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[1] A 500-km-long west-east wide-angle seismic profile from Selin Tso to Yaanduo in the
northernmost Lhasa block of Tibet, acquired by the Sino-French joint seismic program in
1982, has been reinterpreted. We model the P and S wave velocity structure of the whole
crust, while recognizing that in many places, uncertainties are large. A surprising but
robust conclusion, consistent with previous interpretations of both this data set and other
newer data from Tibet, is that Moho depth is about 60–65 km at 90�E but 75–80 km
depth at 92.5�E. Our detailed interpretation uses multiple wide-angle P and S wave
reflections from the crystalline basement and the Moho; but no Moho refractions are
recognized. Along most of the profile, the crust may be crudely divided into an upper crust
(�5–30 km depth, 5.0 < Vp < 6.4 km/s), a middle crust (�33–45 km depth,
6.5 < Vp < 6.8 km/s) and a lower crust (depths below �48 km, 7.0 < Vp < 7.4 km/s). The
west-to-east increase in crustal thickness is accomplished by a �50% thickening of the
middle and lower crust. Larger vertical velocity gradients separate these three layers
and bound them above (surficial and sedimentary rocks) and below (Moho transition
zone). The most notable low-velocity zone in the crust lies at the base of the upper crustal
layer. S wave velocity structure is less well constrained but parallels the P wave structure
except that Vp/Vs ratios may decrease from west to east in the lower crust. Our data suggest
considerable variation in structure along-strike of the Tibetan Plateau and show that
interpretations of Tibet as a purely two-dimensional orogen are overly simplistic. The
west-east increase in crustal thickness may occur across the Karakorum-Jiali fault system
and be an indicator of lateral tectonic escape of the Qiangtang terrane.
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1. Introduction

[2] The Tibetan Plateau, which results from successive
accretion of several continental blocks to the south margin
of Asia, is crosscut by at least three major west-east suture
zones [e.g., Yin and Nie, 1996; Yin and Harrison, 2000]
(Figure 1). The southernmost, the Paleogene Yarlung-
Zangbo suture zone marked by a nearly continuous ophio-
lite belt over 1500 km, separates the Indian Plate and
Tethyan Himalaya to the south from the Lhasa block to
the north. Approximately 300 km north of the Yarlung-
Zangbo suture the early Cretaceous Banggong-Nujiang
suture zone [Zhu and Teng, 1980; Coward et al., 1988]
separates the Lhasa block to the south from the Qiangtang
block to the north. It forms a poorly defined west-east belt
several hundred kilometers long running from north of
Ladakh in the west, to the Nujiang valley in the east, and

is locally decorated by ophiolitic massifs [e.g., Girardeau
et al., 1984]. Yet farther north, the Triassic Jinsha suture
marks the boundary between the Qiangtang block and the
Songpan-Ganzi terrane of Paleozoic Asia.
[3] Numerous seismic experiments have searched for

evidence of north-south variability in crustal structure and
crustal thickness corresponding to the accreted continental
terranes, commencing with the pioneering controlled-source
Sino-French experiment of 1981 [Allegre et al., 1984] and
the pioneering passive-recording PASSCAL experiment of
1991 [Owens and Zandt, 1997]. Although there is general
acceptance that the crustal thickness varies considerably
(from 50 to 90 km [Galvé et al., 2002] or from 65 to 78 km
[Kind et al., 2002]) controversy still exists as to whether
these thickness changes occur abruptly [e.g., Galvé et al.,
2002; Wittlinger et al., 2004] or are very gradual [e.g., Zhao
et al., 2001; Kind et al., 2002], even when the same or
significantly overlapping data sets are interpreted. Because
of the strong concentration of seismic data acquisition along
and close to the Lhasa-Amdo-Golmud highway, including
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active-source INDEPTH programs [e.g., Brown et al., 1996;
Makovsky et al., 1999; Zhao et al., 2001] and passive-
source PASSCAL, INDEPTH and Sino-French experiments
[e.g., Owens and Zandt, 1997; Yuan et al., 1997; Kind et al.,
2002; Hirn et al., 1984a, 1997; Galvé et al., 2002;Wittlinger
et al., 2004], less attention has been paid to orogen-parallel,
west-east variations in Tibetan crustal structure. In this paper
we reexamine a 500-km along-strike seismic profile from
Selin Tso to Yaanduo (Figure 1) that provides evidence for
significant west-east crustal variability.
[4] The 1982 phase of the Sino-French Tibet seismic

program was undertaken in order to examine variations in
crustal structure between the Yarlung-Zangbo and the
Banggong-Nujiang sutures. The 500-km west-east in-line
wide-angle reflection/refraction profile was acquired during
this program [Sapin et al., 1985; Teng et al., 1985; Huang et
al., 1991] (Figure 1), together with fan recordings made
along a south-north profile [Hirn et al., 1984a, 1984b;
Galvé et al., 2002]. The west-east profile within a single
terrane offers our best chance to compare west-east crustal
structure in central Tibet with that provided by the more
numerous seismic profiles recorded in the cross-strike,
south-north direction. Indeed, as our knowledge of the
north-south tectonic assembly of Tibet has become clearer
[e.g., Owens and Zandt, 1997; Yin and Harrison, 2000], our
need to resolve along-strike variability to understand the

twin possibilities of lateral tectonic escape [e.g., Tapponnier
et al., 1982, 2001] and crustal flow [e.g., Clark and Royden,
2000; Shen et al., 2001] to accommodate continuing north-
south convergence has become more pressing [Haines et al.,
2003]. The main objective of this paper is to reinvestigate
the crustal structure within the northern Lhasa Block. To
achieve this goal, the P and S wave data from the 1982
Sino-French experiment have been redigitized and reinter-
preted to remodel the P wave and S wave structure of the
entire crustal thickness of the northern Lhasa block. Though
the structure is poorly sampled by modern standards,
widespread interest in the formation, structure and defor-
mation of the Tibetan Plateau warrants our reinterpretation.
[5] The Selin Tso-Yaanduo profile is located in the

northern part of the Lhasa block (Figure 1), and though it
lies close to the Banggong-Nujiang suture, presuming that
suture dips to the north [Coward et al., 1988; Yin and
Harrison, 2000], the experiment samples only crust of the
Lhasa block. Though the Lhasa block is in turn underthrust
from the south by Indian crust, the northern limit of
that underthrust crust (the mantle suture) is south of our
profile where defined by gravity gradients west of 92�E [Jin
et al., 1996; Haines et al., 2003]. Much of the profile
crosses Jurassic marine sedimentary rocks, which are locally
overlain by thin klippen of ophiolitic fragments (notably
near DongQiao) and Paleozoic metasedimentary rocks

Figure 1. Location map, showing major crustal terranes and sutures [after Chang et al., 1982; Ma,
1988; Zhao et al., 1984; Liu et al., 1986]. MBT, Main Boundary thrust; MCT, Main Central thrust; YS,
Yarlung-Zangbo suture; BNS, Banggong-Nujiang suture; JS, Jinsha suture; PTF, Peng Tso Fault; JF, Jiali
fault, NF, Nyainqentanghla shear zone; SANG, AMDO, broadband seismic stations mentioned in text.
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thrust as much as 100 km south of the inferred north dipping
Banggong-Nujiang suture [e.g., Girardeau et al., 1984;
Coward et al., 1988]. Cambrian gneisses (541 Ma [Xu et
al., 1985]) exposed south of Amdo may be generally
representative of the Lhasa block basement [Coward et
al., 1988]. The western part of the profile crosses the
Neogene Bangoin nonmarine basin, just north of the mid-
Cretaceous Bangoin Granite [Harris et al., 1990]. The
region studied lies to the north of the region intruded by
the Gangdese batholith that is associated with Indian
subduction beneath the Lhasa Block but may still have
experienced considerable shortening due to precollision
deformation of the Lhasa block in the Gangdese-Nyainqen-
tanghla fold belt [e.g., Murphy et al., 1997; Alsdorf et al.,
1998; Teng et al., 1985]. Neotectonic activity is expressed
by broadly north-south extensional grabens (e.g., Yadong-
Gulu rift [Armijo et al., 1986; Yin and Harrison, 2000]) and
northeast striking right-lateral faults (e.g., Peng Tso fault
and Karakorum-Jiali fault system [Armijo et al., 1989;
Taylor et al., 2003]). The Karakorum-Jiali fault system
may be the result of eastward extrusion of the Qiangtang
terrane, or an accommodation between coeval east-west
extension and north-south contraction in interior Tibet
[Taylor et al., 2003].

2. Selin Tso–Yaanduo Seismic Profile: Data and
Previous Interpretations

[6] The wide-angle seismic profile, acquired in the 1982
Sino-French joint program, extends 510 km from Selin Tso
(Tso is Tibetan for lake), through Bangoin, Peng Tso, and
Naqu to Yaanduo (Figure 1). Five large shots were fired at
the three shot points Selin Tso, Peng Tso, and Yaanduo.
Because only 60 analog magnetic tape recorders were
available to the experiment (45 French three-component
instruments; 15 Chinese one-component instruments), the
lake shots were repeated, once for an instrument deploy-
ment extending 100 to 150 km from the shot (2 t in Selin
Tso, 3 t in Peng Tso), then again with the recorders located
at more distant offsets (18 t and 10 t, respectively) [Huang
et al., 1991]. The drilled pattern of shot holes at Yaanduo
was used only once, with 10 t of dynamite. Even such large
shots do not propagate well through the thick young Tibetan
crust, so that the maximum useful source-receiver distance
was no more than 350 km, despite attempts to record along
the full profile. Instrument reliability and data return was
less good in 1982 than it is today, and in total only about
130 useful seismic traces were recorded, split between
three shot records (Figures 2, 3, and 4) with trace spacing
8 to 10 km.
[7] Previous interpretations of parts of this data set have

been published in English by Sapin et al. [1985], Yuan
[1986], Min and Wu [1987], and Huang et al. [1991]. The
results of Sapin et al. [1985] may be summarized as P wave
velocities of 5.6 to 6.2 km/s to 20 km depth, above a 5-km-
thick low-velocity zone (5.1 km/s), which overlies thick
middle-lower crust of velocity 6.5 km/s. They modeled the
crust-mantle transition only for the Yaanduo shot with a
one-dimensional structure (no lateral variation) as a broad
zone in which velocities increase from 6.5 to 8.5 km/s from
65 to 78 km depth. Sapin et al. further showed that
discontinuous Moho reflections were present on all three

record sections, and stated that ‘‘reflections from 70 km
depth from a crust-mantle boundary exist in places but the
continuity and geometry of the Moho along the line cannot
be assessed.’’ Min and Wu [1987] focused only on the result
of Sapin et al. that a Vp/Vs ratio of 1.65 can be clearly
defined for the upper crust, characteristic of quartz-rich
rocks, and showed that this lithological interpretation would
likely lead to a shallow low-velocity zone in a high heat
flow regime. Yuan [1986] based his �85 km depth to the
bottom of a 7.4 km/s ‘‘anomalous mantle’’ layer (our Moho)
largely on interpretations of fan profiles. Huang et al.
[1991] provide four one-dimensional velocity structures
(Selin Tso to the east; Peng Tso to the west, Peng Tso
to the east, and Yaanduo to the west) but do not ray trace
two-dimensional (laterally varying) models. They place
their deepest wide-angle reflector even deeper than Sapin
et al., at 85 km below and west of the Yaanduo shot, but
they label as Moho a boundary at 56 km, below a layer of
6.6 km/s, and above what we interpret as a lower crust of
7.4 km/s: Irrespective of the nature of the 7.4 km/s layer,
this defies the common definition of the Moho as requiring
an increase in velocity above 7.6 km/s [Steinhart, 1967].

3. Related Seismic Measurements

[8] From a receiver function analysis of teleseismic data
recorded by the 1991–1992 Sino-American broadband
experiment along the Lhasa-Amdo-Golmud highway across
the Tibet plateau, Owens and Zandt [1997] derived a crustal
thickness of 74 km for the northern Lhasa terrane (seismic
station SANG, Figure 1) and �70 km for station AMDO on
the Banggong-Nujiang suture. Zhao et al. [1996] obtained a
Moho depth (to seismic velocities exceeding 7.6 km/s) of
65–75 km for SANG using a subset of the same data and
65–67 km for AMDO. Receiver function images formed
from these data and the 1992 Sino-French passive seismic
experiment [Hirn et al., 1997] along the same corridor
provides crustal thicknesses in the region of these two
stations of 75–85 and 70–80 km, respectively [Kosarev
et al., 1999], 63–67 km [Kind et al., 2002], 65–70 and 70–
75 km, respectively [Galvé et al., 2002] and 75–85 and 85–
95 km, respectively [Wittlinger et al., 2004]. These signif-
icant differences are probably due to use of different
converted phases by different authors, and different assump-
tions about Vp/Vs ratio, uncertainties that are not present in
active-source profiling. Most recently, Sherrington et al.
[2004] have used anisotropic single-station receiver func-
tions to interpret crustal thicknesses of 73 km and 68 km
beneath SANG and AMDO.
[9] In 1998, the project INDEPTH-III recorded an active-

source 400-km-long NNW-SSE wide-angle seismic profile
in central Tibet, from the Lhasa terrane across the Bang-
gong-Nujiang suture (BNS) at about 89.5�E [Zhao et al.,
2001; Haines et al., 2003]. Analysis of the P wave data
reveals that the crustal thickness is 66–67 km south of the
Banggong-Nijiang suture and that a thick high-velocity lower
layer is evident along the length of the profile (�20 km thick,
6.6–7.3 km/s). A portion of the INDEPTH-III profile is
coincident with the eastern part of our profile (Figure 1),
providing a direct validation of our reinterpretation of the
Selin Tso–Yaanduo profile. The Sino-French active-source
fan recordings were made along the Lhasa-Amdo-Golmud
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Figure 2. (a) Vertical component wide-angle seismic profile for the two shots at Selin Tso, filtered 1–
8 Hz and reduced at 6.0 km/s. Solid lines mark the predicted arrival times of phases Pg, P3, P4, P5, P6,
and Pm. (b) Ray diagram for the phases shown in Figure 2a. For actual velocities, see Figure 5. (c) Radial
component wide-angle seismic profile for the two shots at Selin Tso, filtered 1–6 Hz and reduced at
3.5 km/s. Solid lines mark the predicted arrival times of phases Sg, S3, S4, S5, S6, and Sm.
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highway [Hirn et al., 1984a] but in principle image the
Moho close to the INDEPTH-III profile. Interpretation of
fan profiles is particularly susceptible to misidentification of
seismic phases and unknown lateral velocity variations, and
the initial interpretations of large Moho offsets across suture
zones [Hirn et al., 1984a] have not in general been
substantiated by subsequent work [e.g., Zhao et al., 2001;
Kind et al., 2002]. Galvé et al. [2002] use different
assumptions to reinterpret the fan data and to associate
one apparent Moho offset with an apparent offset in their
receiver function image beneath the Karakorum-Jiali fault
system, a possibility we consider later in this paper.

4. Reanalysis of Selin Tso–Yaanduo Profile

[10] We redigitized the data at 10 ms sample interval and
created 80-s traces. We used a 1–8 Hz band-pass filter for
the P wave record sections, and a 1–6 Hz band-pass filter
for the S wave sections, to enhance the signal-to-noise ratio.
To produce the wide-angle seismic sections shown here, we
applied a reduction velocity of 6.0 km/s to the vertical
component traces for the P wave sections (Figures 2a, 3a,
and 4a) and 3.5 km/s to the radial component traces for the
S wave sections (Figures 2c, 3c, and 4c). These reduction
velocities are chosen so that P and S phases will have
similar arrival times if Vp/Vs = 1.73, or Poisson’s ratio =
0.25.
[11] Clear P wave and S wave energy is visible on all

record sections to ranges in excess of 200 km. While it is
very clear that there are many separate arrivals present (e.g.,
Peng Tso shot to the west, (Figure 3a), in some portions of
the data the reverbatory nature of the arrivals makes it hard
to distinguish the onsets of each specific phase (e.g., Selin
Tso, ranges 50 to 100 km, at 5 to 8 s, Figure 2a). When
interpreting sparse data such as these (trace spacing�10 km)
with very few reciprocal shot-receiver pairs, it can be hard
to convincingly prove that one phase correlation is better
than another, particularly where signal-to-noise ratio is
low at far offsets (e.g., Peng Tso shot to the east offsets >
150 km). However, to satisfactorily explain the observed
seismic energy on the clearest data requires at least five
separate crustal phases (e.g., Peng Tso shot to the west,
Figure 3a) that were labeled Pg, P3, P4, P5, and P6; and an
additional Moho reflection Pm is required by the longer
offset data (e.g., either Selin Tso (Figure 2a) or Peng Tso
(Figure 3a)). We limited our possible interpretations by
requiring these six phases to be present on all three P wave
record sections; and we further assumed that the same wide-
angle reflectors would be present in the S wave velocity
profile. Hence calculated phases are shown even when
arrivals are barely visible, e.g., for S6 for Peng Tso shot
to the east, because our simple methodology forces this
lower crustal reflector to be laterally continuous. In this case
the data are locally so noisy that the lack of a visible S6

reflection is not evidence against our model; our model is
consistent with the data, but is not constrained by the data in
this particular instance. We prefer not to show picks of
phases in Figures 2, 3, and 4 so as to allow readers to form
their own judgment as to the degree of faith to place in
different aspects of the interpretation.
[12] We began our modeling with inversion of the picked

travel time offset curves for laterally homogeneous, layered
media, to derive one-dimensional structures appropriate for
Selin Tso, Peng Tso-west, Peng Tso-east, and Yaanduo for
the P velocities. These four models were then combined
into a two-dimensional P velocity model in which reflector
depths and interval velocities were adjusted to give a good
fit to travel times based on two-dimensional (2-D) ray
tracing (Figures 2b, 3b, and 4b), and the predicted location
of the largest amplitudes (the critical distance) from syn-
thetic seismograms also fit the observations [Červený et al.,
1977]. In this study, we are almost exclusively using
reflecting phases from interfaces with significant velocity
gradients, so the main information derived is interface depth
and average velocities to the seven reflectors that our
interpretation scheme required to be continuous across the
model, which may therefore represent different geologic
boundaries in different places. P wave velocities were
allowed to vary both laterally and vertically between the
seven first-order boundaries. Pg is the P wave refraction
from crystalline basement with depth of about 1.5–6 km
(Figures 2b, 3b, 4b, and 5b), P3 and P4 are the reflections
from interfaces with depths of about 12–15 km and 18–
22 km, respectively, and an unnamed boundary (no reflec-
tions were interpreted in the data) marks the top of the
prominent low-velocity zone the base of which is P5. The
middle crust extends from P5 at about 33 km depth to P6 at
about 48 km, and the lower crust from P6 to Pm, the Moho
discontinuity. Geologically, the final velocity distribution in
P and S (Figure 5) is more important than the layer
geometries, though the boundaries between layers tend to
represent regions of largest vertical velocity gradient. Once
the P wave model was complete, we fit the S wave data
(Figures 2c, 3c, and 4c) by adjusting the S wave velocities,
but not the boundary depths. As the S ray paths are therefore
almost identical to the P ray paths, they are not shown here.
[13] The appropriate test of the validity of the final

models is whether the predicted P and S arrival times (P,
solid lines in Figures 2a, 3a, and 4a; S, solid lines in
Figures 2c, 3c, and 4c) adequately match the visible phases.
For many of the late arriving phases there are large
uncertainties in picking the arrival times (as much as 0.5 s)
corresponding to uncertainties in the crustal structure of the
order of 3 km, or equivalent variations in velocity. These
uncertainties may reduce, but seemingly cannot eliminate,
the large inferred increase in crustal thickness from west to
east. Figure 5a shows the effective ray coverage generated
by this experiment through our final model. Since only three

Figure 3. (a) Vertical component wide-angle seismic profile for the two shots at Peng Tso, filtered 1–8 Hz and reduced at
6.0 km/s. Solid lines mark the predicted arrival times of phases Pg, P3, P4, P5, P6, and Pm. (b) Ray diagram for the phases
shown in Figure 3a. For actual velocities, see Figure 5. (c) Radial component wide-angle seismic profile for the two shots at
Peng Tso, filtered 1–6 Hz and reduced at 3.5 km/s. Solid lines mark the predicted arrival times of phases Sg, S3, S4, S5, S6
and Sm. A limited total recording time for eastern stations for this shot prevented observation of S phases at far offsets to the
east.
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Figure 4. (a) Vertical component wide-angle seismic profile for the shot at Yaanduo, filtered 1–8 Hz
and reduced at 6.0 km/s. Solid lines mark the predicted arrival times of phases Pg, P3, P4, P5, P6, and
Pm, rather than interpretive picks. (b) Ray diagram for the phases shown in Figure 4a. For actual
velocities, see Figure 5. (c) Radial component wide-angle seismic profile for the shot at Yaanduo, filtered
1–6 Hz and reduced at 3.5 km/s. Solid lines mark the predicted arrival times of phases Sg, S3, S4, S5, S6,
and Sm, rather than interpretive picks.
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shot points were utilized, a maximum of three crossing ray
paths is possible at any location in the model, and in fact is
only achieved in the central part of the model. Wherever
two ray paths cross, we can in principle separately resolve
the true rock velocity from the apparent velocity due to
structural dip. Where only one ray path traverses a region, in
principle there is considerable uncertainty in the true veloc-
ity, but in practice if a wide-angle phase is continuous on the
record section, the velocities and reflector geometries are
likely to vary smoothly in the earth also. Where no rays
traverse a region, we have no constraints on the velocities,
and in our final summary models (Figures 5b, 5c, and 5d)
we have left these regions blank.
[14] In the following sections we first describe key

features of the data that constrain important features of
the model; and then we focus on the interpretation and
implications of the two best constrained crustal sections, at
about 90 km (90�E) and 330 km (92.5�E) east of Selin Tso.

5. Description of Data

[15] On the seismic sections (Figures 2, 3, and 4)
compressional and shear phases are visible out to source-
receiver distances in excess of 200 km, more clearly from
the shot at Yaanduo than for the shots at Selin Tso and Peng
Tso. Pg and Sg are visible out to 80 to 100 km from the
three shot points, but clearly have different travel times.
Only on the Selin Tso record section are velocities < 6 km/s
still observed at offsets >50 km, and from that shot Pg
arrives over 1 s later at 50 km offset than on the Peng Tso
and Yaanduo record sections, showing a greater thickness of
probably Mesozoic sedimentary rocks in the western part of
the profile.
[16] The events P3, S3 and P4, S4, visible over offset

ranges of �40–180 km and �60–220 km from each shot,
are modeled as reflected P and S waves from upper crustal
interfaces in the depth range 15 to 30 km. Although
reversing rays from pairs of shot points help constrain the
velocities in this depth range to �6.0–6.1 km/s (Vp) and
3.2–3.3 km/s (Vs), the wide-angle reflecting points are not
reversed, and we do not expect that these reflections
represent the same geological boundary along the entire
500-km-long profile. Our inability to observe convincing
crossovers between Pg and P3 (e.g., Peng Tso record
section, Figure 3), and between P3 and P4 (e.g., Yaanduo
record section, Figure 4), suggests low vertical velocity
gradients, even local low-velocity zones, in these layers. We
only formally model one low-velocity zone, above P5, S5.
On both the Yaanduo (Figure 4) and the Peng Tso (to the
west) (Figure 3) record sections, there is a clear time gap
between where P4 is last observed and where the P5
appears, which is indicative of a hidden layer. This behavior
is less pronounced on the Selin Tso record section
(Figure 2), suggesting that the low-velocity zone is less

marked in the west. The thickness and velocity of
the interpreted low-velocity layer are not separately well
resolved, but the data suggest that the base of the layer, the
base of the felsic upper crust, is at 27 to 33 km, somewhat
deeper in the west than in the east. The average P and Swave
velocities from the surface to the base of the upper crust (P5)
are 5.9–6.0 and 3.5–3.6 km/s, respectively.
[17] Event P6 is clearly visible on the Peng Tso record

section (Figure 3), from 180 to 200 km to the west and 250
to 310 km to the east (in each case the maximum observed
offset is limited by the maximum recording offset). P6
is also clearly visible on the Selin Tso record section
(Figure 2), at offsets from 150 to 320 km. It is this wide-
angle reflector that was taken by Huang et al. [1991] as the
Moho reflection; in contrast we interpret it as a reflection
from the strong vertical velocity gradient that is the bound-
ary between middle and lower crust. The modeled reflector
lies at 42 to 52 km depth, somewhat deeper in the east than
in the west, and represents an increase in P wave velocity
from 6.8 to 7.3 km/s.
[18] Events Pm and Sm are reflections with the strongest

amplitude but the lowest frequency (1–4 Hz) (hence are
most reverberative and hardest to pick precisely), and are
interpreted to be P and S reflections coming from the Moho.
The critical offset is between 210 and 250 km. Note
especially that the travel times for receivers in the east part
of the profile (Peng Tso-east and Yaanduo) are delayed 1–
2 s with respect to those in the west part of the profile (Selin
Tso and Peng Tso-west). For example, Pm arrives at �0 s
reduced time at 300 km offset on the Selin Tso record
section (Figure 2a) but at �2 s at the same offset on the
Peng Tso-east (Figure 3a) and Yaanduo (Figure 4a) record
sections. Indeed, one might argue that the modeled arrival
times of Pm on the Yaanduo record section at offsets 280 to
320 km should be adjusted to fit a strong burst of energy
arriving 1 s later than the model shown, which would
require the Moho here to be even deeper (or lower crustal
velocities even slower). This comparison of delay times
demonstrates that either the Moho discontinuity deepens
considerably from west to east, or that average crustal
velocities decrease considerably from west to east, or that
both occur, as is shown in our final model (Figure 5b). The
modeled depth of the Moho reflector increases from 62 km
(between Selin Tso and Peng Tso) to 83 km (between Peng
Tso and Yaanduo), though these absolute values may have
errors as large as ±5 km. The interval P wave velocity
between the P6 and Pm reflectors (i.e., the velocity of
the lower crust) decreases from 7.4 km/s below Selin Tso
to 7.3 km/s between Peng Tso and Yaanduo. In contrast,
lower crustal S wave velocity is interpreted to increase from
west to east, from 4.10 to 4.45 km/s, but this depends very
much on the recognition of the Sm phase on the Yaanduo
record section (Figure 4c) in a region where signal-to-noise
ratio is about 1:1. In the final model, the average velocity

Figure 5. Two-dimensional crustal structure interpreted along the Selin Tso–Peng Tso–Yaanduo profile. (a) Summary
ray trace coverage composed from ray trace models in Figures 2b, 3b, and 4b. Regions of the model with reversed coverage
(two or three rays) are denoted by darker shading; regions that are unreversed are denoted by lighter shading; unconstrained
regions are blank. (b) P wave velocities (in km/s). Note that the layer boundaries tend to lie along regions of large vertical
gradients in velocity, but are not isovelocity boundaries. (c) S wave velocities (in km/s). Note that the layer boundaries tend
to lie along regions of large vertical gradients in velocity but are not isovelocity boundaries. (d) Vp/Vs ratio (in contour
interval of 0.02) determined as the ratio of the velocities in Figures 5b and 5c.
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from the surface to the Moho (that is, the average
velocity of the entire crust) is 6.30 km/s for P waves
and 3.7–4.0 km/s for S waves, respectively.

6. Crustal Structure Along the Selin
Tso–Yaanduo Profile

[19] The comparison between the observed P wave data
and the calculated travel times, and the corresponding P
wave ray paths, are shown in Figures 2a, 2b, 3a, 3b, 4a, and
4b for the shots at Selin Tso, Peng Tso, and Yaanduo,
respectively. Correspondingly, the comparison between the
observed S wave data and the calculated travel times are
shown in Figures 2c, 3c, and 4c. In Figures 2b, 3b, and 4b
only the part of the model space that is illuminated by
the shot point is shown for each record section. The final
velocity model along the entire profile is shown in Figure 5,
including ray coverage (Figure 5a), Vp (Figure 5b), Vs

(Figure 5c), and Vp/Vs (Figure 5d). As in all crustal
refraction studies velocities and depths to specific reflectors
are subject to error, so we focus here only on those features
that can be reliably interpreted, and that are required by the
most obvious features of the data as detailed in the previous
section.
[20] The crust may be crudely divided into an upper crust

(�5 to 30 km depth, 5.0 < Vp < 6.4 km/s), a middle crust
(�33 to 48 km depth, 6.5 < Vp < 6.8 km/s) and a lower
crust (depths below �48 km, 7.1 < Vp < 7.4 km/s). Larger
vertical velocity gradients separate these three layers, and
bound them above (surficial and sedimentary rocks) and
below (Moho transition zone). The upper crust in particular
has low and locally negative vertical velocity gradients,
interpreted here as a prominent low-velocity zone at the
base of the upper crust, more prominent in the east than the
west of the profile (required by step back of successive
reflected phases, P4, S4 to P5, S5). The data are consistent
with S wave velocity structure being broadly similar to P
wave structure, except that Vp/Vs ratios may decrease from
west to east in the lower crust.
[21] Ray coverage is only reversed at the Moho at two

points along the profile, but the Moho depth is considerably
different at these places: Moho depth is about 60 to 65 km
at 90�E, but 75 to 80 km at 92.5�E (required by the large
delay in Pm travel times from eastern shot points as
compared to western shot point). The west-to-east increase
in crustal thickness is accomplished by �50% thickening of
the middle and lower crustal layers. The extreme lateral
continuity of our crustal layers is an artifact of limited
ray coverage and the modeling technique, and our seismic
data do not constrain whether lateral transitions in velocities
and thicknesses are abrupt (at crustal-scale faults), or
transitional.
[22] At the shallowest levels, we can interpret sedimen-

tary basin development along our profile. The total thick-
ness of sedimentary rocks (inferred to be represented by P
wave velocity of 3.8–4.8 km/s and S wave velocity of 2.8–
3.2 km/s) is 8–10 km. From Selin Tso to Bangoin
(Figure 1), P wave velocities of 3.8–4.5 km/s probably
represent Cenozoic basins of thickness 3 to 5 km. From
Bangoin east to Naqu, the P wave velocities of 3.8–4.5 km/
s represent Cenozoic thicknesses of 2–4 km. From Naqu to
Yaanduo, P wave velocities of 4.6–4.8 km/s may represent

Cenozoic sedimentary basins with thickness of 1.5–6 km
(high velocity of 5.4km/s in the zone of the Cenozoic basin,
may be attributed to the additional inclusion of Mesozoic
materials). Individual basin structures are complex and
changes in basin thickness may be controlled by the
north-south extensional grabens (e.g., Yadong-Gulu rift
[Armijo et al., 1986]) and/or the Karakorum-Jiali fault
system [Armijo et al., 1989]. The earlier seismic arrival
times recorded west of the Peng Tso shot (at km 200) than
east of that shot (Figure 3) suggest that the Peng Tso fault
marks a significant change in crustal properties. However,
the station spacing on our seismic profile is too sparse for us
to constrain any direct relation between these faults and the
Cenozoic basins, and certainly prevents us from more than
speculation about the relationship of these faults to deeper
crustal structure.
[23] Below the sedimentary basins, the upper crust is

characterized by low vertical velocity gradients and a low-
velocity zone at its base (at �30 km depth). Such zones
occur naturally in a granitic crust with high geothermal
gradient [Min and Wu, 1987; Christensen, 1996] without
need for partial melting. However, the evidence farther
south in the Lhasa block for partial melt in the upper crust
from heat flow [Jaupart et al., 1985; Hochstein and
Regenauer-Lieb, 1998] and seismic measurements [Nelson
et al., 1996; Hirn et al., 1997; Makovsky and Klemperer,
1999] suggests that our low-velocity zone may also mark a
region of partial or incipient melting. Partial melts are
consistent with the 800�C temperature inferred by Mechie
et al. [2004] at this depth beneath the western part of
our profile, based on their recognition of the a-b quartz
transition at �32 km depth under the INDEPTH profile in
the northern Lhasa block, and with the cutoff to crustal
seismicity at only 20 ± 5 km [Langin et al., 2003]. Our low-
velocity zone is more marked in the east than in the west of
our profile (compare the step back between P4 and P5 on
Figures 2a and 4a), so the active geologic processes we
believe are responsible for this layer must be present or
even more marked in the eastern part of the profile in a
region that has not otherwise been studied by active-source
seismology.
[24] The middle crust is relatively uniform, velocities

mostly 6.5 to 6.7 km/s between reflections P5 and P6 in a
10- to15-km-thick layer that thickens somewhat toward the
east. In contrast the lower crust shows a substantial change
in thickness, from 15 km in the west to 25 and even 30 km
in the east. Where best constrained by reversing ray paths, at
km 90 and km 330 (Figure 5), the crustal thickening is
accompanied by a decreasing lower crustal velocity, sug-
gesting that we have not simply misinterpreted similar
arrival times as thicker crust with faster seismic velocity.
Selin Tso-east (Figure 2a) shows Pm arriving at reduced
travel time of 3 to 4 s at �200 km offset; in contrast
Yaanduo-west (Figure 4a) shows reduced travel time of 5
to 6 s at the same offset. Though very poorly constrained
by our data, there is a suggestion that Vp/Vs ratio is higher
in the west (Figure 5c), and Vp/Vs ratios of 1.8 and higher
in this region are also implied by receiver function
inversions [Owens and Zandt, 1997; Kind et al., 2002].
Our overall picture of Vp/Vs ratios (less than 1.7 in the
upper crust, and greater than 1.7 in the middle and lower
crust for the western part of the profile) is corroborated by
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similar observations along the intersecting north-south
INDEPTH-III profile [Mechie et al., 2004].
[25] A central result of our reinterpretation is that the

crust thickens from about 62–67 km in the west part to 75–
83 km beneath the center and eastern parts of the profile.
Because there were only three shots along the profile, the
change in crustal thickness cannot be localized, and could
be a gradual thickening from km 160 to 260 (91� to 92�E),
or an abrupt transition anywhere in that region. This
important observation deserves comparison with other seis-
mic estimates of crustal thickness, and with previous
interpretations of the same data set. Fortunately, the two
well-constrained ‘‘north-south’’ transects (INDEPTH-III
and the Lhasa-Amdo-Golmud highway) cross, respectively,
the thinner western part of our profile, and the thicker
central part. Where our profile crosses the INDEPTH-III
profile [Zhao et al., 2001] near Bangoin, they infer a Moho
depth of about 67 km, and we obtain the consistent Moho
depth of 64 km (profile location approximately km 80).
Where our profile crosses the Lhasa-Amdo-Golmud high-
way at profile location approximately km 260, our crustal
thickness estimate of 77 km is in the middle of the range of
estimates of 65–85 km from the receiver function images
and inversions [Owens and Zandt, 1997; Zhao et al., 1996;
Kosarev et al., 1999; Kind et al., 2002; Galvé et al., 2002;
Wittlinger et al., 2004; Sherrington et al., 2004].
[26] In contrast, there are apparent contradictions between

our model (crustal thickness of 62 to 83 km) and previous
interpretations of the same data set in which claimed crustal
thicknesses range from 55 km [Huang et al., 1991; Cui et
al., 1992] to �70 km [Sapin et al., 1985; Teng et al., 1985]
to �85 km [Yuan, 1986; Huang et al., 1991]. These differ-
ences are probably due to the choice of which phase
represents the Moho reflection, and also to our use of full
2-D interpretation and modeling, in contrast to most previ-
ous workers who used 1-D methods. For example, both
Huang et al. [1991] and Cui et al. [1992] interpreted the
event from the top of our lower crustal layer as the reflection
from the Moho. This is inappropriate since the velocity
below this level is clearly less than the 7.6 km/s velocity
conventionally taken as the lower limits for assigning Moho
[Steinhart, 1967] but explains their incorrectly thin crust.
Sapin et al. [1985], Huang et al. [1991], and Yuan [1986]
used only 1-D velocity models. Sapin et al. [1985] stated
that ‘‘reflections from 70 km depth from a crust-mantle
boundary exist in places’’, which is consistent with the
mean crustal thickness in our model. Yuan [1986] based his
�85 km depth to the bottom of a 7.4 km/s ‘‘anomalous
mantle’’ layer (our Moho) largely on interpretations of fan
profiles. Huang et al. placed their deepest wide-angle
reflector (not labeled Moho) at 85 km, consistent with our
determination of Moho at 83 km. We conclude that previous
seismic determinations are largely concordant with our
suggestion that the Tibetan crust thickens from west to east
along our profile.

7. Discussion: Origin of West-East Thickness
Changes

[27] We consider two possible explanations of the
observed crustal thickening from west to east within the
Lhasa block: (1) that we are observing the effects of crustal

flow in response to gravitational potential and (2) that even
though our profile lies within a single terrane bounded by
Mesozoic and Paleogene sutures, we are obliquely crossing
a younger structure related to ongoing collisional processes.
In particular we wish to explore the possibility that the
crustal thickness change is related either to gravitational
collapse and lower crustal flow out to the east [e.g., Clark
and Royden, 2000; Shen et al., 2001], or to tectonic escape
of crustal blocks along crustal-penetrating strike-slip faults
[e.g., Tapponnier et al., 1982, 2001].

7.1. Gravitational Potential

[28] We followed the methodology of Haines et al.
[2003] to calculate crustal density columns and hence
lithostatic pressure for the two best resolved points along
our velocity profile, at 90�E (km 90; Figure 5, column A)
and 92.5�E (km 330, Figure 5, column B) using standard
velocity-density regressions [Christensen and Mooney,
1995, Table 8]. For the mantle lithosphere, we use a density
r = 3320 kg/m3 [Ringwood, 1975]. The density for the
uppermost 5 km of crust is taken to be the average of
the end-members for each block. The lower plausible bound
is r = 2440 kg/m3 (1 km unconsolidated sediments over 4 km
sedimentary rock using velocity-density relationships from
Gardner et al. [1974] and the upper bound is r = 2700 kg/m3

(granite extending to the surface). The resultant density
columns at 90�E and 92.5�E are shown in Figure 6a, and
the gravitational potential Srgh is shown in Figure 6b.
[29] Differences in gravitational potential (lithostatic pres-

sure) at any depth may be expected to drive lateral flow
in the crust where crustal viscosity is sufficiently low.
Figure 6b shows that the pressure at km 90 is less than at
km 330 in the upper crust, but exceeds the lithostatic
pressure at km 330 in the lower crust and upper mantle. If
the lower crust is the weakest part of the lithosphere, these
curves would imply a pressure gradient, and the possibility
of lower crustal flow, from west to east. This direction of
flow is consistent with evidence for Tibetan lower crustal
anisotropy [e.g., Sherrington et al., 2004; Shapiro et al.,
2004] and mechanical models implying lower crustal flow
eastward from the Tibetan Plateau to absorb ongoing con-
vergence [e.g., Clark and Royden, 2000; Shen et al., 2001].
[30] However, the curves in Figure 6b were calculated

using identical depth-dependent velocity-density conver-
sions at each location, which potentially introduces large
errors. The large change in crustal thickness indicated by the
seismic data (�10 km of thickening, albeit with a large
uncertainty) should exhibit a corresponding gravity signa-
ture, of �150 mGal (assuming a density contrast at the
Moho of 350 kg/m3), and the thicker crust should sit
�1.3 km higher, assuming Airy isostasy at the Moho. In
contrast, Bouguer gravity changes by less than 40 mGal
along our profile [Jin et al., 1994] and the surface elevation
increases by only �400 m over the region of thicker crust:
If densities are laterally constant, these changes suggest an
increase in crustal thickness of only �3 km. Most plausibly
our seismic model has somewhat overestimated the increase
in crustal thickness, but there are also lateral density
changes, increasing to the east, which would decrease the
gravitational potential energy available to drive east directed
lower crustal flow. Indeed, lateral density variations in the
upper 5 km can change the total calculated pressure by up to
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10 MPa, as could a 3 km depth error in the Moho
across which we estimate a density contrast of 350 kg/m3

(Figure 6a). The shaded region in Figure 6b represents a
±10 MPa uncertainty in our calculations, and shows that
there is no unequivocal evidence for significant lateral
pressure gradients along our seismic profile.

7.2. Crustal Strike-Slip Faults

[31] Our profile crosses the Peng Tso fault, a branch
of the Karakorum-Jiali right-lateral strike-slip fault system
(KJF), at approximately km 190. The Peng Tso shot
(Figure 3) was fired in the eponymous lake that lies in a
pull-apart within the fault system [Armijo et al., 1989],
nearly 100 km south of the Banggong-Nujiang suture. It is
hypothesized that the KJF allows eastward tectonic escape
of northern Tibet [e.g., Tapponnier et al., 2001] or at least
operation of distinct deformation systems in southern and
northern Tibet [e.g., Taylor et al., 2003]. The Peng Tso
segment is thought to have accommodated a few tens of
kilometers of offset at rates of 10–20 mm/yr [Armijo et al.,
1989].
[32] Huang et al. [2000] show a dramatic change in shear

wave splitting along the INDEPTH-III transect �40 km
south of the Banggong-Nujiang suture, from little anisotropy
to the south to strong east-west fast direction to the north.
Huang et al. interpreted this change as representing the
northern limit of underthrust Indian mantle, and the southern
limit of eastward extruding Asian mantle, enhanced by
strong crustal anisotropy in a lithosphere-penetrating trans-
current shear zone, presumed to be part of the KJF. Along the
INDEPTH-III transect minor changes in crustal thickness
detected by the controlled-source profile spanning a region
from 50 km south to 50 km north of the Banggong-Nujiang
suture [Zhao et al., 2001] were attributed to the Mesozoic
suture, not to Neogene strike slip. Any change in crustal
thickness across the KJF along the INDEPTH-III transect is
less than �2 km, and no evidence was seen for the 10-km
Moho steps claimed from Sino-French fan profiling with
image points �50 km east of INDEPTH-III [Hirn et al.,
1984a], up-to-the-north beneath the Banggong-Nujiang su-
ture, and down-to-the-north beneath the DongQiao ophiolite
belt �100 km farther south. However, Galvé et al. [2002]
use receiver functions to image a Moho step,�10 km down-
to-the-north, beneath the Jiali fault where it crosses the
Lhasa-Amdo-Golmud highway, and show that this is con-
sistent with the 10 km down-to-the-north step in the older fan
profiles if these data are projected along the southeast trend
of the Peng Tso and Jiali faults, and not due east (as
previously done) along the trend of the Banggong-Nujiang
suture.
[33] Given the evidence on two entirely independent

data sets for a 10-km increase in crustal thickness to the

Figure 6. (a) Density-depth (r-z) functions derived from
Figure 5b (see text) for the best determined regions along
the profile, km 90, 90�E (dashed line) and km 330, 92.5�E
(solid line). (b) Cumulative gravitational potential (pressure-
depth) curves for the best determined regions along the
profile, km 90, 90�E (dashed line) and km 330, 92.5�E
(solid line). Heavy black line is excess lithostatic pressure
at km 90 compared to km 330; the error bar region
corresponds to ±10 MPa.
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northeast across the Karakorum-Jiali fault system [Galvé et
al., 2002], at locations that bracket our crossing of the
Peng Tso fault, it seems most plausible that the increase in
crustal thickness that we require somewhere between
profile locations km 160 and km 260, is in fact also
localized beneath the KJF at approximately km 190. In
contrast to the fan profiling that suggests changes in
crustal thickness are localized within a few tens of kilo-
meters of the KJF [Hirn et al., 1984a], our data (Figure 5)
and the receiver function image of Galvé et al. [2002]
suggest that the entire region east and north of the KJF is
thicker than the crust farther west and south. Our data and
the receiver function image of Galvé et al. [2002] suggest
that the Peng Tso and Jiali faults cut through the entire
crust, and are not upper crustal features riding above a
lower crust that is deforming independently. Although the
INDEPTH-III controlled-source profile (89�300E) suggests
that changes in crustal thickness across the Peng Tso fault
die out westward, east of the Sino-French fan profile
image points (�90�300E) and our crossing of the Peng
Tso fault (�91�E) the significant change in crustal struc-
ture may occur across the active KJF, not across the
Mesozoic Banggong-Nujiang suture between the Lhasa
and Qiangtang terranes.

8. Conclusion

[34] Our reinterpretation of a 500-km west-east seismic
refraction profile in the northern Lhasa Block, central Tibet,
reveals a several kilometer increase in crustal thickness
from west to east, as well as changes in crustal velocity
structure. This represents an important distinction from
previous studies that focus on north-south variations
between the Lhasa block and adjacent crustal terranes,
and shows that interpretations of Tibet solely as a two-
dimensional orogen composed of the Tethyan, Lhasa,
Qiangtang and Songpan-Ganzi terranes separated by the
Yarlung-Zangbo, Banggong-Nujiang and Jinsha sutures,
are oversimplistic. Observed changes in crustal thickness
coupled with small relative Bouguer gravity anomalies
do not provide strong support for gravitational potentials
driving lower crustal flow in this region. The increase in
crustal thickness toward the east most probably occurs
across the Karakorum-Jiali fault system, pointing to the
importance of this right-lateral strike-slip fault as a crustal-
penetrating feature accommodating the ongoing north-south
convergence between India and Asia. However, a midcrus-
tal low-velocity zone, possibly associated with partial melts,
occurs both southwest and northeast of the KJF, and so may
imply a continuity of thermal processes throughout the
northern Lhasa block.
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Galvé, A., M. Sapin, A. Hirn, J. Diaz, J.-C. Lépine, M. Laigle, J. Gallart,
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