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Abstract

We use SS-S differential travel times to map the upper mantle structure of the Tibetan
Plateau and its surroundings. New observations from analog stations in the former Soviet Union
help to fill in gaps in the spatial coverage of previous studies, providing new data for eastern
Tibet, the Kunlun range, and the Tarim Basin. The effects of crustal thickness variations,
anisotropy, and global heterogeneity are evaluated and explicitly accounted for by incorporating
results of previous studies and by ray tracing through a global 3D model. The resulting
residuals suggest that, with the exception of the easternmost part of the plateau, Tibet is
underlain amost entirely by lithosphere of normal to greater than normal thickness. In general
there appear to be strong lateral gradients in wave speed between eastern and western Tibet. We
find little evidence for low wave speeds under northern Tibet to the west of about 87L1E. Instead,
the average shear wave speeds in the upper 300 km of the mantle beneath this part of Tibet are
about 0.5 km/s faster than those directly to the north beneath the Tarim basin. To some extent,
these results support models of Tibetan dynamics in which the lithosphere underlying northern
Tibet underplates the crust as opposed to those in which large portions of this lithosphere
disappear by convection, subduction, or detachment. At the same time, the dominant east-west
gradient in residuals suggests that 2D models inadequately explain the dynamics of all of Tibet.

Introduction
The active tectonics of Asia are for the most part a consequence of the collision between

India and Eurasia, which began some 40-50 million years ago [e.g., Fisher et a., 1971,
McKenzie and Sclater, 1971; Molnar and Tapponier, 1975] and continues at a rate of 40 to 55
mm/year [e.g., Patriat and Achache, 1984; DeMets, 1993]. Among the more spectacular effects
of this collision is the Tibetan Plateau (Figure 1), which averages 5000 m in elevation over an
area of about 2 million knf. These elevations are maintained by an anomalously thick crust,
which at 70 km is roughly twice that of normal continental crust. While some fraction of

convergence has been accommodated by lateral extrusion [e.g., Molnar and Tapponnier, 1977,
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Tapponier et a., 1982], this enormous accumulation of crust clearly is a result of large-scale,
north-south shortening. However, the evolution of the plateau and the nature of the dynamics
involved are still poorly understood and a number of different scenarios have been proposed to
explain them (Figure 2). For purposes of this study we divide these scenarios into “thin
lithosphere models’, in which the sub-crustal lithosphere under part of Tibet, usually northern
Tibet, is thinned or missing entirely, and “thick lithosphere models’ in which Tibet is underlain
by some normal to greater than normal thickness of sub-crustal lithosphere. Among the thick
lithosphere models are the underthrust models [ Argand, 1924; Ni and Barazangi, 1983; Zhao and
Morgan, 1985] in which the Indian crust underplates the Eurasian crust while the Indian upper
mantle either follows along or is supplanted by the Eurasian lithosphere, and the “accordion”
models [Dewey and Bird, 1970; Dewey and Burke, 1973] in which shortening is uniformly
distributed throughout the preexisting lithosphere. In the thin lithosphere models, asthenospheric
upwelling under northern Tibet occurs either because of the retreat of the Eurasian lithosphere
[Willett and Beaumont, 1994], a local delamination [Owens and Zandt, 1997; Kosarev et al.,
1999], a convective remova of the Eurasian lithosphere [e.g., Houseman et a., 1981], or some
hybrid combination of these scenarios [Zhao et a., 1996].

Our current view of the structure of the crust and upper mantle beneath Tibet and
surrounding regions is based on a number of low resolution seismic studies that average structure
over 100s of km, supplemented by a few high resolution studies that provide tantalizing glimpses
of small scale heterogeneity that may or may not be reliably extrapolated to larger portions of the
plateau. A trend that emerges from these studies is a first order lateral variation in elastic wave
speeds beneath Tibet. Higher than average wave speeds are found in the far western part of the
plateau, up to and including the Karakorum [e.g., Molnar and Chen, 1984; Molnar, 1990; Pandey
et a., 1991], and in the southern part of the plateau [e.g., Holt and Wallace, 1990], while lower
than average wave speeds are found in parts of north-centra and north-eastern Tibet [e.g.,
Romanowicz, 1982; Barazangi and Ni, 1982; Brandon and Romanowicz, 1986; Zhoa and Xie,
1993; McNamara et al., 1997; Wittlinger et al., 1996]. Generally speaking, a “low-north, high-
south” view of elastic wave speeds would favor the thin lithosphere models. However, the
generally uneven scale of resolution provided by these studies permits other interpretations.

A useful observation for interrogating upper mantle structure beneath remote areas at a scale

length of several 10s of km is multi-bounce S waves that reflect in the area of interest. In
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particular, SS-S travel time residuals have helped to constrain upper mantle structure in a number
of studies [e.g., Grand and Helmburger, 1985; Sheehan and Solomon, 1991; Woodward and
Masters, 1991; hereafter WM91]. The basic idea of SS-S is smple: to the extent that the main
contributor to shear wave travel time anomalies is heterogeneity in the crust and uppermost
mantle (to depths of about 300 km), travel times of SS will be most sensitive to structure near a
(shallow) source and receiver, and doubly sensitive to the crust and upper mantle beneath the
bounce point (since it goes up and down). At teleseismic distances, S and SS share virtualy the
same ray path in the upper mantle beneath the source and receiver, and hence the SS-S residuals
are sensitive primarily to structure beneath the bounce point.

The SS-S technique previously has been applied to the Tibetan region by Lyon- Caen [1986]
and Woodward and Molnar [1995; hereafter WM95]. Lyon-Caen [1986] used only four SS-S
observations, but reported an enormous (up to 25 s) difference between Tibetan and Indian shield
raypaths. She inferred that the mantle beneath Tibet must be unusually hot to cause the large
delay in SS travel time. WM95 analyzed 147 SS-S travel times in the region, and inferred a
large (9%) difference in shear wave speed between northern and southern Tibet.

In this study, we extend the WM 95 investigation by adding SS-S observations derived from a
network of analog stations operating within the former Soviet Union. The source-receiver
geometries afforded by this network allow us to fill in some of the spatia gaps in the WM95
study, resulting in a more complete picture of the structure of the mantle beneath Tibet and
surrounding regions. We also use recent models of local anisotropy and globa heterogeneity to

reevaluate the uncertainties in the interpretation of these observations.

Data
The data used in this study are analog seismograms recorded at stations in the former Soviet

Union between 1977 and 1995. Each station is equipped with three-component Kirnos SKD
sensors. The response of the entire system is flat between periods of 1 and 20 s and
magnification is about 1000. Timing accuracy is better than 0.1 s [Usenko, 1991].
Photosensitive paper records ground motion at 60 mm/min, and al three components are
recorded simultaneoudly on the same seismogram.

Over the past several years we assembled copies of about 2000 seismograms from the
archives of 14 of these seismic stations (Figure 3). . Following techniques developed in
previous studies using this type of data [e.g., Makeyeva et al., 1992; Vinnik et al., 1992;
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Kosarev et a., 1993; Dricker et a., 1999], we scanned these seismograms and derived digital
time series from the raster images. Digitized seismograms are compared directly with the
original analogue records to ensure a reasonable level of fidelity.

For this study we selected seismograms of 421 event-station pairs in the 48” - 90’ distance
range for which the SS bounce points are within or near the Tibetan Plateau (Figure .3). This
distance range is chosen to avoid interference with other phases and upper mantle triplications
for both Sand SS.

Analysis
Generating Observed and 1D Predicted SS-S

Because our principal observations are SS-S delay times, the first step in the analysis is to
identify the S and SS phases on the digitized seismograms. We begin by rotating the horizontal
components into the transverse and radial frame using the theoretical back azimuth. Only the
transverse (SH) components are used in order to minimize the effect of S-to-P conversions and a
possible contamination by the SKS phase at distances near 80°. We then sdlect the waveforms
using a 120 s window about the theoretical arrival times, and taper these windows with a cosine
to reduce edge effects. We experimented with low-pass filters of various corner frequencies
(0.2, 0.1, and 0.06 Hz) but found that filtering has no significant effect on the results. To identify
the SS phase, we follow the procedure of previous investigators (e.g., WM91) and use the
Hilbert transform of the S phase as an approximation of the teleseismic SS [Choy and Richards,
1975] and allow for differences in attenuation by applying a t* of 3 s to the direct phase. The
transformed S phase is then cross-correlated with the SS window to obtain the best estimate of
SS-Sfor the station-event pair.

A predicted SS-S is generated using the Preliminary Reference Earth Model (PREM)
[Dziewonski and Anderson, 1981] with appropriate corrections for ellipticity [Dziewonski and
Gilbert, 1976], and the resulting differential time residual (DTR = [SS-§ops — [SSTFcac) IS
plotted at the PREM bounce point (the midpoint of the great circle between source and receiver
after correcting for source depth). We use PREM because it was the reference model of previous
studies [WM91, WM95] and hence comparison with those studies is facilitated. Note that
positive DTRs correspond to lower than normal shear wave speeds, and negative DTRS to higher

than normal wave speeds.
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Quality control

The large variation in the 421 DTRs derived using the procedure described above, even for
source-receiver pairs in the same location, suggests that the data quality is uneven, and therefore
considerable effort was spent to identify and remove probable outliers. We began by
establishing retention criteria based on the ability of the cross correlation operation to identify an
SS from atransformed S. A low value for a cross correlation maximum is an obvious indicator,
and we set a minimum of 0.5 for retention. We aso found that in several cases the correlation
function had several maxima, and occasionaly the largest maximum did not correspond to the
most likely choice for SS. We therefore developed a diding window technique for computing
correlation, and tossed out DTRs for which multiple maxima made the choice of phase
ambiguous. Finally, we compared the SS-S residual determined by correlation with that deduced
from an aternate technique, namely the autoregressional onset estimation algorithm of Pisarenko
et a. [1987] which we used to estimate the onsets of the S and SS arrivals . This technique is
particularly useful for quantifying the presence of a signa in a low S/N time series. A poor
correspondence between the autoregressional and cross correlation techniques indicates an
excess of noise, and we regjected observations for which these estimates differed by more than 5
S.

As aresult of thisfiltering, we were left with 184 event-station pairs that we consider to be of
acceptable quality. The standard deviation of the final data set containing 104 pairs of similar
wavepaths is 1.6 s, which is similar to variations estimated by WM91. Our 56% rejection rate is
much higher than the 13% of WM91, which we interpret as a testament to the generally better
quality of digital data.

We then compared our observations with those previously reported by WM95 (Figure 44).
97% of the DTRs in each data set are within a £8 s range have a mean near 0 s. DTRs are the
same in most places where bounce points overlap. Both sets show coherent and large negative
residuals in the western Himalaya and Pakistan (-3 to -8 s) and somewhat smaller negative
residuals southwest of the Tibetan Plateau. Coherent positive residuals are observed beneath
north-central Tibet, the Quaidam basin, the Qilian Shan range and the Tarim basin. At the same
time, there are places where DTRs disagree. For example, we observe several small positive
DTRs in central-southern Tibet, whereas those from WM95 are mostly negative. However, this
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difference in residuals does not seem to be any more significant than the scatter in DTRs in each
set, and we conclude that the data sets are reasonably compatible. Therefore, we merged our
observations and interpret them together (Figure 4a).

While large-scale trends are evident in the map of individual measurements, coverage
remains uneven and there is significant scatter in some areas. As discussed below, this scatter is
most likely due to intrinsic uncertainties in the SS-S technique as opposed to an indication of any
real structure beneath the bounce point. As very short wavelength patterns are unlikely to be
significant, we smooth these patterns by calculating mean residuals in a 2°x2° window that slides
at 1° increments (Figure 4b).

The resulting pattern in Figure 4b summarizes our best estimate of SS-S DTRs for Tibet
and surrounding regions. However, before we can interpret this picture in terms of upper mantle
heterogeneity, we must account for the effects of crustal structure, local anisotropy, and global

lateral heterogeneity.

Effects of crustal structure and thickness
Variationsin crustal thickness in this region range from 30-40 km in low-lying areas to 60-70

km in the Tibetan Plateau and the surrounding mountains. Travel times for SS reflecting within
the Tibetan Plateau (Figure 4) are thus delayed relative to those within (for example) India by
excess crustal thickness. In order to account for variations in crustal thickness, crustal velocity
structure, and topography, we calculated delay times using the GTOPO30 digital elevation model
(REF) and the global crustal model CRUST5.1 [Mooney et al., 1998]. CRUSTS5.1 is based on
seismic refraction data published between 1948-1995 and consists of 5° by 5° tiles in which the
crust and uppermost mantle are described by eight layers. Average delays due to topography and
excess crustal structure in the Tibetan Plateau are around 5 s (Figure 5a) for the angles of
incidence of most of the SS paths in our data set. After this correction is applied (Figure 5b,c),
DTRs everywhere become more negative, and the pattern is dominated by large negative
residuals.

Of course, this correction is only as reliable as CRUST5.1. As a test of sensitivity we also
estimated crustal corrections ssmply by using a crustal model derived from assuming isostatically
compensated elevations and found that the patterns of corrections were not significantly
different. Nevertheless, we note that recent studies suggest that the lower crust of Tibet has
anomalously low wave speeds [e.g., Owens and Zandt, 1997; Nelson et a., 1996], which would
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tend to increase the crustal delay and make the residual pattern even more negative, perhaps by
an additional second.

Effects of shear wave azimuthal anisotropy in the mantle
Evidence has been accumulating over the past few years to suggest that the mantle beneath

Eurasiais highly anisotropic. Infact, the strongest azimuthal anisotropy yet observed (dt = 2.49)
occurs in northeastern Tibet [McNamara et a., 1994], which means that an unfortunate
combination of distant SS arrivals with the same bounce point but with azimuths differing by 90°
could be offset by as much as 4.8 s. To estimate how significant this effect might be for our
dataset, we use recent measurements of seismic anisotropy in the study region [Makeyeva et dl.,
1992; McNamara et a., 1994; Sandvol et al, 1994; Hirn et al., 1995; Sandvol et a., 1997;
Guilbert et al., 1996] to develop an anisotropic correction map.

Because the measurements of anisotropy in Central Asia are till rather sparse, we have to
make some gross assumptions in interpolating values of dt and a. With few exceptions, the
trend of fast axisa in this areais nearly East-West, and so we assign an 80° fast axis direction to
bounce points on the plateau and a 110° direction elsewhere . Delay times in the region vary
from zero (no anisotropy detected) [Sandvol et al., 1994; Sandvol et al., 1997] in northern
Pakistan to 2.4 s [McNamara et al., 1994] in northeastern Tibet. Nearly any interpolation
scheme for dt will be speculative, so we simply assigned 0 s and 2.4 s to points that are near
these extremes, and a“typical” value of 1 selsewhere.

For this data set, most paths are oriented NW-SE and the maximum delays and advances are
about 2s. Thiskind of variation could explain some of the small-scale scatter observed both in
this study and in prior shear-wave studies [e.g., Molnar, 1990, WM95]. One potentially can
remove small-scale effects of anisotropy by averaging residuals with close bounce points and
different azimuths. By the same token, an uneven distribution of event-station azimuths can
introduce a systematic bias. Our modeling suggests that unaveraged anisotropy very likely

contributes aregional bias on the order of £1s.

Effects of global scale laterally varying structure
In order for SS-S DTRs to be interpreted in terms of structure beneath a bounce point, the

total contribution to the travel time of shear wave speed heterogeneity outside of the source,

receiver, and bounce point regions is presumed negligible. However, WM91 inferred that the
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effects of the lower mantle can introduce variations on the order of 30%-40% of the total
residuals, and Dricker and Roecker [1994] showed that in some cases large anomalies (as much
as 8 s) can be caused by a combination of upper mantle heterogeneity and SS ray bending
effects. Thanks to the efforts of global tomographers over the past decade, we should be able to
estimate these effects not only statistically but also deterministically and calculate reasonable
corrections to our travel times.

To estimate the effects of three-dimensional lateral variations in the Earth on our SS-S DTRs
we trace rays through the global three-dimensional shear wave speed model of Grand et a.
[1997; hereafter, G97]. Because SS is confined to the upper mantle over most of its journey
from source to receiver, lateral heterogeneity can have a significant effect not only on travel time
but also on the path of the wave through the Earth, and we attempted to estimate this effect by
computation of actual ray paths. In practice we traced rays through 2D dlices of the G97 model
taken along the great circle path between source and receiver, mostly because the extra boundary
conditions imposed by a floating bounce point on the Earth’s surface makes true 3D tracing
difficult. We note that tests in which we traced direct S waves in three dimensions suggest that
the out-of-plane contribution to the travel time anomaly is relatively minor, typically differing
from the 2D estimate by only a few tenths of a second. We employ an analytical ray tracing
method described in detail elsewhere [Abers, 1992; Lin and Roecker, 1990], principally because the
implementation of a reflection at the surface is straightforward. In two dimensions this
technique is equivaent to that used in the Gaussian beam program Xgbm [Davis and Henson,
1993].

An unanticipated result of this exercise was the extent of multipathing produced by this
relatively smooth model of the Earth; it is not unusual for 4-5 ray paths, with times as different
as 10 seconds, to exist for a single source-receiver pair (Figure 6). Neglecting for the moment
what this might imply for tomographic techniques that integrate travel times along 1D ray paths,
we are faced with the question of how to decide which of these might be the phase corresponding
to what we observe. We decided to select those paths that resulted in the minimum difference
between observed and calculated DTRs. Often, but not aways, this choice coincides with the
minimum displacement of the bounce point from its 1D location. We note that the G97 model
does a fairly decent job of explaining our SS-S DTRs, reducing the standard deviation of

residualsfrom4.8st0 3.7 s.
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Bounce points change location in the G97 model relative to the 1D model because of the
loss of symmetry in upper mantle structure about the SS bounce point (Figure 6). The migration
of bounce points appears chaotic in several regions, with displacements ranging from almost zero
to several 100 km (Figure 7a). Nevertheless, the resulting smoothed image (Figure 8) looks not
unlike that derived from 1D bounce points (Figure 5¢), with at |east one important exception: all
of the points near (35°N, 82°E) that defined a zone of low wave speeds in north-central Tibet
migrate northwards into the Tarim basin.

To the extent that the G97 model provides a reasonable representation of the Earth's
mantle below depths of about 300 km, we can infer an upper mantle structure beneath the revised
bounce points by differencing the observed SS-S from those calculated in the G97 model. The
G97 model implicitly incorporates variations in crustal thickness, hence the same differencing
corrects for the crustal contribution as well. The resulting residuals can then be used to deduce
perturbations to wave speeds in G97 averaged over some depth range; we integrated through the
mantle to 300 km as the contrasts above this depth in this model are on the order of +3%-5%,
while those below are less than +2%. As discussed below, the resulting model (Figure 9b)
shows much the same patterns as those inferred from G97 (Figure 9a), with highs and lows in the
same geographic position and of similar wavelength, but with stronger contrasts.

To estimate the significance of using the G97 lower mantle as a proxy for that in the real
Earth, we calculated the contributions along the ray paths below 300 km and determined a model
of the upper mantle that would result if we made no correction for the lower mantle (i.e., we
presume no unmodeled heterogeneity; this is equivalent to forcing all of the residua into the
upper mantle).  Contributions of the lower mantle are generally less than 4 s in magnitude but
can be as high as 8 s (Figure 10). The effects on deduced upper mantle structure (Figure 9c) for
most of the region are deviations in wave speed on the order of £0.1 km/s. The areas most
influenced by these corrections are those to the north of the plateau, where wave speeds are
systematically lower across alarge area.

Clearly, an interpretation of SS-S residuals requires the determination of a number of
corrections, but the uncertainties in any interpretation are a function of the uncertainties in the
corrections, and not of the size of the corrections themselves. Based on the corrections we
investigated, we conservatively estimate the overall uncertainty in the SS-S residuals to be about

+3s. Given that SStravel timesin the upper mantle in the vicinity of the bounce point are about
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100 s, this trandates into a 3% uncertainty in inferred wave speed, or a variation of about +0.14
km/s.

Tectonic Implications

The highest average wave speeds for the upper 300 km of the G97 model for the region
of Tibet and surrounding areas (Figure 9a) appear in the west, beneath the Pamir, Karakorum,
and western portion of the Tibetan plateau. Wave speeds are high as well to the south of Tibet,
beneath Bangladesh and Burma, and east of the plateau beneath southern China. Waves speeds
in the remainder of the Tibetan upper mantle generally are about 0.2 km/s higher than PREM,
but the first order change from high to low wave speeds within Tibet appears as an east-west,
rather than a north-south, variation.

The modification to the G97 model that we infer from SS-S DTRs preserves the patterns
and wavelengths of these variations but enhances the contrasts. While the high wave speeds in
the west remain at about the same level, this region is extended farther to the east, to about 88L1,
and the wave speeds in the east generally become 0.2-0.3 km/s lower. Likewise, the low wave
gpeeds to the north, under the Tarim Basin, decrease by 0.2-0.3 km/s and appear to be isolated
from the plateau itself. Finally, the north-south band of lower wave speeds in far eastern Tibet,
near 1000] E, is enhanced by the SS-S perturbations.

Thus, while the SS-S model presented here supports a lateral variation in shear wave
wave speeds across Tibet, the pattern appears to be dominated by an east-west gradient rather
than a north-south one (Figure 9b). The existence of low wave speeds in the northeastern part of
Tibet, east of about 88L1E, has been reported in severa high resolution studies [e.g., Wittlinger et
al., 1996; McNamaraet al., 1997; Kosarev et a., 1999], and these results corroborate the pattern
we find here. Low wave speeds in the northern part of Tibet to the west of this longitude, which
differ from what we report, have been inferred either from low resolution studies that include the
eastern part of the plateau [e.g. Brandon and Romanowicz, 1986] or from other SS-S studies
[WMO5; Lyon-Caen, 1986]. We include the WM 95 observations in this study; the difference in
interpretation is a consequence of how corrections are applied and to the migration of bounce
points associated with positive residuals outside of the plateau northwards into the Tarim basin
as aresult of ray tracing. We suggest that the very large delays reported by Lyon-Caen are to

some extent caused by a combination of crustal delays and upper mantle anisotropy, the effects

10
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of which are exacerbated by SS waves that spend a greater percentage of their time in the crust
and upper mantle due to relatively short source-receiver distances (about 3701 vs. the minimum
470 used here). For example, while thecrustal corrections for the SS waves analyzed here are
on the order of 5 s, the crustal correction for this shorter ray is about 9 s. Also, because this
shorter-path SS wave traveled nearly paralel to the fast direction of anisotropy in Tibet, the
effect of anisotropy is much more pronounced. When all of these corrections are accounted for
(Table 1), the observed SS travel time appears to be within a second of the theoretically
predicted value, whereas the observed travel time for the wave that bounced within the Indian
Shield is faster than the theoretical travel time by about 5-6 s. Thus, it seems that this comparison
of SS residuals does not demonstrate that wave speeds are sow beneath northern Tibet, but
rather suggests that those beneath India are dlightly faster than average.

The displacement of the slow bounce points into the Tarim Basin would suggest that the
average wave speeds in the upper mantle beneath most of the basin are only dlightly higher than
those predicted by PREM, and the simplest interpretation would be that the lithosphere here is
not significantly thicker, colder or stronger than average. However, in a study of surface waves
traversing different parts of Asia, Curtis and Woodhouse [1997] inferred that the Tarim Basin
has an unusually thick (53 km) and slow (2.8 km/s average) crust overlying an unusually fast
(5.4 km/s) mantle lid between 53 km and 115 km depth. Nevertheless, the travel time of SS
through their model is close to that predicted by PREM. In a sense, therefore, our results
corroborate those of Curtis and Woodhouse [1997], and hence lend some support to
geodynamical models of Asian evolution that postulate a strong lithosphere beneath the Tarim
basin [e.g., England and Houseman, 1985]. We suggest, however, that higher resolution studies
of this region are required to fully appreciate the role of this basin in Asian tectonics.

In general, our analysis of SS-S residuals indicates that, with the exception of a north-
south oriented corridor in eastern Tibet, the upper mantle beneath Tibet is cold, and that the
lithosphere is generally of normal to greater than normal thickness. These results therefore do
not support the thin lithosphere models for the evolution of Tibet, which, by process of
elimination, makes the thick lithosphere models more acceptable. Nevertheless, the dominant
east-west gradients in wave speed imply that no two-dimensiona model can satisfactorily

explain the whole of Tibetan dynamics.
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FIGURE CAPTIONS

Figure 1. Topographic map of the Tibetan Plateau and surrounding regions. Solid lines show
major faults (ATF — Altyn Tagh Fault; NKF — North Kunlun Fault; KTF — Kang
Ting Fault; MCT — Main Centra Thrust; MBT — Main Boundary Thrust) and dashed
lines indicate suture zones that bound tectonic terrains of the plateau (JRS — Jinsa
River Suture; BNS — Banggong Nujiang Suture; ITS — Indus- Tsangpo Suture).

Figure 2. Cartoons summarizing current two-dimensional models of the dynamics of the Tibetan
Plateau. (A) Underthrusting of the Indian lithosphere [Argand, 1924; Ni and
Barazangi, 1983] beneath the Tibetan Plateau; (B) a variation of the underthrusting
model in which the Indian lithosphere continues to subduct, but the crust is injected
into the lower crust beneath the Tibetan Plateau [Zhao and Morgan, 1985]; (C)
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distributed thickening of the Asian lithosphere by an indentation of the stronger
Indian lithosphere [Dewey and Bird, 1970; Dewey and Burke, 1973]; (D) a
modification of the underthrusting model [Owens and Zandt, 1997], in which the
lithosphere is practically absent beneath central Tibetan Plateau bounded by
Bangong suture to the South and Qaidam basin to the North (a model by Kosarev et
al., [1999] is similar to this model, but there the subducting Indian lithosphere is
detached and extends to a depth of 200 km beneath the Bangong suture)]; (E) a low
velocity zone in the mantle of the northern Tibet explained by the retreat of the
Asian lithosphere [Willett and Beaumont, 1994]; (F) a modification of model (E)
which includes a convective removal of the thickened Asian lithosphere [Houseman
et al., 1981].

Figure 3. Location of events (circles), stations (triangles) and 1D bounce points ( crosses) for the
421 new SS observations collected from the archives of analog stations in the former
Soviet Union.

Figure 4. (a) Differentia travel time residuals ([ SS-Sobserved — [SS-S)prem) for the 184 selected

arrivals from this study ( white symbols, black background) combined with those
reported by Woodward and Molnar [1995] ( black symbols, white background). The
meaning of the symbolsis the same asin Figure 5.
Negative residuals are triangles and positive residuals are squares, with size
corresponding to residua magnitude as shown in the scale at the bottom of the
figure. The orientations (azimuths) of the great-circle ray paths are shown by the
lines emanating from the symbols. (b) Spatially averaged DTRs for a combination
of both data sets.

Figure 5. (&) A map of CRUSTS5.1 and topographic corrections (in seconds for a one-way traveltime) for
the DTRs observed in this study and those reported by Woodward and Molnar [1995]. (b)
Individual differential travel time residuas ([SS-S]observed — [SS-Slrrewm) after the crustal and
topographic correction. (c) Spatialy averaged residuals.

Figure 6. An example of ray tracing S and SS ray paths in the G97 model. Shown is a great
circle cross-section of the G97 model between the source, located at (5.14°N,
127.41°E) and 114 km depth, and the receiver at (42.7°N, 73.8°E). The extremes of

wave speed perturbation shown in the color bar are chosen to accentuate variations
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in the lower mantle; perturbations in the upper 300 km can be as large as £5%. S
and SS rays traced through a one-dimensional Earth are shown as green lines; those
traced through the G97 section are shown as black lines. Note that the S ray paths
are nearly identical in the 3D and 1D models, but the SS ray paths are different and
are subject to multipathing effects. The Stravel time is about 2.8 s faster in the G97
model than in the 1D model. With increasing distance from the source (left edge of
figure) to the bounce points, SStimes are 1.3 s slower, 4.8 sfaster, and 3.8 sfaster
than the 1D time. The difference between observed SS-S and that calculated for the

G97 model is nearly zero for the bounce point farthest from the source.

Figure 7. Results of ray tracing through the G97 model. (@) [SS-Slcer — [SS-Slprem DTRs

Figure 8.

plotted at 3D bounce points, with locations of 1D bounce points shown by the line
emanating from each symbol. (b) Smoothed version of the residuals shown in (a).

Results of ray tracing through the G97 model. Smoothed [SS-S]observed — [SS-S]gor
DTRs mapped at the 3D bounce points. To the extent that the G97 model accurately
models the crust and topography of Central Asia and the lower mantle of the Earth,
these residuals reflect deviations to the G97 model of the upper mantle in the vicinity

of the bounce points.

Figure 9. (a) Average wave speeds in the upper 300 km of the G97 model of the mantle (crustal

contributions removed). (b) Modifications of (a) required to explain the smoothed
residuals shown in Figure 8. (c¢) Modifications of (a) required if no corrections are
made for the contribution of the lower mantle. Wave speeds are indicated at the
bottom of the figure. The average value for PREM is indicated on the color bar.

White boxes correspond to regions with no new information.

Figure 10. Contribution to SS-S residuals by lower mantle heterogeneity in the G97 model.

Magnitude is given by the color bar to the right.

Table 1. A comparison of the SS travel times for the events from the study of Lyon- Caen [1986].

Event Jan. 10, 1979 | Dec. 15, 1982
Station KMI WHN

Ray path Indian shield | Northern Tibet
Distance 37.5° 37.9
Observed SS-S 160 185

Correction for crustal 0 9
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thickness

Correction for elevation 0 4
Anisotropy correction 0 4
Corrected SS-S 160 168
IASP91 S 783.47 789.53
IASP 91 SS 948.95 957.05
IASP 91 SS-S 165.48 167.52
Observed-1ASP91 -55s -05s
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