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Bright Spots, Structure, and Magmatism in
Southern Tibet from INDEPTH Seismic
Reflection Profiling

L. D. Brown, Wenjin Zhao, K. D. Nelson, M. Hauck, D. Alsdorf,
A. Ross, M. Cogan, M. Clark, Xianwen Liu, Jinkai Che

INDEPTH seismic reflection profiling shows that the decollement beneath which Indian
lithosphere underthrusts the Himalaya extends at least 225 kilometers north of the
Himalayan deformation front to a depth of ~50 kilometers. Prominent reflections appear
at depths of 15 to 18 kilometers near where the decollement reflector apparently ter-
minates. These reflections extend north of the Zangbo suture to the Damxung graben
of the Tibet Plateau. Some of these reflections have locally anomalous amplitudes (bright
spots) and coincident negative polarities implying that they are produced by fluids in the
crust. The presence of geothermal activity and high heat flow in the regions of these
reflections and the tectonic setting suggest that the bright spots mark granitic magmas
derived by partial melting of the tectonically thickened crust.

Multichannel seismic reflection data were
acquired by Project INDEPTH in 1992 and
1994 by the Fifth and Fourth Geophysical
Prospecting Brigades, respectively, of the
Ministry of Geology and Mineral Resources
of China (MGMR) under the direction of
INDEPTH scientists. Restricted to the Ya-
dong-Gulu rift by logistics [figure 1 of (1)],
the discontinuous survey consists of seven
main profiles and four short cross lines, all
recorded to 50 s using explosive sources.
Lines TIB 1 and 2 were collected in 1992
with a 120-channel DFS V using a geo-
phone group interval of 50 m and analog
cables. Lines TIB 3-11 were collected in
1994 with a 240-channel digital telemetry
system (Wave 3) and had a 25-m group
interval resulting in a common spread
length of 6 km. In both cases the nominal
seismic source consisted of 50-kg seismic
charges in boreholes ~50 m deep and at
intervals of 200 m; additional 200-kg charg-
es were set off every 3000 m.

The most prominent feature of the seis-
mic profiles in the Himalaya is a gently
north-dipping band of reflections extending
from ~8 to 12 s across TIB 1, continuing as
a more subtle feature on TIB 3 to about 15 s
(Fig. 1). Termed the Main Himalayan
thrust (MHT), it is interpreted (2) to be the
active decollement along which India is
underthrusting southern Tibet because: (i)
it can be extrapolated updip to coincide
with the plane of thrust-type seismicity be-

L. D. Brown, M. Hauck, D. Alsdorf, A. Ross, M. Clark,
Institute for the Study of the Continents, Cornell Univer-
sity, Ithaca, NY 14853, USA.

Wenijin Zhao and Xianwen Liu, Chinese Academy of Geo-
logical Sciences, Beijing 100037, China.

K. D. Nelson and M. Cogan, Department of Earth Scienc-
es, Syracuse University, Syracuse, NY 13244, USA.
Jinkai Che, Bejing Computing Center, Ministry of Geolo-
gy and Mineral Resources, Beijing, 100083, China.

* To whom correspondence should be addressed

SCIENCE e« VOL. 274 < 6 DECEMBER 1996

neath the south flank of the Himalaya; (ii)
its southern end lies at the same depth as
the basal decollement beneath the High
Himalaya inferred from surface geology in
eastern Nepal (3); and (iii) it is discordant
with overlying dipping reflections attribut-
ed to thrust imbrication in the Tethyan
Himalaya. The MHT reflection, which dips
northward at an average of about 12°, dis-
appears at a depth of about 50 km beneath
the north end of TIB 3 (adjacent to the
Kangmar dome), some 225 km north of the
Himalayan thrust front (Main Frontal
Thrust) but still more than 50 km south of
the Zangbo suture.

North of the point where the MHT re-
flection disappears, the seismic sections are
dominated by a subhorizontal band of
strong reflections at 5 to 6 s, or at a depth of
about 15 to 18 km (Fig. 1). Hereafter refer-
enced as the “Yamdrok-Damxung reflector”
(YDR), it extends from beneath Yamdrok
Tso on TIB 5 to the Damxung graben on
TIB 11, a distance of almost 200 km.

The most striking aspect of the YDR is
the local occurrence of unusually large am-
plitudes, or bright spots (Figs. 1 and 2).
Amplitudes for the bright spots range from
13 to 22 db above background (Fig. 2)
whereas amplitudes for the rest of the YDR
generally average about 6 db higher than
background.

Although several bright spots are con-
cave in shape (Fig. 1), neither tuning nor
focusing are adequate to explain the high
amplitudes. Moreover, each of the bright
spots corresponds to a negative reflection
polarity (Fig. 3), implying that they repre-
sent a decrease in seismic velocity or den-
sity, or both, at the reflecting interface. In
contrast, parts of the YDR that are not near
the bright spots exhibit a positive reflection
polarity. The most plausible juxtaposition
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Fig. 1. Composite migrated depth section of reflection profiles collected
during INDEPTH | (1992) and Il (1994). MHT, Main Himalaya Thrust; STD,
South Tibetan Detachment System; YDR, Yamdrok-Damxung Reflection
band; ABS, Angang bright spot; YBS, Yangbajain bright spot; NBS, Nyin-
zhong bright spot; DBS, Damxung bright spot. Note that individual

within metamorphic basement rocks that
would generate both a large impedance
contrast and a negative reflection coeffi-
cient is a boundary between solid and fluid
material.

Reflections exhibiting these attributes
are relatively rare. Comparable bright spots
in sedimentary rocks are frequently associ-
ated with hydrocarbon accumulations, par-
ticularly gas (4). Anomalously strong base-
ment reflections have been observed be-
neath other active rifts and interpreted as
magma. Perhaps the best documented of
these is the Soccoro Bright Spot at depths
of ~20 km beneath the Rio Grande rift of

New Mexico, originally recognized from

Fig. 2. (A) Unmigrated time
section with 4-s AGC for TIB
9, showing the Nyinzhong A
Bright Spot (NBS), one of
several bright spots occur-
ring along the YDR horizon.
The shallow, north-dipping
reflections correspond to
the Nyaingentanghla Shear

anomalous shear wave reflections seen on
local earthquake seismograms and subse-
quently mapped by COCORP deep reflec-
tion profiles (5). Seismic bright spots have
been reported in other active rifts (for ex-
ample, Death Valley, Basin and Range, and
the Rhine Graben), as well as certain vol-
canic areas (the Cascades and Italy). In
each case these reflections have been inter-
preted as an accumulation of fluid, usually
magma, at depth (6).

High levels of attenuation, as would be
expected in association with magma, might
explain the relative paucity of deeper reflec-
tions on the northernmost INDEPTH pro-
files. In contrast to the deep Moho reflec-

Zone, alow-angle extensional
fault exposed in the adjacent
Nyaingentanghla Mountains

(77). (B) Amplitude decay
curve computed from un-
processed traces showing
NBS at 16 dB above back-
ground amplitudes.
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profiles are offset laterally (7). Here the profiles were merged-after relatively
standard common midpoint (CMP) processing, including FX deconvolution
and coherency enhancement then migrated at 6 km/s. Sections south of the
Zangbo were projected onto a north-south line, the remainder onto a line
following the trend of the Nyaingentanglha Mountains.

tions recording on TIB 1 (Fig. 1), the only
prominent events below the YDR are a series
of dipping reflections at the south end of TIB
6 and an isolated, steeply dipping reflector
deep beneath the Gangdese batholith. The
former could be previously active thrust
faults [for example, the Gangdese thrust (7)].
Because the latter reflector projects toward
the Zangbo suture, it is possible that it rep-
resents the suture at depth. If so, it would
presumably mark the northernmost incur-
sion of Indian crust beneath the Tibet Pla-
teau. Alternatively it may correspond to one
of several lower crustal imbrications inferred
from earlier wide-angle seismic experiments

(8).

Fig. 3. Sign-bit displays from shot gather 141 on
TIB 7. (A) Shallow window, showing direct wave
(first break, or FB) as red, which for an explosive
source should be positive polarity. (B) Window
across the Yangbajain Bright Spot. Note that the
first coherent event is blue, not red, indicating
negative polarity. The combination of high ampli-
tude and negative polarity indicates fluids, likely
magma at depth. The Yangbajain Bright Spot lies
directly beneath the Yangbajain Geothermal Field,
which supplies electrical power to the city of
Lhasa.
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In any case, the bright spots along the
YDR are a strong indication that a fluid,
likely magma, is ponding at depths of 15 to
18 km beneath the northern Yadong-Gulu
rift. This inference is consistent with the
extensional tectonics, abundant geothermal
activity, and high heat flow of the region
(9), and is supported by other geophysical
observations of Project INDEPTH (10).
The most likely source of magma is partial
melting of Tibetan crust induced by crust-
al thickening (1), which would imply that
the magma has a granitic composition in
contrast to the basaltic intrusions inferred
for bright spots in other rift zones world-
wide. Non-bright portions of the YDR
would presumably represent cooled intru-
sions. The overall undulatory, discontinu-
ous nature of the YDR suggests either that

ST
magmas are intruding along a preexisting
structure or that deformation has contin-
ued after intrusion of the magmas. If the
latter, given the rapid time scale of plu-
tonic cooling, the deformation would have
to be very young.
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Bright Spots in Tibet

Yizhagq Makovsky*, Simon L. Klemperer, Lothar Ratschbacher,
Larry D. Brown, Ming Li, Wenijin Zhao, Fanle Meng

Three-component wide-angle seismic data acquired in southern Tibet during Project
INDEPTH.show strong P-to-S converted reflections from reflectors that are aligned at a
depth of ~15 kilometers beneath the northern Yadong-Gulu rift. These converted re-
flections are locally higher in amplitude than the corresponding P-wave reflections.
Modeling of reflection mode conversion as a function of incidence angle indicates that
this condition obtains for a reflector that is a solid over fluid interface; it is not typical of
a solid-solid interface. The likely candidates for a fluid trapped within the crystalline crust
of southern Tibet are granitic magma and water (brine).

The wide-angle component of Project
INDEPTH acquired three-component
seismic data at a range of incidence angles
to provide constraints on the composition
and structure of the Tibetan crust. We
deployed 30 stations equipped with
REFTEK digital three-component seismo-
graphs for the 5-month duration of the
INDEPTH-II CMP experiment [described
in (1)]. These stations were deployed
along, and off the ends of, the CMP profiles
in a continuous 400-km-long array [figure 1
in (2)] and recorded the INDEPTH explo-
sive sources out to offsets of up to 350 km
(3). These data provide information on the
nature of the crust beneath the region (4).
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Here we report on prominent converted re-
flections suggestive of intracrustal fluid be-
neath the northern Yadong-Gulu rift.
INDEPTH CMP profiles show an un-
dulating band of reflections (“YDR” re-
flections) at a two-way-time (twt) of 5 to
6 s, corresponding to depths of about 15 to
18 km, beneath the northern Yadong-
Gulu rift (1). The reflection band is ex-
tensive for at least 150 ki beneath the rift
and locally exhibits bright-spot character-
istics (extreme amplitude and negative po-
larity). P-wave reflections corresponding
to these bright spots are also observed in
our vertical-component wide-angle data
(PP in Fig. 1). However, the highest am-
plitude reflections recorded in the wide-
angle data are not these P-wave reflec-
tions, but rather, P-to-S-wave converted
reflections from the same reflectors re-
corded at source-receiver offsets between
about 10 and 75 km (most prominent on
the horizontal components, P.S in Fig. 1).
Along 5- to 10-km stretches of the reflec-
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tors, these P.S converted reflections have
higher amplitudes than the corresponding
PP reflections. This situation is atypical
of crustal reflections and a strong indica-
tion of the presence of fluids (5).
Modeling of reflection mode-conver-
sion as a function of incidence angle (6)
shows that solid-solid interfaces, which
are typical of geologic boundaries in the
crust, generally produce P-to-P reflections
that are stronger than associated P-to-S
converted reflections at all incidence an-
gles. In contrast, for a reflector that is a
solid-over-fluid interface, P-to-S reflec-
tions are stronger than P-to-P reflections
for incidence angles between about 30°
and 60° (5). Fluid in this context refers to
a material with zero shear modulus, that is
a material that in its bulk properties does
not support shear stress on the time scale
required for transmission of seismic waves,
such as a rock with fluid-filled pores. The
minimum fluid-filled porosity needed to
reduce the shear modulus of a rock to zero
is about 4% (7), in the case that the fluid
is distributed in thin grain-boundary films
or high aspect-ratio cracks. Other pore
geometries require a substantially greater
minimum fluid fraction (10 to 30%) to
drive the effective shear modulus of the
material to zero (7). This condition im-
plies that the material producing the
strong P.S reflections beneath the Ya-
dong-Gulu rift is either partially molten
[that is, contains magma (8)] or has sig-
nificant water content [for example (9)].
On the premise that the high-ampli-
tude P.S reflections do result from trapped
fluid, we have attempted to map the pres-
ence of fluid concentrations between 11-
and 25-km depth along the INDEPTH
survey by measuring P.S/P.P ratios at in-
cidence-angles of 20° to 75° along our pro-
file. Reflections with a high P.S/P.P ratio
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