With respect to cartoon mod-

els of oceanic subduction, the slab which carries the

North Kun Lun lower crust is imaged as dipping much

flatter and underplating the Bayan Har much further. It

is thus a flat subduction and only of part of the crust.

It is hence more reminiscent of the architecture that

has been sketched for the Alps from seismic imaging

(Nicolas et al., 1990; ECORS-CROP Deep Seismic

Sounding Group et al., 1989). There similarly, litho-

spheric wedging and not only sedimentary or crustal

wedging, but with certainly the lower crust and proba-

bly its upper mantle sole, have overridden the lower

crust to the northwest. For the Alps, this northern

continent is stable Europe with respect to the Apulian

promontory whose crust overrides it and under which

occurs flat partial crustal subduction. Similarly, we may

describe here the southern unit (Bayan Har) as thrusting

over the northern one, since the motion of Bayan Har is

faster (Wang et al., 2001). However both units move to

the north, which may cause the overthrust, or partial

subduction of the crust of the North Kun Lun beneath

to be flat.

Crustal thickening for each unit occurs either side of

their contact at the surface in coupled processes but by

different modes: superposition of Bayan Har crust on

Kun Lun lower crust on one side and thickening of Kun

Lun upper crust shoved off by the Bayan Har on the

other.

In the transition between the Bayan Har and Qang

Tang blocks, the Moho is made of at least two seg-

ments. These Moho segments are northdipping and

southward downstepping with respect to each other.

Together with the southward dip of a shallower intra-

crustal reflector, this gives an image of the lithospheric

architecture with discontinuous Moho segments that

may have been transported along a conjugate north-

dipping feature at depth. This picture suggests an inter-

pretation in terms of thrusting of the upper part of the

Qang Tang crust over the Bayan Har lithosphere which

subducted under the Qang Tang in the Mesozoic, and

the formation of an imbricated structure at Moho depth

possibly in a more recent episode.

A northward overthrusting style at the surface may

be inherited from the amalgamation of the two terranes

in the Mesozoic, for which Kapp et al. (2003) suggest a
very flat subduction of Bayan Har reaching far under

Qang Tang. Post-collisional crustal thickening with the

conjugate thrust at depth that would bring the southern,

Qang Tang Moho to dip and deepen northward, down-

stepping under the Bayan Har Moho can be viewed as

limited indentation of the Qang Tang by the Bayan Har

crust.

Such antithetic lower crust imbrication is reminis-

cent of the Pyrenean mountain belt shown as an insert

cartoon in Fig. 8. There, a thinner crust at the south-

ern edge of Europe due to extension before conver-

gence has similarly an initial asymmetry, being

overridden by Iberia at the surface during conver-

gence and strike-slip along the North Pyrenean

fault. At depth however, the thicker Iberian crust

partially subducts under the European crust, which

appear as indenting it under the conjugate thrust at

the surface (Hirn et al., 1980; ECORS Pyrenees

Team, 1988). This structure has inspired the model-

ling of partial crustal subduction in orogens, as a

classical example (Beaumont et al., 2000).

Notably, the Qang Tang Moho has a steep dip and

does not reach far under the southern edge of Bayan

Har, unlike the North Kun Lun Moho under the north-

ern edge of Bayan Har. This style is then similar to that

of the deep Iberian Moho of the thickened crust of the

Pyrenees under the European crust to the north. These

two cases with an initial asymmetry of a thicker crust in

the southern plate result in partial and steep subduction

of this thick crust, that is steep and does not reach far.

This may be related to the other peculiarity they share,

that the Moho of the thickened crust that subducts is in

the plate, Iberia or Qang Tang which has the fast motion

towards the other, Europe or Bayan Har.
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Hirn, A., 1984. Des géophysiciens sur le Toit du Monde. La Recher-

che 15, 878–881.
Hirn, A., 1988. Features of the crust–mantle structure of Himalayas–

Tibet; a comparison with seismic traverses of Alpine, Pyrenean and

Variscan orogenic belts. Philos. Trans. R. Soc., A 326, 17–32.

Hirn, A., Sapin, M., 1984. The Himalayan zone of crustal interac-

tion: suggestions from explosion seismology. Ann. Geophys. 2,

123–130.

Hirn, A., Daignières, M., Gallart, J., Vadell, M., 1980. Explosion

seismic sounding of throws and dips in the continental Moho.

Geophys. Res. Lett. 7, 263–266.
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