
In  any case, the bright spots along the 
YDR are a stroilg indication that a fluid, 
likely magma, is poiidi~ig a t  depths ot  15 tic 
18 km beneath tlie northern Yadong-Gulu 
rift. This interence is consistent wit11 tlie 
extensional tectonics, abundant eeotlier~nal 
activity, and high heat flo\v of the region 
(9) ,  and is supported by other geophysical 
observations of Proiect INDEPTH i l C). , , 

T h e  most likely source of magma is partial 
melting of Tibetan crust induced by crust- 
al thickening ( 1  ), which rvould imp1)- that  
the  magma has a granitic coinposition in 
contrast to  the  basaltic in tn~s ions  inferred 
for bright spots in other  rift :ones \\~orlcI- 
wide. Nor-br ight  portions of tlie YDR 
rvould presumably represent cooled intru- 
sions. T h e  overall undulatory, J i scon t~nu-  
ous nature of the  YDR suggests either that  

magmas are intrueling along a preesisti~ig 
structure or tliat ~ Ie f (~ rmat ion  has contin- 
ued after intrusion of the  magmas. If the  
latter, given tlie rapid time scale of plu- 
tonic cooling, the  ~leformation rvould have 
to be ver)- )-ouiig. 
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INDEPTH Wide-Angle Reflection Observation of tor., these PIS converted reflections have 
higher amplitudes than  the  corresponding 

P-Wave-to-S-Wave Conversion from Crustal P,.P reflections. This situation is atvrical 

Bright Spots in Tibet 
Yizhaq Makovsky*, Simon L. Klemperer, Lothar Ratschbacher, 

Larry D. Brown, Ming Li, Wenjin 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). 

T h e  \\ride-angle component of Project 
INDEPTH acquired three-component 
seismic data a t  a range o t  ~ ~ i c i d e n c e  angles 
to  provide constraints o n  tlie conipositioil 
and structure of the  Tibetan crust. Lyle 
deployed 30 stations e i lu~pped with 
REFTEK digital three-component seismo- 
graphs for the  5-month duratik>n of the  
INDEPTH-I1 C h l P  experiment [described 
in  ( l ) ] .  These stations were ileployed 
along, and off the ends of, tlie C h l P  profiles 
in a continuous 400-kin-long array [figure 1 
in (Z)] and recorded the INDEPTH explo- 
sive sources out to offsets of up to 350 kin 
(3). These data provide iiiforlnation o n  the 
nature of the crust beneath the region (4). 

Y. Makovsky. S. L. Klemperer. L. Fatschbacher, Depait- 
ment of Geophys~cs Stanforo Un~vers~ty, CA 94335- 
2215. USA. 

Here we report o n  proininelit converteci re- 
flections suggestive of intracrustal fluid he- 
neath the northern Yailong-Gulu ritt. 

INDEPTH C M P  profiles shorv a n  un- 
dulating band of retlections ("YDR" re- 
f l ec t~ons )  a t  a t\\ro-\\ray-time (t11.t) o t  5 to 
6 s, corresponding to  depths o t  about 15 to  
1S kin, beneath the  nor thern Yailong- 
Gulu rift ( l  ) .  Tlie reflection band is ex- 
tensive for at least 150 kin beneath the  rift 
ancl locally exhibits bright-spot cliaracter- 
istics (extreme amplituile and negative po- 
larity). P-lval-e ret7ectioiis correspoilding 
to these bright spots are also observeel in 
our ~ e r t ~ c a l - c o i n p o n e ~ ~ t  wide-angle data 
(P,P ~n Fig. 1) .  Ho~vever ,  the  liigliest am- 
p l ~ t ~ ~ d e  retlections recorded in the  \vide- 
angle iiata are not these P-nave reflec- 
tions, but rather, P-to-S-n-ave converteJ 

L. D. Brown, Department of Geolog~cal Scences Cornell reflectiolls from the  sallle reflectors 1.e. 
Universty, lthaca NY 14853, USA. 
Ming Ll, \Rlenlln Zhao, Meng, Chinese Acade- corcied a t  source-recelver offsets bet\\reen 
my of Geoog~ca Sciences, Baiwanzhuang Foad 26, B ~ I -  ahout 10 a l i~ l  75 km (most prolninellt 011 

j~ng 100037, Ch~na t he  hori:ontal components. P,S in Fig, 1 ) .  
*To who~n  correspondence sho~~lcl  be acldressecl Along 5- to 10-km stretches o t  the  reflec- 

, 

of c r ~ ~ s t a l  reflectiolis anil a strollg inilica- 
tion of tlie presence ot fluids (5). 

sion as a l ;~nction of incicieiice angle (6 )  
slio~vs that sc~licl-solid interfaces, wliicli 
are typical of geologic houndar~es  in the  
crust, generally produce P-to-P reflections 
that are stroncer than  associated P-to-S 
converted reflections at all inciclence an-  
gles. In  contrast, for a reflector that 1s a 
solid-o\.er-tluicI interface. P-to-S reflec- 
tions are stronger thaii P-to-P reflections 
for inciilence angles bet\\-een about 30" 
and 60" (5).  Fluiil in this context refers to  
a material 11-ith zero shear modulus, that  is 
a material that  in its hulk properties iloes 
not s ~ ~ p p o r t  sliear stress o n  the  time scale 
reiluirecl for transmission of seismic n-aves, 
s ~ ~ c h  as a rock \\-it11 fluid-filleil ~ o r e s .  T h e  
minimum fluid-filled porosity needecl to  
reduce the  sliear m o d u l ~ ~ s  of a rock to  zero 
is about 4% (i), in the  case that  the  tluid 
is distributed in th in  grain-houndar)- filllls 
or high aspect-ratlo cracks. Othe r  pore 
geoinetries re~luire a substantiall)- greater 
mini i ln~m tluid fractioii 110 to ?10'%o) to 
Jrive the  effective shear m o d u l ~ ~ s  of tlie 
~nater ia l  to  zero (7). This  conilition im- 
plies that the  material proiiucing the  
strong P,S reflections beneath the  E'a- 
d o n e - G ~ ~ l u  rift is e ~ t l i e r  ~?artiall\- molten 
[tliat is, contams nlaglna (8)] or has sig- 
nificant water content  [fils esainple (9)] .  

On the oremise that the  l i i~ l i - amt~ l i -  
tucie P,S reflections do result from trapped 
fluid, rve have attempted to  map the  pres- 
ence o t  fluii1 coiicentratiolis between 11- 
and 2 5 - k ~ u  depth along the  INDEPTH 
survey by measuring P,S/P,P ratlos at in- 
cidence-angles of 70" to 75" a l m g  our  pro- 
file. Reflections n-it11 a high P,S/P,P rcitiii 
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Fig. 1. Vertical- and east-compo- 
nent receiver-gathers of station 7 
(located in the northern Yadong- 
Gulu rift between the CMP profiles 
TIB-7 and TIB-9 [figure 1 in (211 re- 
cording TIB-9, plotted trace se- 
quentially with true amplitude and 
no trace-normalization. P,, direct P 
wave; S,, direct S wave. Phases 
reflected off the bright spots: PxP, 
P-to-P reflections [after (811; PxS, P- 
to-S converted reflections. P,S am- 
plitude greater than PxP amplitude 
suggests the presence of fluids 
(perhaps melt). 

Offset 20 25 , 30 35 , 
(km) 40 50 50 60 

PS incidence angle 

are semi-continuously aligned at 4.5- to 
6-s twt (vertical incidence P-to-P reflec- 
tion time), or between depths of about 13 
and 18 km, beneath the northern Yadong- 
Gulu rift (north of latitude 29'57'N, tops 
of red areas in Fig. 2). This alignment is in 
good agreement with the general position 
of the YDR reflection band imaged on the 
INDEPTH CMP profiles (1 ), particularly 
when the asymmetry of the PxS ray paths is 
taken into account. South of the Zangbo 
suture we recognize several additional 
wide-angle reflection with high P,S/P,P 
ratios corresponding to near-vertical P- 
wave reflections. These are not as un- 
eauivocal as the ones observed beneath 
the northern Yadong-Gulu rift but may 
remesent a s~oradic continuation of fluid 
in the crust for some distance south of the 
suture. Specifically, an area with high PxS/ 
P,P ratios is observed at latitude 28'50'N 
(-50 km south of the suture), at 6-s twt 
(depth of -17 km), at the same location 
where a prominent 6-s reflection is ob- 

Midpoint latitude 

served on the CMP profile (1 ), and where 
earlier workers measured high heat flow 
(146 mW/mz) (10). At the scale of the 
entire traverse, S, (the direct S-wave) is 
recorded in our data to >I00 km for 
source-receiver pairs south of the suture, 
whereas it is not observed bevond 40 km 
for ray paths to the north.  h his kesult 
implies that Q, in the upper crust decreas- 
es northward in the general vicinity of the 
suture zone. 

Finally, although the shear-wave obser- 
vations indicate that fluid is accumulating 
beneath the Yadong-Gulu rift, they do not 
in and of themselves allow discrimination 
of the nature of the fluid or its source. If 
the fluid is meteoric water, then the hy- 
drothermal system, active at the surface 
(1 I ) ,  has to extend to depths of -15 km 
over a wide area of the Yadong-Gulu rift, 
but we know no cause for preferential 
ponding of meteoric water at a depth of 
about 15 km. If the water is principally of 
metamorphic origin, then a large flux from 

r;,. 4 North 

- - 
CMP bright-spots: ABS YES NBS 

Fig. 2. Amplitude ratio PXS/PF, calculated for data with P-to-S incidence angles of 20" to 75" at 6- to 
8-s twt, plotted by the data mid-point latitude (73). The tops of high PXS/PF ratio (red) areas map the 
presence of significant partial fluid concentrations [the continuation of these red areas to later times 
maps only the coda (amplitude decay) of the PxS phases and not the continuation of melt to greater 
depth]. This section shows an alignment of fluid concentrations (melt bodies ?) at about 4.5- to 6-s twt 
beneath the northern Yadong-Gulu rift and little evidence for the presence of fluids farther to the south. 

the deep crust would seem to be implied to 
maintain the fluid reservoirs over the large 
area that they are observed (12). This 
hypothesis also begs the question of why 
brieht s ~ o t s  and the associated YDR re- " L 

flection band are not observed beneath 
the Tethvan Himalava. where the under- , . 
thrusting Indian crust must be undergoing 
prograde metamorphism (and hence pre- 
sumably dewatering). While necessarily 
qualitative, these arguments lead us to 
propose that the fluid responsible for the 
bright spots is most likely magma or mag- 
matic water (brine) ponding within the 
crust. 
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