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before freezing on their way to the surface. The
symmetrical mineralogical layering of the py-
roxenite layers, which has been taken as indi-
cating a magmatic fractionation sequence (25),
is also consistent with melt-mediated mineral
reactions at length scales of tens of centimeters.
For small fractions of melt, the oxygen isotope
composition of the peridotite would be pre-
served, but the Hf isotopic signature would not.
It would instead be dominated by the radiogen-
ic melt component. The extreme Nd and Hf
isotopic properties of many peridotites and py-
roxenites require that truly primary melts never
get sampled as basalts.

The solution to the origin-of-basalt dilemma
(10, 31), which suggests either isobaric melting
of a heterogeneous pyroxenite/peridotite source
or polybaric melting of a more homogeneous
peridotite source, may rather be a combination
of these two scenarios. A “normal” piece of
mantle may be dominated by coexisting pyrox-
enite residues and peridotites that were contam-
inated by the pervasive circulation of pyroxen-
ite melts. Although the “marble cake” mantle is
a seminal concept, the present isotopic evidence
suggests that the original ingredients became
somewhat mixed up, or even preferentially lost,
to the point that the original recipe has become
difficult to decipher. Geochemical heterogene-
ities therefore should be handled as active rath-
er than as passive Lagrangian tracers by con-
vection models.

The lower LwHS ratio of oceanic basalts
with respect to the time-integrated ratio de-
duced for the mantle source of the basalts from
their Hf isotope systematics is an apparent in-
consistency (dubbed the “Hf paradox”), which
Salters and Hart (2) explained by the presence
of gamnet during melting. This model has re-
cently been challenged by Blundy et al. (4),
who redetermined the partition coefficients of
clinopyroxene and melt and found that, at 1.5
GPa and for small degrees of melting (1%), Lu,
Hf, Sm, and Nd are five times more compatible
than currently thought. They combined these
data with results on gamet (33) to create a
critical partitioning parameter (CPP) (Dg /
Dy )/(Dy /Dy, where D stands for the miner-
al/melt partition coefficients, which they use to
argue that the Nd-Hf isotope systematics of
MORBs do not require residual garnet during
melting. Although garnet pyroxenites cannot be
used to infer the CPP of each mineral, ratios of
CPP for gamet and clinopyroxene at mantle
conditions may be inferred from mineral/min-
eral partitioning, provided that subsolidus re-
equilibration is not extreme. In our samples,
which were equilibrated at pressures of at least
1.5 GPa (/3), which is close to the experimental
conditions of Blundy et al. (4), the Lw/Hf frac-
tionation between gamnet (ga) and clinopyrox-
ene (cpx) is strong with (Dy /Dy, /(D /
Dyp)epx In the range of 55 to 150. These values
can be combined with the (Dg,,/Dyy),./(Dsf
Dyg)epx Value of ~5, which was observed in
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our study and in (/6), to produce a CPP,./
CPP__ ratio that is in the range of 0.03 to 0.1,
which is well below the range of 0.8 to 2.1
deduced from the experimental data (4, 33).
Part of the reason for this inconsistency may be
that the experimental partition coefficients have
not been obtained on a molten assemblage with
garnet and clinopyroxene coexisting in the res-
idue. We nevertheless consider that the compat-
ibility of Sm, Nd, Lu, and Hf in clinopyroxene
may have been overestimated by previous ex-
periments and that residual garnet in the source
of basalts still represents the best answer to the
Hf paradox.
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Seismic Evidence for a Detached
Indian Lithospheric Mantle
Beneath Tibet

G. Kosarev, R. Kind,23* S, V. Sobolev,? X. Yuan,?
W. Hanka,? S. Oreshin’

P-to-S converted teleseismic waves recorded by temporary broadband net-
works across Tibet show a north-dipping interface that begins 50 kilometers
north of the Zangbo suture at the depth of the Moho (80 kilometers) and
extends to a depth of 200 kilometers beneath the Bangong suture. Under
northern Tibet a segmented south-dipping structure was imaged. These ob-
servations suggest a different form of detachment of the Indian and Asian
lithospheric mantles caused by differences in their composition and buoyancy.

Although the altitude of the Tibetan Plateau
is uniform, physical properties of the litho-
sphere (crust and upper mantle) such as
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velocity and density are different in north-
ern and southern Tibet (/—/6), suggesting
fundamental differences in the origin of the
lithosphere in these two regions. In the
upper mantle in northern Tibet, the propa-
gation of S, waves is inefficient (8, 9), P,
velocities are slow (9), and there exists a
low-velocity body (/6). Together with ev-
idence for-a higher Poisson ratio in the
crust of northern Tibet (2) and the presence
of volcanic activity (/7), these data suggest
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a higher temperature for the crust and man-
tle in northern Tibet (2—4). According to
Owens and Zandt (2), these observations
indicate that the cold Indian lithospheric
mantle has underthrust the Asian crust to
the Bangong suture and is truncated there
by a steeply dipping subduction zone,
whereas northern Tibet has a thin litho-
sphere and a hot, partially molten crust.
However, the geometry of the underthrust-
ing or subducting Indian lithospheric man-
tle is not well constrained -because no deep
earthquakes have been recorded (/8) and
no other direct seismic observations have
been available.

To infer structures in the upper mantle
that could be related to subduction or other
processes, we reexamined data from the 1991
to 1992 Sino-American PASSCAL experi-
ment (2, 3, 5, 7, 8 [9-21) and the interna-
tional 1994 INDEPTH II/GEDEPTH experi-
ment (/2-14, 22), which have so far mainly
been analyzed to model crustal structures.
The data we used consisted of 353 teleseis-
mic receiver functions (RFs) (22-25) from
INDEPTH II/GEDEPTH and 406 RFs from
PASSCAL (Fig. 1).

In a modification of the RF technique (22,
24), the P-to-S converted teleseismic phases
(which are time series) (Fig. 2) are migrated
into spatial images of the lithosphere and
upper mantle beneath the receiver array (25).
For this purpose a reference velocity model
(26) was divided into 4 km by 4 km (hori-
zontally) by 2 km (vertically) boxes, and the
RFs were traced back from the receiver to the
source through these boxes. All RFs (origi-
nating from different sources and recorded at
different stations) passing through one box
were averaged.

Latitude (°N)

Longitude (°E)

Fig. 1. Location map of the seismic stations of
the international passive source experiments
INDEPTH H/GEDEPTH (triangles, 1994) and
PASSCAL (squares, 1991 to 1992). The heavy
contour line marks the 4-km altitude that de-
fines the approximate physiographic boundary
of the Tibetan Plateau. ZS, Zangbo suture; BNS,
Bangong suture; JRS, Jinsha River suture; KF,
Kunlun fault.
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The Moho is seen across the entire pla-
teau (Fig. 3). It dips smoothly to the north
from the southern end of the profile to just
north of the Zangbo suture where it reaches
a depth of about 80 km. Further to the north
it returns to shallower depths. The images
of the 410- and 660-km discontinuities also
smoothly dip to the north and are parallel.
The northward dip may be an artifact
caused by a northward decrease in the S-
wave velocity in the upper mantle above
410-km depth, thus supporting earlier ob-
servations (/6). We also see a flat, wide,
diffuse band of energy between a depth of
200 and 300 km, which is caused by mul-
tiple reflections inside the crust. Multiple
reflections are frequently a problem in RF
analysis (as in seismic reflection studies)
and must be considered carefully (27).

A north-dipping P-to-§ conversion

boundary (27), hereafter called the Zangbo
conversion boundary (ZCB), begins close
to the Zangbo suture. The amplitude of the
converted wave at this boundary is about 4
to 6% that of the direct P wave. For the
observed wave period of 3 s, this can be
modeled by an S-wave velocity increase of
6 to 8% over a depth interval of =20 km
using the reflectivity method (28). Such a
velocity change may be explained by a
temperature contrast of 500° to 700°C
[considering the effects of anelasticity and
chemical reactions (29)] together with
chemical differences (a higher Mg content
in the cratonic mantle). This suggests that
the ZCB may separate the relatively cold
and chemically depleted cratonic litho-
spheric mantle of India with a temperature
of 600° to 800°C at its top from the lower
lithosphere of Asia with a temperature of
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Fig. 2. Examples of RFs at the PASSCAL station WNDO. The traces are move out corrected (34),
equally spaced, and ordered according to the latitude of their piercing points at 220-km depth. The
Moho is seen on almost all the traces. The 410- and 660-km discontinuities are seen in the

summation trace at the top of the figure. Zero
also marked in the migrated section in Fig. 3.

time is the P-wave arrival time. The bright spot is
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1100° to 1300°C just above the Indian man-
tle (30) (Fig. 3B). There are at least two
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support our model. Teleseismic travel time
tomography in northern Tibet along a line
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other independent sources of evidence that  that almost coincides with our line reveals a
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Fig. 3. RF image of the eastern Tibetan Plateau and its interpretation. (A) A migrated RF image of
the upper mantle showing a north-south profile. The small triangles at the top left indicate
INDEPTH II/GEDEPTH stations. Red colors mark positive RF amplitudes, which are related to an
increase of velocity with depth, and blue colors mark negative amplitudes. Most clearly seen are
images of the Moho, the 410- and 660-km discontinuities, and two conversion zones—the
north-dipping ZCB and the south-dipping NCZ. The NCZ is more segmented (with segments having
different dips than the entire NCZ ) and more discontinuous than the ZCB. The Moho depth reaches
its maximum (80 km) beneath southern Tibet and its minimum (60 km) beneath northern Tibet.
There is an interruption in the Moho at 30°N latitude (50 km north of the Zangbo suture), where
it reaches its maximum depth. The ZCB starts from the Moho at this point and can be traced down
to a depth of ~250 km below the station WNDO (bright spot). The images of the 410- and 660-km
discontinuities dip parallel to the north, which may reflect the northward decrease of S-wave
velocity above 410-km depth. The 410-km discontinuity is irregular beneath northern Tibet, which
is not the case for the 660-km discontinuity. (B) Interpretation cartoon. Red and blue hatched boxes
show the main features of the travel time P-wave tomographic model in northern Tibet (76). The
velocity contrast between high-speed blocks (blue) and low-speed blocks (red) is about 5%. The
ZCB is interpreted as the boundary between the cold and depleted lithospheric mantle of India
(ILM, partially transparent dark blue) and the Asian lithospheric mantle (ALM, partially transparent
light blue). The NCZ is interpreted as an image of the Asian lithospheric mantle in the process of
destruction and subduction.

P-wave velocity contrast of about 5% at a
depth of 200 to 250 km (/6). If this veloc-
ity difference was between the normal as-
thenosphere and a plume (/6) the corre-
sponding excess temperature of the plume
would be more than 400°C (29). Most of
the observed velocity contrast can be ex-
plained by a lower temperature and higher
Mg content of the Indian lithospheric man-
tle (Fig. 3B), and the remainder (1 to 2%)
by an upwelling of the hot Asian mantle
with a temperature excess of 100° to
200°C. Additionally, the joint interpreta-
tion of the surface topography and the grav-
ity field in southern Tibet (1/0) suggests a
similar model of the Indian mantle litho-
sphere as does our model.

There is a zone of P-to-S conversions in
northern Tibet that dips to the south [north-
ern conversion zone, NCZ in Fig. 3A (27)].
Although the polarity and amplitude of the
converted waves at the NCZ and ZCB are
similar, these boundaries look different.
The ZCB is continuous, whereas the NCZ
appears to consist of segments dipping in
the opposite direction of the general south-
ern dip of the entire NCZ. The complicated
mantle conversions in the north may be due
to segments of relatively cold mantle ma-
terial (700° to 1000°C) within a normal or
hot asthenosphere (1300° to 1500°C). The
ZCB and NCZ meet at 200~ to 250-km
depth and 50 to 100 km north of the
Bangong suture where an exceptionally
bright spot (defined by large amplitudes) is
imaged below the station WNDO (Figs. 2
and 3A) (31). The piercing points of the
converted phases below WNDO form a
near continuous north-south band east of
the station (Fig. 4). The bright spot is
marked by a confined cluster in the center
of the piercing points, approximately defin-
ing the lateral extent of the merging region
of the NCZ and ZCB. The depth range of
the bright spot (200 to 250 km) is influ-
enced by crustal multiples, but these likely
are not the dominant feature at the bright
spot because the Moho conversions there
do not show comparable irregularities, in-
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Fig. 4. lLocation of piercing points of P-to-S
converted phases at 220-km depth of the trac-
es in Fig. 2.
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dicating a more homogeneous crust than
mantle at a depth of 200 to 250 km (Fig. 2).

There are also differences in the character
of the P-to-S conversions at the 410-km dis-
continuity beneath southern and northern Ti-
bet. Northern Tibet is underlain by an irreg-
ular 410-km discontinuity. One possible ex-
planation for the complicated character of the
410-km discontinuity beneath northern Tibet
could be the presence of mass transfer
through the boundary there.

Our data support previous observations
that indicate that the fundamental differ-
ences between the crustal and mantle struc-
ture of southern and northern Tibet may be
related to a higher mantle temperature be-
neath northern Tibet. An explanation for
this phenomenon most likely would involve
two processes: (i) preservation of a litho-
sphere thickened by collision in the south
(4), and (ii) destruction and thinning of the
postcollision thick mantle lithosphere in the
north (2—-6). The presence of the north-
dipping P-to-S conversion boundary (ZCB)
and the previously reported tomographic
model (I6) suggest that the cold Indian
lithosphere has underthrust the Asian litho-
sphere [not'just the Asian crust, as suggest-
ed in (2)] in the south, thus preventing it
from being destroyed (Fig. 3B). The zone
of strong and complicated conversions in
the north (Fig. 3) may indicate an ongoing
process of destruction and subduction of
the Asian lithospheric mantle, which in this
case appears to be more complicated than
simple convective lithospheric thinning in a
viscous media (4). The complicated char-
acter of the 410-km discontinuity in the
north and the hot mantle material imaged
by seismic tomography directly above this
discontinuity support the idea of extensive
mass transfer between the upper mantle and
the transition zone in northern Tibet.

One possible reason for the difference in
the detachment styles of Indian and Asian
lithospheric mantles displayed in Fig. 3B is a
difference in chemical composition of the
cratonic mantle lithosphere of India and the
relatively young mantle lithosphere of Asia.
The former should be buoyant in the normal
asthenosphere and thus essentially unsubduc-
table, whereas the latter should be denser than
the underlying asthenosphere and thus me-
chanically unstable (32).

Finally, we would like to make some
comments concerning the possible nature
-of the bright spot in central Tibet (Figs. 2,
3, and 4). The striking feature of the bright
spot is that it is located exactly in the
region where the ZCB and NCZ meet. Ac-
cording to our interpretation of those fea-
tures, we suggest that the bright spot may
be related to the collision of the Indian and
Asian lithospheric mantles in central Tibet.
The high conversion coefficient at the
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bright spot (6 to 8%) and the associated
large S-velocity contrast (more than 10%)
cannot be explained by only temperature
and chemical differences between the older
Indian and Asian lithospheric mantles and
the asthenosphere. Therefore other process-
es, such as extreme strain localization and
associated olivine crystals alignment, heat-
ing and even melting of the rocks (probably
possible only in the presence of fluid at
depths of 200 to 250 km), or an increase in
the water content of olivine due to the
water released from subducted Tethyan
lithosphere, may contribute to the S-veloc-
ity contrast at the bright spot.
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subducted along with the Indian lithospheric mantle
or a lattice-preferred orientation of olivine crystals in
the interplate shear zone may also contribute to the
observed velocity contrast at the ZCB. However, this
is difficult to quantify until more data about the
conversion coefficient and thickness of the ZCB is
available.

Although north of 30.5° latitude we have data only
from the relatively few stations of the PASSCAL
experiment, there is practically no difference be-
tween the signal-to-noise ratio of the averaged con-
verted phases and that of the more numerous data
from the INDEPTH II/GEDEPTH experiment in the
south. The averaged amplitudes over the entire pro-
file are at the Moho =10% of the incident P wave; at
the bright spot 6 to 8%; and at the ZCB, NCZ, 410-,
and 660-km discontinuities 4 to 6%. The overall
noise level is about 2 to 4%.

Cratonic upper mantle, which is documented by
xenolith samples found in kimberlite pipes all over
the world [N. V. Sobolev, Deep Seated Inclusions in
Kimberlites and the Problem of the Composition of
the Upper Mantle (American Geophysical Union,
Washington, DC, 1977)], was shown to be deficient
in Fe (enriched in Mg) relative to the young con-
tinental lithospheric mantle and oceanic mantle [F.
R. Boyd et al., Contrib. Mineral. Petrol. 128, 228
(1997), and references therein]. A high Mg content
of cratonic mantle peridotite makes it significantly
less dense than younger lithospheric mantle at the
same temperature, and this has important tectonic
consequences (33). Using a petrophysical modeling
technique [S.V. Sobolev and A. Yu. Babeyko, Surv.
Geophys. 15, 515 (1994)] and the major element
compositions of mantle xenolith samples from cra-
tons [S. Bernstein, P. B. Kelemen, C. K. Brooks, Farth
Planet. Sci. Lett. 154, 221 (1998), and references
therein] and young continental lithospheres [H.
Downes, in Mantle Xenoliths, P. H. Nixon, Ed.
(Wiley, Chichester, UK, 1987), p. 125; F. Werling
and R. Altherr, Tectonophysics 275, 119 (1997)],
we estimate the compositionally induced density
difference between cratonic and young litho-
spheric mantles to be ~0.05 g/cm3. Although a
lower temperature of the cratonic lithosphere (by
200° to 300°C) may reduce this difference (to 0.02
to 0.03 g/cm3), a cratonic lithospheric mantle is
still much more buoyant in the asthenosphere than
a young lithospheric mantle.

T. H. Jordan, Nature 274, 544 (1978).

The travel time curves of the P phase and the P-to-S
converted phases have different slopes. To make
these travel time curves parallel, we compressed the
time scale at distances smaller than 67° epicentral
distance and expanded it at larger distances. The time
scale is therefore only valid for 67° epicentral dis-
tance (22, 24). Such a move out correction is com-
mon procedure in steep-angle reflection experiments.
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