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sional shear-wave velocity models for the 

Molten Crustal Layer in Southern Tibet averaged receiver function. T h e  indepen- 
dent parameter in the inversion was the  
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12) were comouted usine the  Thomvson- , , " 
Haskell matrix method (4) for an  average 

Earthquake data collected by the INDEPTH-II Passive-Source Experiment show that angle of incidence (averaged over all epi- 
there is a substantial south to north variation in the velocity structure of the crust beneath central distances between events and sta- 
southern Tibet. North of the Zangbo suture, beneath the southern Lhasa block, a mid- tions). W e  rotated the theoretical traces 
crustal low-velocity zone is revealed by inversion of receiver functions, Rayleigh-wave and deconvolved them like the ohserved 
phase velocities, and modeling of the radial component of teleseismic P-waveforms. traces and found the  optimal parameters for 
Conversely, to the south beneath the Tethyan Himalaya, no low-velocity zone was each model by iteratively minimizing the  
observed. The presence of the midcrustal low-velocity zone in the north implies that a mean square deviation of the  observed and 
partially molten layer is in the middle crust beneath the northern Yadong-Gulu rift and model-generated traces. Figure 1 shows the  
possibly much of southern Tibet. initial and final velocity models and corre- 

sponding waveforms for the  averaged re- 
ceiver functions A36 and A 1 8  observed 
north and south of the  suture, respectively 

T h e  1994 INDEPTH-11 Passive-Source correlated from one station to the next. 111 (5). T h e  most striking feature in the final 
Experiment yielded high-quality earth- order to  improve the coherence between velocity model is the  low-velocity zone in 
quake data wi th  which to analyze the  in- stations we used a moving average tech- the  middle crust north of the  suture, begin- 
teraction between the  Indian and Eurasian nique that sums the individual receiver ning at a depth of about 20 km. This feature 
plates. A 15-station passive recording ar- function from three adjacent stations. 111 is obtained for all averaged stations located 
ray was deployed, extenciing fro111 the  effect, this procedure corresponds to a spa- north of the  suture. Inversion of seislnogram 
High Himalaya to  approximately 150 km tial long-period filter and de-emphasizes A36 requires that the  ic?oho is at a depth of 
nor th  of the  Zangho suture [figure 1 of short-period variations from station to sta- ahout 80  km to fit a phase at about 9.6 s 
( 1  )I .  Nine of the  stations were equipped tion. All  of the  s~llnlned receiver f ~ ~ n c t i o n s  (Fig. 1) .  All stations to the south of Lhasa 
with hroad-band Guralp C M G - 3 T  seis- for averaged stations north of the  suture have this phase, which is likely the  conver- 
nlometers with a usahle frecluency range of contain strong energy between 0 and 10  s sion a t  the  Moho. Inversion results for sta- 
0.01 to 30  Hz; the  remaining six stations and a prominent, negative amplitude phase tions located south of the  suture do not  
were equipped with Mark Products 1-Hz that arrived about 2 s after the direct P show a mid-crustal low-velocity zone (bot- 
L-4 seismometers. Each station had one  phase. tom of Fig. 1) .  Crustal models from these 
data stream that  colltill~lously recorded W e  used the  iterative inversion method southern stations show that the  upper crust 
24-bit data at 50 samples per second. From 
May to  October 1994, approximately 200 
earthquakes were recorded. Using these Fig. 1. Inversion of the aver- 

S velocity (kmls) data we examined the  velocity structure of aged receiver function A36 

the  crust beneath the  INDEPTH-I1 survey i: 2~ and A1 8. Starting and final 

by receiver-function analysis, surface 1val.e models are the thin and 
heavy lines in the left half of 

dispersion, and P-waveform modeling. the figure, respectively. For 
Receiver-function analysis was under- P 30 each subplot, the dashed 

taken using seislnograms from approximate- s 41 lines in the right half of the 
ly 17 earthquakes recoriled at each station 5 50 f~gure are the observed re- 
(2) .  hlost of the  earthquakes that were used 0 60 ceiver functions. The th~n  
occurred in  two regions: the northwest Pa- 70 line n the bottom traces IS 

cific and Indonesia. Processed seismograms 80 
'!:I: : the theoretical recelver func- 
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is approximately 40 km thick and has a low 
average crustal shear-\$rave velocitv of about 
3.4 t~'3.5 km/s overlying a lower drust with 
a strong gradient. Comparison with the  IN- 
DEPTH-I C M P  section [figure 1 of (6)]  
suggests that the upper crustal layer corre- 
sponds to the upper plate that lies above the 
Main Himalavan thrust fault, and the  lower 
layer correspikds to the underthrusting In- 
dlan crust. Additionallv, results show that 
the Moho IS at constant depth between 
statlons SP25 and SP12 b e n e x h  the suture, 
suggesting that the suture does not pene- 
trate the entire lithosphere. 

W e  analvzed surface \ $ w e  dispersion 
data for a i a l r  of stations north 'of the  
Zangbo suture. Rayleigh wave phase-veloc- 
ity dispersion data for ;I pure path north of 
the ITS were obtained from seismograms 
recorded at station pair BB05-BB14 from 
the 1 September 1994 northern California 
earthquake (magnitude M, = 7.0). T\vo- 
station techniques \Irere used to  isolate the 
phase velocities of fundamental mode Ray- 
leigh waves with periods of 20 to 60 s (Fig. 
2). T h e  California earthquake, which orig- 
inated from 103" away and traveled along a 
mostly continental path, is well dispersed. 
W e  infer that lateral variations in Tibet do  
not significantly affect the phase-velocity 
calculations because the observed particle 
motion of Rayleigh waves from the Califor- 
nia earthuuake has a back azimuth similar 
to  that computed from the  statlons and 
earthquake loiatlon (7) 

O n i e  the fundamental mode waveforms 
at each statlon were obtalned 18). we In- , , ,  

verted for an  initial Earth model using in- 
terstation groun velocities. A time-domain - 
cross-iorrelatlon t echnque  was used to re- 
fine the phase velocltles W e  then Inverted 
for a new Earth model from the reflned 
phases velocltles. After four to flve Itera- 
tlons the phase velocltles could no  longer 
be Improved. W e  also trled to obtaln the 

fundamental-mode Love waves but \Irere 
unsuccessful because of contamination by 
core phases. T h e  error in the phase velocity 
is mainly contained in the  computed inter- 
station phase spectra and can be estimated 
by the same method used for calculating 
phase error of a frequency response func- 
tion. In  our study, the  maximum and min- 
imum phase velocity errors were -0.1 and 
-0.01 km/s, respectively. 

By minimizing the error between the 
observed and calculated phase velocities 
with a n  iterative least square method, we 
obtained a best fitting model for the crust 
between BB05 and BB14 (Fig. 2). This 
model sho\vs a 70-km-thick crust overlying 
an  upper mantle with a fast S-wave velocity 
of about 4.8 km/s. T h e  crust is characterized 
by a low average S W a v e  velocity of about 
3.45 km/s (-  6.0 km/s in P wave), a 20-km 
thick mid-crustal low-velocity zone of 3.0 to 
3.1 km/s, and a high-velocity lower crust. 

P-waveform modeling was undertaken 
using the  second-order radial vertical com- 
parison method (SORVEC) of Zhao and 
Frohlich (9 )  in which a radial-component 
seismogram is calculated from vertical-com- 
ponent observations. This can then be com- 
pared iteratively with a large number of 
model-generated synthetic radial-compo- 
nent  seismograms using a very fast simulat- 
ed annealing method (9) .  

T h e  INDEPTH-I1 array produced 
teleseismic recordings of sufficient quality 
from 14 earthquakes with back azimuths 
between 45' t o  157" and one with a back 
azimuth of 247". T h e  back azimuth cover- 
age is not ideal. For each earthquake-station 
pair, the inversion was carried out o n  the 
recorded body waves and optimum four- 
layer and five-layer velocity models (layer 
thickness is not fixed in each inversion) 
were obtained. All the available vertical- 
and radial-component waveform data for 
each station were merged into a single in- 
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Fig. 2 (left). The fit between the observed and calculated phase veloc- 
ities for the southern Tibetan Plateau are shown on the eft. The vertical 
bars in the phase velocity plot represent errors. The best-fit model from 
the least squares inversion is shown on the right. Fig. 3 (right). 
Cross-section summarizing main features of the crustal shear-wave 
veocty along the profile from P-waveform modeling. 

version, and a n  average model for each 
station was calculated (Fig. 3). T h e  models 
for the stations north of the  suture exhibit a 
distinct low-velocity zone below a depth of 
about 20 km. In  general, the upper crust 
velocity is \$,ell constrained by the data with 
a n  uncertainty of about -C 0.15 km/s for 
S-wave velocity. T h e  uncertainty is some- 
what larger at greater depths. T h e  depth of 
the Moho is not tightly constrained but lies 
between 70 and 80 km. South of the  suture, 
beneath the Tethyan Himalaya, the model 
yields a n  average crustal thickness of about 
70 km and shows n o  mid-crustal low-veloc- 
ity zone. T h e  velocity increases gradually 
with depth in the upper crust and more 
rapidly in the deep crust, and the lower 
crustal velocity gradient is similar to that 
observed to  the  north (Fig. 3). 

In  summary, receiver function analysis, 
two-station Rayleigh wave-phase velocity 
dispersion, and P-waveform modeling of 
the  INDEPTH-11 broadband data give 
consistent, independent views of the  ve- 
locity structure of the  crust beneath the  
INDEPTH-I1 survey. Nor th  of the  Zangbo 
suture there is a distinct lo\$,-velocity zone 
in the  crust, which dies out  southward 
approximately a t  the  suture. T h e  crust 
beneath and nor th  of the  suture has a low 
average shear-wave velocity of about 3.45 
km/s. T h e  Moho,  while not  tightly con- 
strained in these analyses, lies between 70 
and 80 km depth along the  length of the  
survey. As seismic velocity characteristi- 
cally increases downward in  crystalline 
continental crust, we infer tha t  the  low- 
velocity zone nor th  of the  suture marks a 
partial melt zone developed within the  
middle crust of the  Lhasa block. T h e  
prominent bright spots imaged o n  the  IN- 
DEPTH-I1 C M P  profiles ( 6 )  coincide 
within resolution with the  top of the  mid- 
crustal low-velocity zone delineated by the  
earthquake data,  supporting their infer- 
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ence that this feature map represent a n  
evol-\,ing intrusive b o u n d ~ r y  at the  top of a 
partial-melt zone. 
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Electrically Conductive Crust in Southern Tibet 
from INDEPTH Magnetotelluric Surveying 
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Martyn J. Unsworth, Wenbo Wei, Handong Tan 

The crust north of the Himalaya is generally electrically conductive below depths of 10 
to 20 km. This conductive zone approaches the surface beneath the Kangmar dome 
(dipping north) and extends beneath the Zangbo suture. A profile crossing the northern 
Yadong-Gulu rift shows that the high conductivity region extends outside the rift, and its 
top within the rift coincides with a bright spot horizon imaged on the INDEPTH CMP 
(common midpoint) profiles. The high conductivity of the middle crust is atypical of stable 
continental regions and suggests that there is a regionally interconnected fluid phase in 
the crust of the region. 

T h e  INDEPTH ~nagnetotelluric (MT) ill- 
vestigation undertaken during April to July 
of 1995 was designed to study the  electrical 
structure of the  lithosphere beneath south- 
ern  Tibet. Two earlier b1T studies were 
carr~ed out in  the region: A Sino-French 
group collected ;\.lT data in southern Tibet 
in the  early 1980s i 1 j, and, sul?secl~lently, 
;\.lT data were collected by Chinese ~nves-  
tigators as part of the Golmud to Yadong 
Global Geosclence Transect a c t i v ~ t ~ e s  ( 2 ) .  
T h e  INDEPTH M T  study provided closely 
spaced sites and a wide f r eq~~ency  17and- 
width conlpared to these surveys, and sub- 
stantiated several of their concl~~sions .  

W e  acquired M T  data along txvo lines-a 
main north-south line that extended from 
the crest of the Hinlalaya to near Yanghajain 
in the Lhasa block [I@@-line, figure 1 of (3)j, 
and a northwest-so~~theast trending line that 
oliliyuely crossed the northern Yaiiong-Gulu 
rift near Damxung (200-line) 14). T h e  X?T 
data were recorded w t h  the use of two svs- 

terns: a iive-component commercial wide- 
hand system (Phoenix V5) for s h a l l o ~  proh- 
ing, and 20 five-component recording sys- 
tems ( G S C  LIhIS) for deeper penetration 
(5. 6). Lluring the period of LIhIS aci1uis1- 
tion, 24 ;\.larch to 3-1 July 1995, sunspot 
a c t ~ v ~ t y  Lvas lo~v,  res~~l t ing in poor signal. W e  
compensated for this by recording for a long- 
er interval at each location than originally 
i~lanned 14 to 5 weeks instead of 2 to 3 
~veeks), resulting in ferver total sltes than 
planned for the exper~ment.  

Distortion analysis 17) was applied to the  
M T  response estimates, hot11 in  si~ngle-fre- 
cluency, s111~1c-site and in  m~llti-fi-equency, 
multi-site modes, to cletermine the dimcn- 
sionality of the data and derive the domi- 
nant  electrlc strike direction. T h e  distor- 
tion ~nodels fit the data well, xvh~ch implies 
that a t~vo-dimensional (2D) description of 
regional structures is a reasonable assump- 
tion. T h e  electric strike directions a t  fre- 
quencles sampling the thick Tilietan crust 
beneath the  100-line are frequency-inde- 
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For both lines, the  phase difference be- 
tween the  electric and nlagnetic fields, In 
110th polar~zations of induction (9), was 
greater than 45" a t  all hut a felv sites and 
increased with increasint! veriod. This result 

L, A 

indicates that conductivity increases in the  
crust (res~stivity decreases) ~ v i t h  increasing 
depth (1  0).  Apparent resistivities were lolv, 
<10 R . 111, at frequencies less than 0.1 f-I:, 
and for some sltes the avparent resistivities 

A 

Lvere belolv 1 0 . m for f req~~encies  less than 
0.01 Hz. Such penasively lolv values are 
atypical 11-1 the contine~nts; shield reglolls 
have apparent resistivities that are Inore 
than ttvo orders of m a g n i t ~ ~ d e  higher. 

W e   nodel led the M T  data using 211 in- 
version algorithms that s i~nu l t aneo~~s ly  
searched for the s~nootlnest as well as best- 
fitting models ( i 1 j (Figs. 1 and 2) .  T h e  data 
can he fit by more complex models, liut 
models tvith less structure result in  unac- 
ceptable misfits. 

T h e    nod el for the 100- l~ne is based o n  
the hIT and vertical-field transfer-function 
data a t  13 frequenc~es, from 80  to 0.0015 
Hz, from all sites, and fits the data with a n  
average RblS misfit of 10" in  phase, 5% in 
apparent resistil~ity, and 0.10 in G D S  trans- 
fer f~lnction. These misfits are high, hut 
nlost ~nisflt  is concentrated o n  data fro111 
the southernmost four sites. \vhich were 
found impossible to ~noclel liecause their 
responses were inconsistent het~veen the 
two modes. 

T h e  ~noclel exhibits the follo~ving f~rs t -  
order features that are apparent in the data, 
appeared in all inversions for different fre- 
quency and site s~llisets and different assump- 
tions allout statlc shifts 112). and were not 
~nfluenced by the ahherent responses just 
mentioned: (i)  Fro111 approximately 150 knl 
south of the Zanlio suture to the north end of 
the line, the crust is generally electrically 
conductive helo~v depths of 10 to 20 knl 
(<200 .R m).  (ii) North  of Kang~nar the 
crust beco~nes extremely conductive at 
depth (generally much less than 30  R . m; 
"3" 111 Fig. I ) .  ( i i ~ )  A north-d~pping zone of 
high conductivity extends upward to the 




