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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 hv the Fifth and Fourth Geonhvslcal 
~ r o s ~ e d t i n g  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 r ~ f t  by logistics [figure 1 of (1  )], 
the discont~nuous survey conslsts of seven 
main profiles and four short cross lines, all 
recorded to 50 s uslng explos~ve sources. 
Llnes TIB 1 and 2 were collected In 1992 
w ~ t h  a 120-channel DFS V uslng a geo- 
phone group Interval of 50 m and analog 
cables. Llnes TIB 3-11 mere collected In 
1994 w ~ t h  a 240-channel dleltal telenletrv 
system (Wave 3 )  and had a 25-m grou; 
interval resulting in a common s ~ r e a d  
length of 6 km. In both cases the nominal 
seismic source consisted of 50-kg seismic 
charges in horeholes -50 m deep and at 
intervals of 200 m; additional 200-kg charg- 
es were set off everv 3000 m. 

The most promlhent feature of the seis- 
mic profiles in the H~malaya is a gently 
north-dipping hand 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 Tihet hecause: ( i )  
it can be extrapolated updip to coincide 
with the plane of thrust-type seismicity he- 

neath the south flank of the Hlmala~a ,  (11) 
~ t s  southern end l ~ e s  at the same depth as 
the hasal decollement beneath the Hlgh 
H~mala la  Inferred from surface geology In 
eastern Nepal ( 3 ) ,  and (111) ~t 1s discordant 
w ~ t h  overlying dlpplng reflect~ons attrlbut- 
ed to thrust ~mhr~ca t lon  In the Teth7an 
Hlmala~a  The M H T  reflection, ah lch  dlps 
northaard at an average of ahout 12O, d ~ s -  
appears at a depth of ahout 50 km heneath 
the north end of TIB 3 (adjacent to the 
Kangmar dome), some 225 km north of the 
Hlmala~an  thrust front ( M a n  Frontal 
Thrust) but st111 more than 50 km south of 
the Zangho suture 

North of the polnt ahere  the MHT re- 
flectlon d~sappears, the se~smlc sectlons are 
donllnated hy a subhor~zontal band of 
strong reflectlons at 5 to 6 s, or at a depth of 
about 15 to 18 km (Flg 1)  Hereafter refer- 
enced as the "Yamdrok-Darnxung reflector" 
(YDR), ~t extends from heneath Yanldrok 
Tso on TIB 5 to the Damxung graben on 
TIB 11, a d~stance of almost 200 km 

The most strlklng aspect of the YDR 1s 
the local occurrence of unusually large am- 
plltudes, or br~ght spots (F~gs 1 and 2) 
Ampl~tudes for the hr~ght  spots range from 
13 to 22 db aboke background (Flg 2) 
whereas ampl~tudes for the rest of the YDR 
generally akerage about 6 db h~gher  than 
background 

Although sekeral br~ght  spots are con- 
cave In shape (Flg l ) ,  nelther tunlng nor 
focusing are adequate to explain the high 

L. D. Brown, M. Hauck, D. Alsdorf, A. Ross. M. Clark, ampl~tLldes, M ~ ~ ~ ~ ~ ~ ~ ,  each of the bright 
nsttute for the Study of the Contnents. Cornel Unver- 
sty, Ithaca, NY 14853, USA. spots corresponds to a negative reflection 
Wenjln Zhao and Xanwen LIL, Chlnese Academy of Geo- polarity (Fig. 3 ) ,  implying that they repre- 
ogcal Scences, Beljlng 100037. Chna. sent a decrease in seismic velocity or den- 
K. D Nelson and M. Cogan, Department of Earth Sclenc- 
es. Syracuse Unlverslty. Syracuse, NY 13244. USA. sity) hoth l  at the reflecting interface. In 
Jinka Che, Bellnq C o m ~ u t n q  Center, Mnstry of Geolo- contrast, parts of the YDR that are not near 
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gy and ~ n e r a l  ~esources, ~el j lng. 100083. h a .  the bright spots exhihit a positive reflection 
' To whom correspondence should be addressed polarity. The most plausible juxtaposition 
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Fig. 1. Composite migrated depth section of reflection profiles collected profiles are offset laterally (1). Here the profiles were merge+after relatively 
during INDEPTH 1 (1992) and 11 (1994). MHT, Main Himalaya Thrust; STD, standard common midpoint (CMP) processing, including FX deconvolution 
South Tibetan Detachment System; YDR, Yamdrok-Damxung Reflection and coherency enhancement then migrated at 6 km/s. Sections south of the 
band; ABS, Angang bright spot; YBS, Yangbajain bright spot; NBS, Nyin- Zangbo were projected onto a north-south line, the remainder onto a line 
zhong bright spot; DBS, Damxung bright spot. Note that individual following the trend of the Nyainqentanglha Mountains. 

within metamomhic 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 TlB 
9, showing the Nyinzhong 
Bright Spot (NBS), one of 
several bright spots occur- 
ring along the YDR horizon. 
The shallow, north-dipping 
reflections correspond to 
the Nyainqentanghla Shear 
Zone, a low-angle extensional 
fault exposed in the adjacent 
Nyainqentanghla Mountains 
(1 1). (B) Amplitude decay 
curve computed from un- 
processed traces showing 
NBS at 16 dB above back- 
ground amplitudes. 

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 Italv). In 

1 ,  

each case these reflections have been inter- 
~ r e t e d  as an accumulation of fluid, usuallv 
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- 

tions recording on TIB 1 (Fig. I ) ,  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)l. 
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). 

1.25 
B 

15.75 
A 

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 fluld, 
likely magma, is pollding a t  depths of 15 tic 
18 km beneath the northern Yadong-GLI~LI 
rift. This Inference is consistent rvitli the 
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 r v o ~ ~ l d  imp1)- that  
the  magma has a granitic colnposition in 
contrast to  the  basaltic ~ n t n ~ s i o n s  inferred 
for bright spots in other  rift :ones \\~orlcI- 
wide. Nor-br ight  portions of the  YDR 
rvould presumably represent cooled intru- 
sions. T h e  overall undulatory, Jiscontinu- 
ous nature of the  YDR suggests either that 

lnaglnas are intrueling along a preesistiilg 
structure or that ~ Ie f (~ rmat ion  has contln- 
 led after i n t r ~ ~ s i o n  of the  magmas. If t he  
latter, given the  rapid time scale of plu- 
tonic cooling, the   leto or mat ion rvould have 
to be ver)- )-oung. 
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1 NDEPTH Wide-Angle Reflection Observation of tors, these PIS con\-erted reflections h a w  
higher amplitudes than  the  corresponding 

P-Wave-to-S-Wave Conversion from Crustal P,.P reflections. TII~S 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  ~nc idence  angles 
to  provide constraints o n  the  conipositioll 
and structure of the  Tibetan crust. Lyle 
deployed 30 stations equlpped with 
REFTEK digital three-component seismo- 
graphs for the  5-month duratik>n o t  the  
INDEPTH-I1 C h l P  experiment [described 
in  ( l ) ] .  These stations were Lleployed 
along, and off the ends of, the C h l P  
in a continuous 400-km-long array [figure 1 
in (Z)] and recorded the INDEPTH explo- 
sive sources out to offsets of up to 350 km 
(3). These data provide information o n  the 
nature of the crust beneath the region (4). 

Y. Makovsky. S. L. Klemperer. L. Fatschbacher, Depait- 
ment of Geophysics Stanforo Unlversiry, CA 94335- 
2215. USA. 

Here we report o n  prominent converteil 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 (t1l.t) o t  5 to 
6 s, corresponding to  depths o t  about 15 to  
1S km, beneath the  nor thern YaJong- 
Gulu rift ( l  ) .  T h e  reflection band is ex- 
tensive for at least 150 kin beneath the  rift 
ancl locally exhibits bright-spot character- 
istics (extreme amplituLle and negative po- 
larity). P-1val.e ret7ections correspollding 
to these bright spots are also observeel in 
our ~ e r t ~ c a l - c o m p o n e ~ ~ t  wide-angle data 
(P,P III Fig. 1) .  Ho~vever ,  the  lligllest am- 
p l ~ t u d e  retlections recorded in the  \vide- 
angle data are not  these P-nave reflec- 
tions, but rather, P-to-S-n-ave c o n ~ e r t e ~ l  

L. D. Brown, Department of Geological Sciences Cornell reflectiolls from sallle reflectors 
Univers~ry, lrhaca NY 14853, USA. 
Ming LI, \Rlen,in Lhao, and Meng, Acade- corded a t  source-receiver offsets bet\veen 
my of Geological Sc~ences, Baiwanzhuang Foad 26, Bet- ahout 10 allci 75 kin (most prolninellt o n  
jng 100037, China t he  hori:oiltal components. P,S in Fig, 1 ) .  
*To who~n  correspondence sho~ild be addressed Along 5- to 10-km stretches o t  the  refkc-  

, 

of crustal reflectiolls and a strollg inilica- 
tion of the  presence ot tluids (5). 

sion as a l ;~nction of incicience angle (6 )  
slio~vs that sc~licl-solid interfaces, which 
are typical of geologic h o u i ~ ~ l a r ~ e s  in the  
crust, generally produce P-to-P reflections 
that are stroncer th,in associated P-to-S 
conmr ted  reflections at all inciclence an-  
gles. In  contrast, for a reflector that 1s a 
solid-o\.er-tluic1 interface. P-to-S reflec- 
t i~ jns  are stronger thall P-to-P reflections 
for inciilence angles bet\\-een about 30" 
and 60" (5).  FluiJ in this context refers to  
a lnaterial 11-ith zero shear modulus, that  is 
a material that  in its hulk properties iloes 
not  s ~ ~ p p o r t  shear stress o n  the  time scale 
requireel for transmission of seismic n-ayes, 
such as a rock \\-it11 fluid-filleil ~ o r e s .  T h e  
minimum fluid-filled porosity needecl to  
reduce the  shear m o d u l ~ ~ s  of a rock to  zero 
is about 4% (i), in the  case that  the  tluid 
is d i s t r i b ~ ~ t e ~ l  in th in  grain-houndar)- filllls 
or high aspect-ratlo cracks. Othe r  pore 
geometries re~luire a substantiall)- greater 
mini l ln~m tluicl fraction 110 to 30'30) to 
Jrive the  effective shear modulus of the  
~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  ~m-tiall\- molten 
[that is, contams nlagnla (8)] or has big- 
nificant u'iter content  [for esanlple (9)] .  

On the oremise that the  hiuli-amt~li- 
tucle P,S reflections do result from trappeid 
fluid, rve have attempted to  map the  pres- 
ence o t  fluiLl concentra t io~ls  between 11- 
and  25-k111 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-ith a high P,S/P,P rcitiii 
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