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Crust and upper mantle shear velocity structure
beneath the Tibetan plateau and surrounding regions
from interevent surface wave phase velocity inversion

Andrew Curtis! and John H. Woodhouse

Department of Earth Sciences, Oxford University, England

Abstract. Average a priori shear velocity models are constructed for the Tien
Shan, Tarim basin, Pamir-Hindu Kush, Himalaya and NE India. These models are
shown to account for most of the lateral velocity heterogeneity at wavelengths >
1000 km. Interevent fundamental mode Rayleigh and Love wave phase velocities
were measured in the period range 32-200 s and were inverted for path-averaged
shear velocity structures. These, in turn, were regionalized to estimate average,
isotropic structures beneath the six regions listed above. Low upper mantle
velocities are observed beneath the western and eastern Tien Shan. The Tarim
basin structure is poorly constrained but exhibits very low upper crustal velocities
(probably due to deep sedimentary accumulation), and either very high upper
mantle velocities exist (> 4.8 km/s) in a layer 70 km thick or the lithosphere is very
thick (~180 km). Low upper mantle velocities are observed beneath the Chang
Thang region, the central, and the northeast plateau but not beneath the southern
or southeastern plateau. The crustal velocity gradient with depth is zero in the east
central plateau consistent with lower crustal basaltic intrusions there but is positive
to the west and southeast of this zone. Upper mantle structures show that the
Indian lithosphere could have subducted beneath the entire plateau only if either 1
mantle in the depth range 115-185 km has been altered (or removed) to reduce its

average velocity or 2 the Indian lithosphere is only ~85 km thick.

Introduction

India collided with Asia in the Eocene around 40-
50 Ma [Fisher et al., 1971; McKenzie and Sclater,
1971; Sahni and Kumar, 1974; Molnar and Tapponnier,
1975). Continued convergence has accommodated be-
tween 1800 and 2500 km of crustal shortening, creating
crustal thicknesses of between 55 and 80 km over an area
of 1.5 x 10% km? within the Tibetan plateau [McKenzie
and Sclater, 1971; Molnar and Tapponnier, 1975; Mol-
nar, 1984, 1988; Holt and Wallace, 1990; Zhao and Xie,
1993].

There are four main views on how this shortening
has been accommodated: (1) Subduction of India along
the main boundary thrust has underplated most, or the
whole of the Tibetan plateau with the Indian shield;
the buoyant shield material lifts the overlying Asian
crust creating the plateau [Barazangi and Ni, 1982].
Certainly, there is evidence for underthrusting beneath
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the Himalaya from earthquake source mechanisms and
locations [Ni and Barazangi, 1984; Baranowski et al.,
1984,] but this seismicity only extends approximately
150 km north of the subduction zone, so any more
extensive underthrusting must be aseismic. (2) Dif-
fuse thickening and extrusion of the entire Asian litho-
sphere create the plateau due to isostatic buoyancy
forces [Dewey and Burke, 1973; Molnar and Tappon-
nier, 1975; England and McKenze, 1982; England and
Houseman, 1986; Peltzer et al., 1988; Armijo et al.,
1989]. (3) Indian crustal material is injected into the
“fluid” Asian lower crust; lower crustal flow is blocked
by surrounding cratonic regions causing the plateau up-
per crust to be elevated pneumatically [Zhao and Mor-
gan, 1985, 1987; Westaway, 1995]. (4) Diffuse accumu-
lation and thickening of Asian crustal material stripped
off subducted Asian lithosphere cause increased plateau
elevation [ Willett and Beaumont, 1994].

In regions of the world with high seismic activity,
travel times of different modes and waveforms can place
constraints on the velocity structure of the crust and
mantle. In Tibet, however, the lack of seismic stations
within or on the edges of the plateau decreases the pos-
sible resolution dramatically and introduces large ambi-
guities in structural interpretation of travel times. The
lack of seismological constraints is especially accute be-
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Figure 1. The Tibetan region, geographical names used in the text. Abbreviation are as follows:
MBT, Main Boundary Thrust; MCT, Main Central Thrust; FB, Fergana basin.

neath the Tarim basin to the north of the plateau (see
Table 3), and hence new constraints anywhere within
the Tibetan region (Figure 1) may be invaluable to the
understanding of subsurface mechanisms of lithospheric
shortening.

In the current work we constrain the average isotropic
crust and upper mantle shear velocity structure across
the Tibetan region by phase velocity analysis and struc-
tural inversion of surface wave trains from earthquakes
occurring in and around the plateau arriving at seismo-
logical stations world wide. To isolate that component
of the signal due to structure within the Tibetan re-
gion, we use data only from pairs of events aligned with
one station; the difference in event-station phase delays
is attributed to the portion of paths between the two
events [Romanowicz, 1982]. Without the installation of
seismographs within the Tibetan region, this is the only
method of obtaining pure path seismic velocity mea-
surements. We measure and invert phase delays along
59 interevent paths across the Tibetan region. Average
path structures are then regionalized to give the aver-
age structure in six geologically distinct provinces: the
Tien Shan, Tarim basin, Pamir-Hindu Kush, Tibetan
plateau, Himalaya, and Indian shield (Figure 1). Our
interpretation is described in the discussion, and all re-
sults are summarized in the conclusions.

Data Selection and Methodology

We use the method of Romanowicz [1982] to measure
interevent phase delays. As described above, this re-
quires that paths from pairs of earthquakes to any single

teleseismic station are aligned. Below we describe the
data selection criterion, the process of signal filtration,
and phase dispersion measurement; then the inversion
procedures are described for both path and regional in-
versions.

Alignment Criterion and Signal Filtration

The International Seismological Centre (ISC) earth-
quake source catalogue and locations of all teleseis-
mic long-period Global Digital Seismmograph Network
(GDSN) and Geoscope stations were searched for align-
ments of event—station paths. Surface waves sample
laterally on a length scale proportional to their wave-
length and within the 35-200 s period range considered
here, their velocities will be affected by crustal prop-
erties within at least 100 km of the great circle path.
Hence we impose a maximum allowable lateral distance
of 50 km between each pair of event—station great cir-
cle paths. Using this search criterion, a network of 257
interevent path alignments was found.

For each recorded signal, the instrument response was
deconvolved and replaced by an amplitude scaling fac-
tor 1/w (to boost amplitudes at longer periods) with
no phase change over the interval 45 to 250 s, tapering
to zero at either end to 32 s and 450 s, respectively.
Only long-period vertical (LPZ) and transverse (LPT)
components were used, recording Love and Rayleigh ar-
rivals, respectively. Signals were decimated to a sam-
pling interval of 16 s since all energy below a 32 s period
was removed.

Signals were analyzed using moving window analysis
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Figure 2. Examples of contoured energy on a velocity—
period plot for the fundamental mode long-period trans-
verse surface wave component of August 20, 1988, event
recorded at station COL. (top) A nonnormalized en-
ergy grid with the group velocity dispersion curve of
PREM [Dziewonski and Anderson 1981] shown as the
central smooth solid line, flanked by the lines marking
the boundary widths defined by the third order formu-
lae of Cara [1973]. (bottom) The column-normalized
grid for the same signal with hand-picked boundary
widths.

[Landisman et al., 1969]. Examples are shown in Fig-
ure 2 for the transverse signal component from event
August 20, 1988, at station COL. Around each point
in time the amplitude of frequency components within
an interval of length W x T are contoured, where T is
period and the value W = 3.0 was chosen empirically.
The ridge of high amplitude clearly defines the funda-
mental mode group arrival, especially when columns are
normalized to have the same maximum value (Figure 2,
bottom), but also holes in the time-frequency spectrum
and the arrival of other phases can be detected.

Time variable filtration allows filtered seismograms to
be constructed from energy arriving around the main
group arrival only [Landisman et al., 1969]. Usually,
energy is included within some temporal half width
around the group velocity curve, for which Cara [1973]
provides a theoretically optimal definition with respect
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to time and frequency resolution (see Figure 2, top).
However, this method often includes noise from other
unwanted airivals in filtered signals.
upper and lower filter width boundaries t; (w) and t2 (w)
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(1)
as used by Cara. Thus interference caused by other
phase arrivals can be avoided, and it will be shown be-
low that this method can be used to calculate variances
of phase velocities. Figure 3 shows example recorded
and synthetic data before and after filtering. Notice
that phase is preserved in the portion of maximum am-
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Phase Velocities

Event-station phase velocities were found by cross-
correlating filtered synthetic seismograms and data to
obtain the phase delay spectrum, defining the integral
cycle number by assuming continuity of phase from long
periods to short. Synthetics were calculated for model
PEM-C [Dziewonski et al., 1975] using centroid mo-
ment tensor source solutions and depths [Dziewonski
and Woodhouse, 1983] and ISC epicentral coordinates.

Interevent phase velocities were found using the method
of Romanowicz [1982] and Brandon and Romanowicz
[1986]. The phase of an arrival of frequency w from
event ¢ at a station can be written

in
Cs

®; =~ +wT;+ @+ Pp+ 27N; (2)
where ®p is the instrumental phase, X is the epicentral
distance, C; is the average phase velocity on the source
station path, ®¢ is the source phase, T; is the time of
the beginning of the data window with respect to origin
time of event i, and N; is the number of cycles. The
phase difference between two such events (i = 1,2) is

AP = Py -P,
wX;  wXo X
= — = —= 4+ 05 -®7 +27(N, — N
Ch c + @5 1+ 7T( 2 1)
+w(T> —T1) (3)

and if we assume that the paths are well enough aligned
and a sufficient distance apart to justify phase additiv-
ity, then we can use the formula
wX _ le
c G

UJJYQ
C>

(4)

to estimate the interevent average phase velocity C,
where X is the interevent distance.

The network of paths for which data quality was suffi-
clent to pass filtration and phase velocity determination
is shown in Figure 4. These are tabulated in Table 1
for events listed in Table 2.
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Figure 3. Original and filtered data and fundamental mode synthetics for August 20, 1988,
event recorded at station COL, decimated to 16 s sampling interval. (top) The transverse (LPT)
component; (bottom) the vertical (LPZ) component. In each graph, the top traces are recorded

and filtered data, while the bottom traces are the original and filtered synthetic.

In all cases,

filtered signals are smoother and die away to zero more rapidly than the original data. The
horizontal axis is time after the event median source time; the vertical axis is a nondimensionalized

measure of displacement.

Variance of Phase Velocity Measurements

For each pair of events aligned with one station, the
process of time-variable filtration and interevent phase
velocity calculation was carried out five times. Each
time, a different band of energy in time-frequency space
was picked to be included in filtered signals and syn-
thetics. Each band included the main group arrival but
had variable width while still avoiding all other promi-
nent arrivals. Hence the only difference between the
five reconstructed filtered signals was that each con-
tained a different portion of background noise (visible
in Figure 2, top). This process gave five independent
estimates of phase velocity as a function of frequency,
ci(w), i = 1,---,5. Differences between the five results
are due to different selections of the dispersion bands
alone and are a measure of the precision of the result-
ing phase velocities.

The mean phase velocity curve c(w) and the fre-
quency dependent variance relationship o?(w) were cal-
culated for each path. Examples of relations ¢;(w), c(w)
and o(w) are shown in Figure 5 for the path pl03a in
Figure 4. Notice the divergence of phase velocity curves
and the corresponding increase in ¢ at long periods.
This indicates that the mean phase velocity estimate at
long periods is much less reliable than at short periods.

In previous studies, a constant measurement variance
has been assumed for phase velocities. The automatic
signal filtration used in most of these will not be best
suited to each measured signal, and phase velocities
will be correspondingly less precisely measured. Un-
less some other information is available, a better esti-
mate of measurement precision of event-station phase
velocities for future studies is half the average interevent
path measurement variance over Tibet, as calculated
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Figure 4. The network of paths which ultimately had data of sufficient quality to be used
throughout the current study. These are tabulated in Table 1.

from the present results. Corresponding average stan-
dard deviations found in the present study are shown
in Figure 6.

Phase velocity measurement precision such as that
shown in Figures 5 and 6 does not include errors due
to uncertainty in the location and mechanism of the
seismic source. FEach interevent phase velocity mea-
surement is dependent on two seismic source estimates.
Relative errors between the two source phases perturb
phase velocity measurements in inverse proportion to
path length. Two paths in this study are only approx-
imately 300 km long; a relative source location error
of 30 km on these paths could cause an error in phase
velocity of up to 10%. However, on average our paths
are around 1200 km long, and for such paths, a similar
source error would translate to a phase velocity error of
around 2.5%. In addition, since we expect source loca-
tion bias to be laterally systematic due to the geometry
of global station coverage, relative location errors for
each source pair should be lower for short paths than
for longer ones.

Uncertainties due to source depth or mechanism er-
rors are more difficult to quantify, but again these ef-
fects will be inversely proportional to path length. An
additional uncertainty arises because deviations from
the great circle may be significant on the longer paths.
In summary then, source errors may bias our results
mainly on the short paths, while off-great circle path
propagation may be significant on longer paths.

Inversion for Average Velocity Structure Along
a Path

An iterated linear weighted least squares procedure
was used to invert interevent phase velocity dispersion

curves for velocity structure [Tarantola and Valette,
1982]. Let the data vector d comprise interevent phase
delay measurements at a range of frequencies along any
path and the model vector x comprise average model
parameters along the path. We invert for Moho depth
plus two crustal and two mantle velocity layers; hence
x has five elements for each path. We represent the
forward theory of estimating d given x by the function
G(x). Let pp(x) be the probability distribution repre-
senting all a priori parameter information. This will be
constructed below, but we assume here that pp(x) is
Gaussian with mean x¢ and variance S%. Hence

(5)

where Cj is the prior covariance matrix diag[S?, .. ., SZ).

The prior data information pg(x) contains parame-
ter information from phase velocity estimates plus their
Gaussian measurement uncertainties:

pp(x) xexp (—(x —x0)TCqt(x — xo))

(6)

The diagonal matrix Cq describes measured data vari-
ances.

The a posteriori joint distribution is given by the
product of equations (5) and (6) [Tarantola and Valette,

1982):
b

Since the sum of two quadratic forms is itself quadratic,
o(x) is also Gaussian.

Let ¥(x) be the exponent in (7). The minimum misfit
solution is found by solving

pa(x) x exp {-1[G(x) -d]TCy'[G(x) —d]}

—3[(Gx) - )T C3* (G(x) - d)

o(x) x exp { +(x — XO)TCO’I(X - Xo)]
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Table 1. Interevent Paths Used in the Current Study.

Path Date A Time A, UT Date B Time B, UT Station Distance, km  Length, km
pk01 Feb. 1, 1984 1422:07.7 Oct. 13, 1985 1559:53.5 RSON 9792.2 627.2
pk02 Feb. 1, 1984 1422:07.7 Oct. 26, 1984 2022:22.0 RSNT 8737.1 502.1
pk03 Sept. 12, 1981 0715:54.0 Feb. 13, 1983 0140:13.2 JAS 11246.4 497.4
pk04 Oct. 25, 1990 0453:46.5 Feb. 25, 1991 1430:29.3 KIP 10994.0 920.1
pk05 May 10, 1992 0404:32.8 Feb. 25, 1991 1430:29.3 HIA 3333.3 627.9
pk06 May 6, 1985 0304:22.3 Dec. 16, 1982 0040:48.6 RSON 10225.5 603.9
pl01 Oct. 19, 1991 2123:15.5 Jan. 14, 1990 0303:19.8 KIP 10213.1 1434.4
pl02 May 20, 1985 1511:40.4 June 20, 1986 1712:46.5 RSON 10458.9 469.3
pl03a Aug. 20, 1988 2309:11.2 Jan. 14, 1990 0303:19.8 COL 7517.2 1315.4
plo3b Aug. 20, 1988 2309:11.2 Jan. 14, 1990 0303:19.8 LON 10074.6 1315.1
pl03c Aug. 20, 1988 2309:11.2 Jan. 14, 1990 0303:19.8 CMB 10998.2 1314.9
plo4a Jan. 14, 1990 0303:19.8 May 3, 1989 0553:00.4 KMI 635.3 1102.1
pl04b Jan. 14, 1990 0303:19.8 May 3, 1989 1541:31.3 KMI 632.9 1104.5
pl04c Jan. 14, 1990 0303:19.8 April 15, 1989 2023:11.7 KMI 639.3 1098.6
pl04d Jan. 14, 1990 0303:19.8 April 25, 1989 0213:24.6 KMI 634.0 1105.4
tr01b Oct. 19, 1991 2123:15.5 Aug. 3, 1990 0915:04.1 LON 9210.5 1982.0
tr02a Nov. 12, 1990 1228:49.0 April 25, 1989 0213:24.6 CTAO 7470.1 2379.0
tr02b Nov. 12, 1990 1228:49.0 May 3, 1989 0553:00.4 CTAO 7470.2 2378.9
tr02c Nov. 12, 1990 1228:49.0 May 3, 1989 1541:31.3 CTAO 7468.0 2381.1
tr04 Nov. 12, 1990 1228:49.0 Aug. 20, 1988 2309:11.2 KEV 4132.2 1952.4
tr05 July 30, 1992 0824:49.2 June 14, 1990 1247:28.3 SCP 10053.9 2077.3
tr06a Nov. 30, 1988 0813:29.1 Aug. 3, 1990 0915:04.1 KEV 3902.6 3093.3
tr06b Nov. 30, 1988 0813:29.1 June 14, 1990 1247:28.3 KEV 3914.5 3081.5
tr07a June 14, 1990 1247:28.3 May 3, 1989 0553:00.4 KMI 635.3 2328.1
tr07e June 14, 1990 1247:28.3 April 25, 1989 0213:24.6 KMI 634.0 2329.4
tr09 July 23, 1988 0738:09.9 Aug. 6, 1988 0036:24.6 GAC 9470.3 2647.8
tr08 June 14, 1990 1247:28.3 Sept. 22, 1989 0225:53.5 ESK 5762.4 2334.3
trlQ July 23, 1988 0738:09.9 Sept. 22, 1989 0225:53.5 KEV 4043.4 2156.0
trll May 20, 1992 1220:35.0 July 30, 1992 0824:49.2 KMI 1337.0 1840.1
trl3 March 1, 1989 0325:07.8 July 23, 1988 0738:09.9 GDH 6605.0 3066.1
sella Nov. 5, 1988 0214:30.8 Jan. 5, 1991 1457:11.5 WMQ 1115.0 1265.2
se02b June 12, 1989 0004:10.4 April 15, 1989 2034:11.7 MDJ 3116.4 1305.3
se()2e June 12, 1989 0004:10.4 May 3, 1989 0553:00.4 BIJI 1877.0 1329.7
se02h June 12, 1989 0004:10.4 May 3, 1989 1541:31.3 MDJ 3092.9 1328.8
se03e April 15, 1989 2034:11.7 Nov. 6, 1988 1303:17.1 GAC 11622.6 795.8
se03g April 25, 1989 0213:24.6 Nov. 6, 1988 1303:17.1 SCP 12173.5 801.3
se03h Nov. 30, 1988 0813:29.1 April 25, 1989 0213:24.6 SCP 12173.5 808.2
se031 Nov. 6, 1988 1303:17.1 May 3, 1989 0553:00.4 SCP 12170.3 804.5
se03;j Nov. 30, 1988 0813:29.1 May 3, 1989 0553:00.4 SCP 12170.3 811.4
se03k Nov. 6, 1988 1303:17.1 May 3, 1989 1541:31.3 SCP 12172.6 802.3
se03l Nov. 30, 1988 0813:29.1 May 3, 1989 1541:31.3 SCP 12172.6 809.1
se(4 Jan. 5, 1991 1457:11.5 April 25, 1989 0213:24.6 LON 10559.9 804.1
seQ6a Jan. 14, 1990 0303:19.8 Nov. 30, 1988 0813:29.1 WMQ 759.5 1830.0
se(6b Jan. 14, 1990 0303:19.8 Nov. 6, 1988 1303:17.1 WMQ 759.5 1821.1
se08 Sept. 22, 1989 0225:53.5 Aug. 6, 1988 0036:24.6 RER 6654.2 1010.2
se09b Sept. 22, 1989 0225:53.5 April 25, 1989 0213:24.6 SLR 9769.4 333.1
sell June 12, 1989 0004:10.4 Sept. 30, 1989 1819:23.9 AFI 10468.5 958.9
sel2b Sept. 28, 1989 2152:17.0 Nov. 5, 1988 0214:30.8 KEV 5512.4 1695.5
selda Jan. 14, 1990 0303:19.8 April 23, 1992 1532:52.4 WMQ 759.5 1832.9
sel4b Jan. 14, 1990 0303:19.8 April 23, 1992 1418:37.9 WMQ 759.5 1834.6
ts01 Nov. 12, 1990 1228:49.0 June 14, 1990 1247:28.3 SLR 9148.5 778.3
ts02 Aug. 3, 1990 0915:04.1 July 23, 1988 0738:09.9 HIA 2128.5 420.0
ts03a Feb. 25, 1991 1430:29.3 Nov. 12, 1990 1228:49.0 CCM 10986.3 297.4
hyOla Aug. 6, 1988 0036:24.6 Oct. 19, 1991 2123:15.5 ZOBO 16297.0 1719.6
hyO1b Nov. 30, 1988 0813:29.1 Oct. 19, 1991 2123:15.5 ZOBO 16297.0 2267.5
hy02 Oct. 25, 1990 0453:46.5 Sept. 28, 1989 2152:17.0 CTAO 6828.3 3200.3
hy03 Feb. 6, 1988 1450:42.7 July 30, 1992 0824:49.2 WMQ 1594.6 560.3
hy04 Oct. 25, 1990 0453:46.5 Aug. 20, 1988 2309:11.2 TOL 6435.5 1775.3
hy05 Aug. 6, 1988 0036:24.6 May 20, 1992 1220:35.0 ZOBO 15535.1 2481.5

Columns are path name used in Figure 4, date and time of events A and B as shown in Table 2, station name,
epicentral distance of the event nearest to the station and the interevent path length.
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Table 2. Events Used in the Current Study
Date Time, UT Dt, s Latitude Longitude
July 23, 1988 0738:09.9 5.1 48.72 90.51
Aug. 6, 1988 0036:24.6 13.0 25.14 95.12
Aug. 20, 1988 2309:11.2 4.7 26.78 86.61
Jan. 14, 1990 0303:19.8 11.1 37.77 91.89
Feb. 1, 1984 1422:07.7 2.7 34.68 70.54
Oct. 13, 1985 1559:53.5 3.0 40.32 69.84
Oct. 26, 1984 2022:22.0 2.0 39.18 71.34
Sept. 12, 1981 0715:54.0 4.0 35.67 73.55
Feb. 13, 1983 0140:13.2 4.0 39.99 75.10
Oct. 25, 1990 0453:46.5 18.6 35.19 70.74
Feb. 25, 1991 1430:29.3 5.3 40.33 78.95
May 6, 1985 0304:22.3 6.2 30.88 70.25
Dec. 16, 1982 0040:48.6 5.9 36.24 69.10
May 20, 1985 1511:40.4 6.1 35.45 87.18
June 20, 1986 1712:46.5 5.2 31.22 86.86
May 3, 1989 0553:00.4 11.8 30.07 99.48
May 3, 1989 1541:31.3 9.2 30.05 99.49
Oct. 19, 1991 2123:15.5 6.1 30.74 78.79
Aug. 3, 1990 0915:04.1 8.4 47.95 84.96
Nov 12, 1990 1228:49.0 9.6 42.94 78.08
April 25, 1989 0213:24.6 6.6 30.04 99.45
July 30, 1992 0824:49.2 11.2 29.59 90.17
June 14, 1990 1247:28.3 4.3 47.89 85.12
Nov. 30, 1988 0813:29.1 -0.2 22.75 99.84
Sept. 22, 1989 0225:53.5 3.3 31.55 102.46
May 20, 1992 1220:35.0 0.1 33.32 71.27
March 1, 1989 0325:07.8 2.8 21.73 97.94
Feb. 6, 1988 1450:42.7 0.9 24.65 91.52
Nov. 5, 1988 0214:30.8 9.3 34.32 91.88
Jan. 5, 1991 1457:11.5 12.9 23.48 95.98
June 12, 1989 0004:10.4 5.9 21.86 89.77
April 15, 1989 2034:11.7 9.5 29.98 99.24
Nov. 6, 1988 1303:17.1 14.1 22.81 99.77
Sept. 30, 1989 1819:23.9 34.1 20.27 98.85
Sept. 28, 1989 2152:17.0 4.3 20.29 98.77
April 23, 1992 1532:52.4 1.6 22.36 98.86
April 23, 1992 1418:37.9 3.0 22.34 98.85
May 10, 1992 0404:32.8 1.1 37.19 72.94
Dt is source half-duration.
9 U(x) = 0 Equations (10) and (11) perform one linear inversion
ox of the data d for velocity structure x. Five successive
= AT(x)C;'(G(x) —d)+Cy'(x —x0) = 0(8) inversions were carried out to account for nonlinearity
in the forward model.
where
A(x) = 9G(x) (9) Inversion for Regionally Averaged Velocity
ox Structure

Equation (8) can be solved iteratively with the scheme

= Xp+ (AZ‘Cd_lAk + Co—l)—l

—Co_l (xx — X0)
easily verified by substitution. To find the posteriori
covariance matrix Cp, we substitute the Taylor approx-
imation G(x) ~ G (Xm) + A(Xm ) (X — Xy, ) into ¥(x); the
quadratic terms in (x — X,,) give

Xk4+1

Gyt = AT (xm)Cg ' A(xm) +Cg'! (11)

Models of average velocity structure beneath paths
crossing more than one region are difficult to interpret.
Hence we inverted (or regionalized) interevent path-
averaged structures for the average structure beneath
each of the six regions defined in Figure 7.

The inversion technique was identical to that de-
scribed in the previous section. Now, however, the
model parameters x are the crustal thickness and shear
velocities in four layer models for structure in each of
the six regions, 30 parameters in all. The data d are
the five-parameter velocity models found for each of
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Figure 5. Phase velocities measured by the methods presented in the text along path plO3a
shown in Figure 4. (top) Love wave velocities; (bottom) Rayleigh wave velocities. The smooth
line in each plot which stands out from the rest is the phase velocity of model PREM for reference.
There are five independent estimates of phase velocity on each graph, dots mark the mean velocity,

and triangles mark the +1¢ confidence limits.

the 59 interevent paths. A posteriori path covariances
now form the a priori data covariances Cq. The for-
ward problem G(x) consists of averaging the six re-
gional velocity structures, weighted according to the
proportion of path in each region. This was performed
as follows: first, the weighted average of crustal thick-

ness was calculated to give the path crustal thickness.
The other layer boundaries remained at fixed depths,
thus defining the depth extent of all layers. Within
each layer, average velocities were calculated for each
regional model; the resulting velocity structures were
weighted in proportion to path length in each region
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Figure 6. Standard deviation of interevent phase velocities averaged over all paths throughout

the Tibetan region used in this study.

and averaged along the path. Hence G is almost linear;
the only source of nonlinearity is due to variations in
crustal thickness. Hence matrix A in equation (9) is al-
most constant. However, iterative inversion was again
performed to obtain posterior average regional struc-
tures.

A Priori Isotropic Shear Wave Velocity
Models

Any seismological study using (iterated) linearized in-
version theory requires a priori calculation of partial
derivatives of seismic velocities with respect to model

parameters (equation (9)). If the physical forward the-
ory is nonlinear, partial derivatives calculated for a poor
a priori model can direct inversions into secondary min-
ima giving misleading solutions. The Tibetan region
contains some of the most anomalous crustal and up-
per mantle structure on Earth, and hence the quality
of prior information pp(x) in equation (5) may have a
large influence on our solution.

Curtis [1994] constructed regionalized, isotropic, stan-
dardized a priori velocity-depth models for average crustal
and upper mantle shear wave velocity structure for the
six regions in Figure 7. This was achieved through de-

50.0

40.0

30.0—

20.0

65.0 80.0

110.0

95.0

Figure 7. Boundaries of the six regions for which average seismic velocity structure was found.
Regions are numbered for future reference as follows: 1, Tien Shan; 2, Tarim basin; 3, Tibetan
plateau; 4, Pamir, Karakoram, Hindu Kush region; 5, Himalaya; and 6, Indian shield (including

part of southern China).



11,798

CURTIS AND WOODHOUSE: TIBETAN REGION SHEAR VELOCITIES

Table 3. Summary of References Used to Constrain Each a Priori Model

Reference IN HY PL TB TS PM
Avouac et al. [1993] o
Barazangi and Ni [1982] SF SPAH
Beloussov et al. [1980] b
Bird [1976) ot
Bird and Tokséz [1977] o
Bourjot and Romanowicz [1992] o
Brandon and Romanowicz [1986) a o
Burov et al. [1990] o o
Burtman and Molnar [1993] o
Chen and Molnar [1975) R
Chun and McEvilly [1986] .
Chun and Yoshi [1977] oH
Fan et al. [1994] o
Grand and Helmberger [1985] 3
Gupta and Narain [1967] s
Hirn et al. [1984] il eH
Holt and Wallace [1990] nH o o o i
Huestis et al. [1973] u
Kosarev et al. [1993] I
Kulagina et al. [1974] &n
Lepine et al. [1984] "
Lyon-Caen [1986] Y N Mo
Lyon-Caen and Molnar [1983] o
Lyon-Caen and Molnar [1984] o
Min and Wu [1987] o
Mishra [1981] g
Molnar [1984] o
Molnar [1990] 3 g )
Molnar and Chen [1984] 5 3
Ni and Barazangi [1984] Vil o
Patton [1980] o
Pettersen and Doornbos [1987] =
Pines et al. [1980] on
Roecker [1982] v
Roecker et al. [1993] o
Romanowicz [1982] o
Sapin et al. [1985] &
Shaw and Orcutt [1984] b4
Wang et al. [1992] g
Zhao et al. [1992] o
Zhao and Xie [1993)] pH o & o o "

Abbreviations are IN, India; HY, Himalaya; PL, Tibetan plateau; TB, Tarim basin; TS, Tien Shan; and PM, Pamir-
Hindu Kush. Table elements have the following code: superscripts S, P, H, A refer to S or P velocity, depth to Moho H or
attenuation A, respectively, and define the particular aspect of the velocity structure constrained (areas of high attenuation
are used only to evaluate uncertainties in structures). Subscripts C,M stand for crust and mantle, respectively, and define
the depth range where the S or P velocity or attenuation A is constrained. Subscript O stands for some other, less specific

constraint.

tailed review of previous studies on Tibetan structure in
the upper 250 km. Seismological inversions for homoge-
neous models directly estimate the mean velocity struc-
ture, whereas heterogeneous models may be spacially
averaged to estimate mean structure. Equally impor-
tant, the set of all models allows us to estimate uncer-
tainties attached to the mean velocity structure. Apart
from seismic velocities, constraints can be placed on
crustal and upper mantle structure by gravity anoma-

lies, earthquake locations and focal mechanisms, and
surface geology. Such information was also used where
it usefully constrains some aspect of crustal or upper
mantle structure, or gives an impression of structural
heterogeneity and uncertainty across a region.

Table 3 summarizes the information used to constrain
each model, Table 4 contains the final model parame-
ters and uncertainties, and Figure 8 shows the models
themselves. Each model has up to two main crustal and
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Table 4. Standardized a Priori and a Posteriori Models .
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Prior Information

Posterior Results

Region Parameter Depth Range, km Value o Depth Range, km Value o
IN H., km 38 15 45.26 3.48
Ver, km/s 0-H. 3.71 0.20 0-30 3.54 0.08
Ve, km/s unused 30-H. 3.68 0.19
Vi, km/s H.-155 4.70 0.50 H--115 4.34 0.11
Vme, km/s 155-275 4.62 0.50 115-185 4.69 0.17
HY H., km 55 10 51.64 5.12
Ver, km/s 0-H. 3.71 0.20 0-30 3.31 0.10
Vee, km/s unused 30-H. 3.43 0.15
Vi, km/s H.-155 4.70 0.50 H.-115 4.57 0.21
Vmz, km/s 155-275 4.62 0.50 115-185 4.73 0.24
PL H., km 71 15 73.43 2.32
‘/sed, km/s 0-4 250 —
Vei, km/s 4-30 3.45 0.15 0-30 3.44 0.04
Vea, km/s 30-H. 3.70 0.30 30-H. 3.44 0.04
Vi, km/s H.-150 4.55 0.20 H.-115 4.64 0.06
Vmz, km/s 150-250 4.60 0.30 115-185 4.32 0.07
TB H., km 44 10 53.13 6.53
VSed, km/s 0-7 2.50 —
Ve, km/s 7-20 3.45 0.30 0-20 2.68 0.21
Ve, km/s 20-H. 3.75 0.30 20-H, 2.98 0.25
Vi, km/s H.-120 4.69 0.80 H.-115 5.40 0.24
Vmz, km/s 120-220 4.46 0.80 115-185 4.48 0.39
PM H., km 70 10 68.80 4.12
Ve, km/s 0-35 3.48 0.30 0-30 3.43 0.08
Ve, km/s 35-H. 3.71 0.30 30-H, 3.57 0.09
Vai, km/s H.-150 4.81 0.80 H.-115 4.69 0.12
Vmz, km/s 150-210 4.97 0.80 115-185 4.76 0.11
TS H., km 50 10 42.53 2.96
Vsed, km /s 0-4 2.58 —
Vai, km/s 4-25 3.57 0.30 0-20 3.44 0.14
Vea, km/s 25-H, 3.62 0.30 20-H, 3.60 0.13
Vi, km/s H.-150 4.54 0.80 H.-115 4.16 0.12
Vme, km/s 150-300 4.63 0.80 115-185 4.42 0.18

A priori models from Curtis [1994]. Region abreviations are as in Table 3, also Sed, sedimentary layer; C1/C2, crustal

layers; M1/M2, mantle layers.

two mantle layers (C1, C2, M1, and M2, respectively),
with a thin sedimentary layer on top where appropri-
ate. The lowermost mantle layer M2 extends to 220 km,
and below this depth all models are fixed at the average
continental model PEM-C of Dziewonsk: et al. [1975].

The plateau model PL has a 4 km thick sedimen-
tary layer [e.g., Chen and Molnar, 1975] with a positive
crustal velocity gradient to a Moho at 71 km. Although
various studies detected a zone of low upper mantle ve-
locities, its lateral and depth extent and magnitude are
poorly resolved (see references in Table 3). Hence it is
not included in the average plateau model, but such a
structure lies well within the 1o uncertainties shown in
Table 4.

The Tarim basin model TB contains a deep sedimen-
tary layer (7 km) in accordance with the results of Wang
et al. [1992]. The only other constraints available are
from gravity [Lyon-Caen and Molnar, 1984], low resolu-
tion surface waves [Bourjot and Romanowicz, 1992], low
vertically averaged shear velocities from multibounce S

waves [Grand and Helmberger, 1985], efficient transmis-
sion of S,, waves [Barazangi and Ni, 1982], and a single
crustal thickness estimate in the west [Zhao and Xie,
1993]. Hence for the rest of the structure we use the
average continental model PEM-C with the estimated
crustal thickness and assign large uncertainties to all
parameters.

The main seismological constraints in the Tien Shan
(TS) show that there are huge variations in structure
along the mountain belt [Roecker et al., 1993; Kosarev
et al., 1993]. These occur primarily across the Telasso
Fergana fault between the western and central Tien
Shan, but there may also be significant variation to the
east [Burov et al., 1990]. The one-dimensional (1-D)
models of Roecker et al. [1993] approximately satisfy
all other known constraints on the average structure, so
we use a four-layer approximation to their shear veloc-
ity model with large uncertainties due to the relative
lack of information.

The Pamir-Hindu Kush region (PK) has extremely
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Figure 8. Prior velocity models of the crust beneath the Tibetan region. Abbreviations are:

PL, Tibetan plateau; PM, Pamir/Hindu Kush;
basin; TS, Tien Shan.

complicated tectonic structure with lithosphere sub-
ducted from the north and from the south to depths
of at least 300 km [Burtman and Molnar, 1993; Fan et
al., 1994]. Average crustal thickness is around 70 km
[Kulagina et al., 1974; Beloussov et al., 1980; Holt and
Wallace, 1990; Zhao and Xie, 1993]. Most seismolog-
ical studies have constrained P wave velocities. How-
ever, Roecker [1990] found a 1-D shear velocity profile
beneath the Hindu Kush. This model fits all of the
other results to within their uncertainties, so we take
a four-layer approximation to it with double the uncer-
tainties quoted by Roecker since the model must now
accommodate a wider, more diverse area.

The Himalaya (HY) are underthrust by the India
shield which dips at between 0° (with a step-like ge-
ometry) and 15° beneath the range [Lepine et al., 1984;
Molnar, 1988]. Other than an increased average crustal
thickness of approximately 55 km, constraints on the ve-
locity structure have revealed no significant differences
to the northern Indian shield [Barazangi and Ni, 1982;
Lepine et al., 1984; Lyon-Caen, 1986; Holt and Wallace,
1990; Zhao and Xie, 1993]. The only clear exceptions
are the results of Molnar and Chen [1984] and Molnar
[1990], who find higher vertically averaged velocities in
the NW Himalaya than elsewhere. Since we require
a single horizontally averaged model for the mountain
belt we choose the Indian shield model (IN) (see below)
with 55 km crustal thickness.

Both Barazangi and Ni [1982] and Lyon-Caen [1986]
measured S, uppermost mantle velocities beneath the
Indian shield of approximately 4.7 km/s. All other re-
sults of Lyon-Caen were consistent with a shield model

HY, Himalaya; IN, northern India; TB, Tarim

with lid thickness 100-130 km, and we use a four-layer
approximation to her best fitting model as our prior
information for the northern Indian shield IN.

These models do not provide a complete description
of the current state of knowledge of seismic velocity
structure across the Tibetan region. However, for the
purposes of providing some initial constraints on the
magnitude of velocities expected, these models can be
used to stabilize and standardize inversions for crustal
and upper mantle structure as follows. First, each prior
structure was converted into a purely four-layer model
with midcrustal and middle/lower mantle depths given
in column 6 of Table 4 (this was achieved by averaging
the prior model velocities and variances in columns 35
over each depth interval in column 6). Then, if v; is the
proportion of path in region j defined in Figure 7, pp(x)
in equation (5) is Gaussian with mean xo, variance S?

with
6
Xo = Z'}’ji] (12)
=1
6
$* = > s (13)

where X; and s; are the a priori mean and standard
deviation of the four-layer approximation for region j.

In what follows it will be shown that the 4-layer prior
models account for almost all structure with wavelength
> 1000 km wavelengths across the region. Figure 8 also
gives an impression of the magnitude of structural varia-
tion which might be expected within any velocity inver-
sion. Crustal thickness varies by at least 35 km across
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Figure 9. Posterior average shear velocity models in regions TS, Tien Shan; TB, Tarim basin;
PL, Tibetan plateau; PM, Pamir/Hindu Kush; HY, Himalaya; and IN, India. Error bars are as

in Figure 10.

the Tibetan region, crustal velocities by over 1 km/s,
and upper mantle velocities by around 0.5 km/s. Also,
since the models themselves are averages, these values
should be regarded as minimum estimates of possible
variation.

Results

First, we examine long traverses (approximately >
1000 km) across the Tibetan region which give broad
averages of structure over different geological provinces.
We then refine this overview with structures along shorter
paths and from the regionalization in the Tien Shan,
Pamir-Hindu Kush, Tarim basin, Himalaya, southeast-
ern region, the Tibetan plateau, and the Indian shield

(where the southeast region refers to the relatively dense
area of paths in the southeast of Figure 4).

Each structure shown from Figure 9 onward has four
layers: the upper crust (C1) extends from the surface
to a depth of 20 km (for models TS-Tien Shan and
TB-Tarim basin) or 30 km (all other regional and all
path models), the lower crust (C2) has lower bound-
ary at the Moho with depth H., the uppermost mantle
layer (M1) extends to a depth of 115 km and the lower
layer (M2) reaches a depth of 185 km. Between 185 km
and 220 km, all models are held fixed at their a priori
values, and beneath this level all models have the veloc-
ity structure of PEM-C [Dziewonski et al., 1975]. Only
shear velocities were varied independently. P velocities
were constrained by the ratios
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Figure 10. Average shear velocity models along paths tr01b, tr07a, tr10, and tr04 as referenced
in Figure 4 and Table 1. Error bars are formal 1o bounds.

in the crust
in the mantle

Ve [ 1.73
Ve | 18
as used by Chen and Molnar [1981]. Phase velocities
are relatively insensitive to density structure so this was
fixed by averaging PEM-C in each layer, as was the
quality factor ). Repeatability between paths traversed
by more than one event pair was generally excellent
with crustal velocity variation of only 0.1 km/s, mantle
velocity variation of 0.2 km /s and variation in H. of only
5 km (shown explicitly below for plateau paths). Hence
we present models which represent median structures
on each path.

Average path velocity structures were regionalized
using the theory described earlier. The structures along
paths hy03 and sell are anomalous (see below) and
proved to bias considerably the average Indian and Hi-
malayan structures. Hence they were omitted from the
regionalization and results are shown in Figure 9 and
listed in Table 4.

Another regionalization was carried out with vari-
ances attached to all prior information increased by a
factor of 4. Model estimates in all regions other than the
Tarim basin did not vary noticeably and uncertainties
were only slightly increased. The Tarim basin model re-
mained within the 1o uncertainties shown below. Hence
models shown are not significantly restricted by prior
information. Finally, iterative regional inversions were
performed to test the degree of non-linearity introduced
by crustal thickness parameters. The results, tabulated

(14)

by Curtis [1994] and reported below, showed Gaussian
variation of all parameters almost entirely within 30 /2
limits of models shown here, verifying the approximate
linearity of regionalization.

Long Traverses (~ 2000 km). There are 13 dis-
tinct long traverses with references beginning “tr” in
Figure 4. Almost all models lay within one standard
deviation (1o) of their respective a priori models, and
Figure 10 shows those that did not. Path tr01b mainly
traverses the eastern Tien Shan and the Tarim basin,
and its upper crustal velocity is significantly lower. Tra-
verse tr04 crosses the Tarim basin and Tibetan plateau
and seems to require a lower C2 velocity than the a pri-
ori model. The velocity in layer M1 of path tr07a de-
viates from the a priori model by more than one stan-
dard deviation. Also, the easternmost traverse, trl0,
exhibits a mantle velocity structure which is consis-
tently lower than the a priori model by one standard
deviation. However, apart from the low velocity crust
along path trOla, none of these features are unequiv-
ocally resolved. Hence at length scales greater than
approximately 1000 km, the a priori information gath-
ered in Table 3 is almost sufficient to represent regional
velocity structure with depth.

Tien Shan. There are three interevent paths which
lie entirely within the Tien Shan region, with struc-
tures shown in Figure 11. These paths are quite similar
in structure, and certainly all overlap at the 20 level.
Crustal thickness seems to be greater along ts03a than
along the other paths (~60 km rather than ~50 km)
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along the Tien Shan mountain range), with error bars as in Figure 10. Notice the extended range

on the velocity axis in the right hand figure.

with a suggestion of lower crustal and uppermost man-
tle velocities. However, this path is very short so that
phase additivity may not be so readily assumed between
the two event-station paths and event mislocation may
cause significant errors. Hence we treat this structure
with more scepticism than the others.

The Tien Shan regional average model deviates from
the a priori model by up to %a (Figure 9). The results
show a well-resolved thinner crust (43 km), probably
due to the eastern section of the region where topogra-
phy is less extreme and hence may not have undergone
such extensive lithospheric shortening and thickening.

There is also a well-resolved low uppermost mantle
velocity. A low M1 velocity was observed along path
ts03 in the western Tien Shan, but its persistence in
the regional model suggests that it must be compatible
with the numerous long traverses over the eastern Tien
Shan. Low M1 velocities are not, however, observed
along paths ts02 or ts03 in the north central and north-
eastern Tien Shan. Hence there appear to be two zones
of low M1 velocity, one in the area around ts03 and the
other in the east, separated by higher velocities, but it
is possible that the two low-velocity zones join along
the southern Tien Shan.
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Figure 12. Average shear velocity models along paths pk01, pk02, pk03, pk04, pk05, and pk06,

with error bars as in Figure 10.
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Pamir and Hindu Kush Region. Six paths tra-
verse this region of which four are almost pure (pk01,
pk02, pk03, and pk06), the other two crossing a signifi-
cant portion of the south-western Tien Shan (pk04 and
pk05). The structures along these paths are shown in
Figure 12 and are all similar to within approximately
lo. Five of the six paths show very similar struc-
tures to the a priori models. Path pk05 in the east-
ern Pamir/western Tien shan, however, exhibits greater
crustal thickness (~70 km rather than 60 km) and man-
tle velocities reduced by around 0.3 km/s, resembling
the structure on the neighbouring Tien Shan path ts03a.

The average regional Pamir-Hindu Kush model PM
is almost unresolveably different from the a priori model
(Figure 9). However, lower velocities throughout all
layers would better suit the data, most noticeably in
the lower crust. Low velocities remain when the a pri-
ori information is weakened, and uncertainties do not
noticeably increase. As described earlier, the tectonic
structure in this region is complex so that surface wave
data presented here cannot provide any extra tectonic
information. However, the model PM provides an aver-
age structure which may be useful in future large-scale
seismological studies.

Tarim Basin. The Tarim basin contains no pure
paths: its structure is constrained by the regionaliza-
tion alone. The average Tarim basin model TB exhibits
a very different structure, parts of which seem to be
well-resolved despite large uncertainties. Figure 9 shows

0.0

0.0
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very low average velocities in the Tarim crust. Fluctu-
ations in the iterative regionalization showed that Vg,
varied between 2.6 km/s and 3.0 km/s, whereas V, var-
ied between 2.8 km/s and 3.6 km/s. Hence lower crustal
velocity is significantly lower than the prior shield struc-
ture (in which Vi, was estimated at 3.8 km/s) but may
be slightly higher than that shown. The crustal thick-
ness of 53 km is poorly constrained with fluctuations of
around +15 km observed in the iterative procedure.

Upper mantle velocities show a lid type structure
with an extremely high-velocity lid (~5.2 km/s), which
increases when the a priori information is relaxed, wherea
normal shield velocities are observed in the lower man-
tle layer (~4.5 km/s). Although iterative fluctuation in
Vi is up to 1.2 km/s in magnitude, the minimum value
of this velocity is 4.9 km/s which is still significantly
higher than the prior information suggested. Fluctua-
tions in Vyy, are all less than 0.6 km/s, and the velocity
has a maximum value of 4.6 km/s.

Hence the slow crustal and fast uppermost mantle ve-
locities and the negative mantle velocity gradient with
depth are all formally well-resolved. However, the fact
that all constraints are imposed along long paths which
traverse at least two other regions makes this result sus-
ceptible to errors from more sources than for the other
regional structures. The a priori estimate of crustal
thickness can not be revised using the current data.

Himalaya. Paths hyOl and hy05 traverse the Hi-
malaya mountains along strike for about 1000 km and
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extend farther to the SE and NW, respectively. Crustal
velocities are lower, and crustal thickness is greater
along path hy01 (Figure 13), suggesting a deeper crust
in the Arakan-Burma range, southeast of the eastern
Himalayan Arc. Upper mantle structures are similar,
and both are higher than the a priori model by about
0.4 km/s (1o). Path hy04 traverses the same section of
the Himalaya and has similar crustal structure but lower
mantle velocities than the a priori. Hence if the high ve-
locities along hy0l and hy05 are real, either they must
come from the path sections outside of the Himalaya
range or the mantle structure of path hy04 must be in
error by around 20.

Around a third of path hy02 traverses the Indian
shield, and its structure lies very close to the a pri-
ori model. However, path hy03 transects the Himalaya
with about one third of its length in India and exhibits
extremely low crustal and M1 velocities. This path will
be discussed further below.

The main deviation of the regional average model HY
from the prior information in the Himalayas is the ex-
istence of low velocities in the crust (Figure 9). These
average at approximately 3.3 km/s, and they are main-
tained to within ¢/2 when the a priori information is
relaxed. Posteriori covariances show a relatively strong
correlation between H. and Vy,, of model HY and be-
tween Vi, of model HY and H. of the Indian model IN.
The iterative procedure showed that V;, and V,, rarely
assume values larger than 3.35 km/s and 3.5 km/s, re-
spectively. Hence the low crustal velocities are well-
resolved, but the prior crustal thickness estimate cannot
be revised with the current data.

Southeast Region. Paths in this area were gener-
ally repeated by several different event pairs, and struc-
tures are shown in Figure 14. Only one path showed in-
consistant structures between traverses (se06a,b), and
we could find no reason to favor one or the other, so
both are shown in Figure 14. Paths se02, se03, and se04
are repeated 3, 7, and 4 times, respectively; each have
excellent repeatability and hence are more tightly con-
strained than their uncertainties suggest. Paths se02,
se03, and se04 fan out to the south and southwest from
a single point NE of the Arakan-Burma Arc and most
of path se(8 traverses the same region. Differences be-
tween all parameters are unresolvable at the 1o level
and show an average crustal thickness of approximately
60 km.

Of the paths which traverse part of the plateau re-
gion, paths se06 and sel4 penetrate the Chang Thang
area, farther to the north than paths se01 and sel2. The
main feature common to se06 and sel4 is a velocity in-
version between layers M1 and M2 forming an upper
mantle lid structure. Structures seQl and sel2 agree
to within o/2 and exhibit no such velocity inversion.
Thus the lid structure is confined to the north central
plateau.

Paths hy03 and sell show similar structures with
much lower M1 velocities than any other paths in this
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study. This is not a consequence of over-restrictive con-
straints on the prior crustal thickness since increasing
the prior standard deviation of H. by 300% did not
significantly change the model (Figure 14). It is not
impossible that such a low-velocity upper mantle does
exist in and south of the eastern Himalaya since paths
se0l and sel2 also exhibit structures with low M1 ve-
locities. Alternatively, there may be some uncommonly
large perturbation in either the V-V ratio or the den-
sity structure in these regions which are not allowed to
vary independently in the current inversions.

The average Indian model IN (for which paths hy03
and sell were calculated) is predominantly effected by
the southeast area. Crustal thickness has increased
to 45 km in model IN. Lower crustal and the lower-
most mantle velocities remain almost unchanged. Up-
per crustal and uppermost mantle velocities are signif-
icantly lower than the prior model with values of ap-
proximately 3.5 km/s and 4.3 km/s, respectively, %0
and ga, respectively, away from the a priori model val-
ues.

The crustal thickness of model IN is thinner than
all of the paths in the south-east area since the Indian
region includes paths which traverse areas of thinner
crust in the stable Indian shield. It is likely that the
low M1 velocities exhibited by model IN are compen-
sating for the diminished crustal thickness. As noted
above, trade-off between crustal thickness of this model
and V), of the Himalayan model HY is large (and neg-
ative), as is the (positive) trade-off between H, and Vi,
in model IN. Hence an increase in crustal thickness in
the Indian region would lead to a decrease in Himalayan
uppermost mantle velocity and an increase in Indian up-
permost mantle velocity, making the average Himalayan
and Indian mantle velocity structures unresolveably dif-
ferent.

Tibetan Plateau. In Figure 15, structures for all
event pairs are shown for paths across the Tibetan
plateau, rather than only median structures. This gives
a concrete example of result repeatability with different
event pairs over the same geographical traverse.

There are four geographically distinct paths, pl01 to
pl04, and paths pl03 and pl04 are repeated. Neither of
the repeated paths shows significant fluctuation in any
parameter. Crustal velocity measurements differ by up
to 0.1 km/s, mantle velocities by up to 0.2 km/s, and
crustal thickness by less than 2 km for path pl03 and less
than 5 km for path pl04. This level of variability is sim-
ilar to that observed along almost all repeated traverses
and is taken to represent parameter uncertainties due
to event mislocations, source time error, or noise which
survived the time variable filtration.

Paths pl02, pl03, and pl04 show crustal thickness of
around 78 km, whereas path pl01 has a thinner crust
(70 km). Hence there is a suggestion of decreased
crustal thickness in the NW, but constant crustal thick-
ness elsewhere beneath the plateau. Crustal and M1 ve-
locity structure is similar across all four paths, but M2
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Figure 15. Average shear velocity models along paths pl01, pl02, pl03a,b,c, and pl04a,b,c,d

with error bars as in Figure 10.

velocities have a wider range (4.15-4.6 km/s). Paths
pl01 and pl04 in the northwest and east exhibit a pos-
itive or zero mantle velocity gradient, whereas paths
pl02 and pl03 show a mantle velocity inversion forming
an upper mantle lid.

All parameters of the plateau regional average model
PL are extremely tightly constrained (Figure 9). Crustal
velocity is almost constant at 3.4 km/s to a depth of
73 km. A lid type structure is well resolved in the upper
mantle, and the lowermost mantle velocities of 4.3 km /s
are the lowest found in this study. Iterative fluctuations
of all parameters were within lo.

The constant crustal velocity of model PL was not
observed along any pure plateau (pl) paths, nor along
any paths which entered the plateau region (tr or se). In
order to investigate the cause of this structure, two more

PL structures were calculated by regionalizing first with
long traverses excluded and second with southeastern
paths excluded. A third structure was calculated which
is the average from only pure plateau paths, and all
three are shown in Figure 16.

A comparison of these three plots with the PL struc-
ture in Figure 9 shows that the long traverses are mainly
responsible for the uniform crustal velocity, although
southeast paths also contribute. Also, posteriori co-
variances show that the PL structure does not trade off
significantly with other regional structures. Hence since
the majority of mixed paths traverse the east central
plateau region which is not traversed by a significant
length of any pure plateau paths, there appears to be

strong evidence for a zero crustal velocity gradient in
this area.
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The upper mantle lid structure was observed along
the two central plateau paths pl02 and pl03, and along
paths se06 and sel4, but not along paths pl01 and pl04.
The lid structure is tightly constrained in model PL and
must have been required by many of the long traverses.
Hence the geographical extent of the lid structure may
be estimated. It certainly seems to lie beneath the cen-
tral and northeast central plateau (from structures pl02,
pl03, se06, and sel4), and because the majority of the
mixed paths traverse the eastern plateau, it is probable
that the lid extends at least as far to the east as the
northern half of path pl04. The average structure along
path pl04 (which was traversed by four different event
pairs) indicates that the zone does not extend along
its entire length, and the structure observed along pl01
(an unrepeated path) suggests that it may not extend to
the west or northwest plateau. Finally, the low-velocity
zone is not observed along paths trll, se01, and sel2
and hence probably does not extend to the southern or
southwestern plateau.

Interpretation and Discussion

Our analysis contains some key assumptions. First,
we assume that 30 s to 200 s period surface waves travel
along great circle paths. This is reasonable for short
paths but may cause some bias in our results for long
paths. Second, we do not explicitly assess uncertain-
ties in earthquake source locations. The effect of source
phase errors will be inversely proportional to distance
and hence should only significantly effect shorter paths.
In addition, repeatability between different event pairs
was excellent as illustrated above explicitly for Tibetan
plateau paths, illustrating that this effect may not be
large. Finally, we neglect the effect of anisotropy, pri-
marily because of the low number of interevent paths.
McNamara et al. [1994] showed that anisotropy may be
significant beneath the plateau but that the fast direc-
tion of propagation varies laterally by up to 90°. Hence
our isotropic results should not be overly biased since

the paths used have a prevelent SSE trend and span
regions where this trend is aligned with both fast and
slow directions. Our most robust results are summa-
rized below.

In the Tien Shan, both Roecker et al. [1993] and Kos-
sarev et al. [1993] found low and high P wave velocities
throughout most of the crust and upper mantle to the
east and west of the Telasso-Fergana, fault respectively,
with contrasts in the mantle of up to 0.7 km/s to at
least 150 km depth. In the current study, the west-
ernmost (pure) Tien Shan path, ts03, exhibited crustal
and upper mantle S velocities on average 0.4 km/s lower
than those on either the central or eastern paths ts01
or ts02, respectively. Under the ratio Vp/Vs = 1.8 used
earlier, this corresponds to a P wave velocity difference
of 0.72 km /s which matches the contrast that Roecker
et al. observed to the west of ts03.

The similarity in structure between paths ts03 and
pk05 but not pk04 or ts01 suggests that the low-velocity
zone extends southeast of the Telasso—Fergana fault to-
ward but not far into the Pamir region and does not
extend far to the northeast. Also, the regional structure
TS in conjunction with pure Tien Shan path structures
provides evidence for a second zone of low upper mantle
velocity in the eastern Tien Shan region with a probable
decrease in crustal thickness. The high uppermost man-
tle velocity in the Tarim basin structure TB shows that
the low velocity zones can not extend southward over
a large area, except perhaps in the far western Tarim
where there are no paths.

Roecker et al. [1993] interpreted the area of low ve-
locities as a region where the lithospheric upper mantle
had been advected downward and westward, being re-
placed by upwelling hotter and seismologically slower
aesthenospheric material, also corroborated by S split-
ting results [Makeyeva et al., 1992]. The results here
suggest that the area over which upper mantle mate-
rial has been removed may not extend for more than
approximately 1000 km along strike of the mountain
belt (Figure 17). If mantle material is upwelling be-
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Figure 17. Best estimates of the geographical extent of high- and low-velocity zones within the
Tibetan region, based on results from this study. Key to shaded areas: 1, low average upper
mantle velocities beneath the Tien Shan; 2, lowest mantle velocities beneath the plateau beween
115 and185 km; 3, zero crustal velocity gradient with depth; 4, high uppermost mantle velocities.

neath the central Tien Shan, we might also expect a
potential gradient to exist eastward causing an eastward
flow of mantle material. If the higher velocities along
paths tsO1 and ts02 are caused by mantle material dis-
placed eastward, then this material does not extend to
the far eastern Tien Shan (Figure 17). Since the dis-
placed material must go somewhere, we suggest that
it sinks downward since it is relatively cool and nega-
tively buoyant. This in turn could explain the eastern
low-velocity zones: entrained eastern lithospheric man-
tle would move westward and sink, causing a second
low-velocity zone of mantle upwelling in the east. This
would complete an along-strike convection cell system
[McKenzie et al., 1974; Molnar, 1992].

The Tarim basin is an area for which very little seis-
mological information was available. Burov et al. [1990]
found that a flexed plate model with elastic thickness
of 50-60 km provided the best fit to gravity data in the
northern Tarim, and at a single point in the western
Tarim, Zhao and Xie [1993] found the crustal thickness
to be 44+7 km. These estimates could not be revised
in the current study, and due to the many sources of
error for the Tarim structure discussed earlier, the re-
sults obtained here should be regarded as preliminary.
However, a distinctive velocity structure is observed in
the average model for the region TB, that is, average
upper crustal velocities are extremely low (< 3.0 km/s)
within the top 30 km, probably a reflection of up to
15 km of sediment [ Wang et al. 1992]. However, lower
crustal velocities are also significantly lower than the
average shield structure.

In contrast, uppermost mantle velocity is extremely
high, and exhibits a pronounced lid structure (Fig-
ure 17). Barazangi and Ni [1982] observed that S,
waves propagate across the basin with little attenua-
tion. Together these observations might suggest that
the lithospheric mantle beneath the cratonic Tarim
basin is cooler than the surrounding regions: assuming
the upper mantle composition of Duffy and Anderson
[1989], the shear velocity/temperature gradient is ap-
proximately 0.1 km/s per 300°C. This would imply an
uppermost mantle temperature decrease of 300-600°C
beneath the Tarim basin compared with either the Tien
Shan or the Tibetan plateau.

However, because of inherent trade-offs in the res-
olution of phase velocity data, to first order we may
decrease this velocity if we increase the layer thickness
without significant deterioration in data fit. A simple
calculation shows that to reduce the velocity to that of
the continental model PEM-C [Dziewonski et al., 1975],
the layer would have to be ~ 180 km thick. First-order
theory breaks down with such a large perturbation, but
we can not rule out some substantial increase. Thus,
if the base of the lid structure signals the base of the
lithosphere, either the uppermost mantle lithosphere
beneath the Tarim basin is extremely fast compared to
average continental or oceanic models or the lithosphere
is very thick.

The Tibetan plateau models in Figures 9 and 16 pro-
vide strong evidence for a zero velocity gradient with
depth throughout the 73 km thick crust in the east cen-
tral plateau but a positive velocity gradient throughout
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a thinner crust farther west and southeast (Figure 17).
Chun and Yoshii [1977), Romanowicz [1982], and Bran-
don and Romanowicz [1986] found average crustal ve-
locity to be 3.4-3.5 km/s, consistent with the crustal
velocity of model PL which averages at 3.44 km/s.
The average plateau mantle structure exhibits a defi-
nite lid structure (Figure 17), inferred by both Zhao et
al. [1991] and Lyon-Caen [1986]. The lid velocity of
4.64 km/s in model PL lies within their estimates of
4.6-4.7 km/s.

Brandon and Romanowicz [1986] observed the upper
mantle lid structure beneath the Chang Thang area
of the plateau. The results found here suggest that
the zone covers most of the central and north—central
plateau, in agreement with the area of high S— P residu-
als found by Molnar and Chen [1984] and high S resid-
uals observed by Molnar [1990] and may also extend
to the northeast plateau to approximately 96°E (Fig-
ure 17). Molnar [1990] suggested that the zone does
not extend to the Himalayan thrust front, but the cur-
rent results also suggest that it does not extend to the
southern plateau beneath paths trll in the south or
paths se01 and sel2 in the southeast plateau (Figure 4).

Barazangi and Ni [1982] observed inefficient transmis-
sion of S, waves over the Chang Thang area, whereas
McNamarra et al. [1994, 1997] observed a more ex-
tensive zone covering much of the north and central
plateau. The area of zero crustal velocity with depth
roughly coincides with both the area of inefficient S,
transmission and with surface observations of subre-
cent basaltic volcanism [Burke et al., 1974; Kidd, 1975;
Sengor and Kidd, 1979; Molnar et al., 1987]. We pro-
pose that basalt may be injected from the uppermost
mantle into the plateau lower crust as molten intru-
sions, and some is ejected volcanically at the surface.
The basalt intrusions provide an additional heat source
in the lower crust, steepening the geothermal gradient.
This in turn reduces the velocity gradient with depth
explaining the constant average velocities throughout
the crust. The extra basaltic fluid in the upper man-
tle and possible associated partial melting at the Moho
[Bird and Tokséz, 1977] would explain the inefficient
transmission of S, waves through the region.

The average crustal and uppermost mantle velocity
structure of the Pamir-Hindu Kush region (hereafter re-
ferred to as the Pamir region) is unresolveably different
from the plateau structure. Crustal thickness estimates
of ~70 km beneath the plateau and Pamir decrease to
60 km beneath the western Tien Shan and ~42 km be-
neath central Tien Shan. Average velocities between
115 and 185 km are significantly higher beneath the
Pamir than beneath the Tien Shan or Tibetan plateau.
This probably reflects subduction of the Asian and In-
dian plates which transports cold, fast lithospheric ma-
terial to depths of 300 km or more beneath the Pamir
[Burtman and Molnar, 1993; Fan et al., 1994].

Underthrusting of the Entire Tibetan Plateau?
Differences between average crustal structures in mod-
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els IN, HY, and PL are probably unresolveable, apart
from a definite increase in crustal thickness beneath the
plateau. The M2 layer velocities of models IN and HY
are unresolveably different due to large trade-offs be-
tween M1 velocities of model HY and crustal thickness
of model IN. Hence apart from crustal thickness varia-
tions, the crustal and uppermost mantle structure be-
neath the Tibetan plateau, Himalaya, and southeast re-
gion are not resolveably different. However, the north
and central plateau model exhibits a pronounced lid
structure which does not exist further south.

Barazangi and Ni [1982] observed S, velocities of
4.74 km/s across the plateau and 4.69 km/s beneath the
Indian subcontinent and inferred that the Indian shield
(crust and mantle) must have underplated the plateau.
S, waves sample the uppermost mantle, and the value
of 4.74 km/s is similar to the tightly constrained M1
velocity of the average plateau model PL. Hence the
current results are consistent with those of Barazangi
and Ni.

The Indian shield is known to underthrust the Hi-
malayan range from the numerous, consistent subduction-
related fault plane solutions of earthquakes. Therefore
models HY and IN represent the upper mantle velocity
beneath the Indian subcontinent. The M1 velocity of
HY is unreliable due to trade-off with model IN, but
if the M1 velocity of 4.69 km/s observed by Barazangi
and Ni [1982] is correct, then the M2 velocity in mod-
els HY and IN (4.7 km/s) suggest a negligible velocity
gradient with depth beneath the Indian shield.

This upper mantle structure is not observed beneath
the Tibetan plateau. Hence either the Indian shield (in-
cluding layer M2 since there is no definable lid structure
to mark the base of the lithosphere) has underthrust
the plateau and the faster M2 layer observed farther
south has been removed or alterred in such a way that
it has become much slower, or the Indian shield has not
penetrated far beneath the plateau and the low veloci-
ties observed in model PL represent the current state of
the upper mantle beneath the Asian crust. A structure
consisting of the entire Indian shield underplating the
Tibetan crust is not consistent with the current results,
unless the coherently moving Indian lithosphere is less
than approximately 85 km thick.

Conclusions

The following are the main results and conclusions
which have been drawn from work in the current study:

1. A detailed review of previous seismological studies
was used to construct six “standardized a priori” mod-
els for the Tien Shan, Tarim basin, Tibetan plateau, Hi-
malaya, Indian shield, and Pamir-Hindu Kush. These
models approximately account for all structure with
wavelength > 1000 km.

2. We found that frequency-dependent mean uncer-
tainties in the Tibetan region phase velocity measure-
ments are much larger than those assumed by previ-
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ous authors (Figure 6). These uncertainties are for in-
terevent phase velocity; hence, in the absence of other
information, half of their value at each frequency should
be used as uncertainty estimates in future work in the
Tibetan region. _

3. There is evidence to suggest that zones of low
upper mantle velocity exist beneath the western and
the eastern Tien Shan region. It is suggested that both
of these regions define areas of mantle upwelling with
downwelling cooler mantle between them.

4. The Tarim basin has a low-velocity upper crust,
probably due to thick sediment accumulation. It also
exhibits either an extremely fast uppermost mantle ve-
locity or a very thick lithosphere.

5. A constant crustal velocity with depth was ob-
served beneath the east central Tibetan plateau, whereas
a positive velocity gradient with depth was found be-
neath the rest of the plateau (Figure 17). We suggest
that these structures plus inefficient S, transmission
and subrecent basaltic volcanism can be explained by
basaltic intrusions into the east central plateau lower
crust, causing an increased crustal geothermal gradient
and partial melting at the Moho.

6. A widespread low-velocity mantle layer exists
within the depth range 115-185 km beneath the central
and northeast plateau, but possibly not to the north-
west, and probably not to the southern or far eastern
plateau (Figure 17).

7.The data presented here are not consistent with
the entire Indian crustal and upper mantle structure to
185 km depth underplating most of the Tibetan plateau.
It is possible that India has underplated the plateau
if either (1) the Indian lithospere is less than approxi-
mately 85 km thick or (2) the Indian lithospheric mantle
has been advected away or altered approximately below
115 km depth beneath the Tibetan plateau.
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