
reports of dinosterane occurrences ill Protero- 
zoic sediments from Bitter Springs and Per- 
tatataka formations, central Australia (16): 
and the Nonesuch Formation in the North 
American mid-continent rift (21). The pres- 
ence of dinoflagellate relatives among acri- 
tarchs explains the continuous record of di- 
nosteroids from Precambrian to Cenozoic 
source rocks from numerous localities world- 
wide (16, 22). 

The fossilized matter available for paleon- 
tological investigation represents less than 1 % 
of organisms that once existed on Earth. A high 
abundance of related specimens in a paificulw 
age suggests :hat there was an earlier radiation. 
Various kinds of simply structured, rounded 
acritarchs and dinoflagellate biomarlcers coex- 
ist in upper Riphean rocks, although the 
dinoflagellate affinity of any particular Pro- 
terozoic genus requires ht11er investigation. 
Dinosterane-containing acanthomorphic ac~i-  
tarchs are widespread in Lower Cambrian sed- 
iments. These results suggest the evolutionaiy 
sequence in which dinoflagellate ancestry orig- 
inated by the Late hphean (-800 million years 
ago); specimens with processes became abun- 
dant in the Early Cambiian; and finally: the 
branch of dinoflagellates with classical ar- 
cheopyles and paratabulation developed m the 
M~ddle Triassic. 
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Moho Offset Across the 
Northern Margin of the Tibetan 

Plateau 
Lupei Zhu* and Donald V. Helmberger 

Anomalous double-pulse teleseismic P-wave arrivals were observed at one 
station near the northern margin of the Tibetan Plateau. The azimuthal de- 
pendence of the waveform distortion and its absence at nearby stations indi- 
cated that the distortion was produced by receiver-side crustal heterogeneity. 
Modeling of the three-component data revealed a 15- t o  20-kilometer Moho 
offset that occurs over a narrow lateral range of less than 5 kilometers. This 
east-west-striking offset separates the thick Tibetan Plateau crust from the 
Qaidam Basin crust. Such a sharp crustal thickness change implies a weak 
Tibetan Plateau crust that thickens vertically in response t o  penetration by India 
from the south and t o  blockage caused by a strong Qaidam Basin crust to  the 
north. 

The uplift of the Tibetan Plateau is the result 
of thickened ci-tlst arising from the India- 
Eurasia collision and the subsequent penetra- 
tion of India into Eurasia. However, the 
mechanisms of ciustal thickening are debated 
(1). Lateral heterogeneities of crustal strength 
are believed to play a role in determining the 
magnitude and distribution of defornlation in 
a continent-continent collision (2, 3). The 
plateau has a fairly unifornl elevation of 
about 5 lull: surroundedby several low-lying 
sedimentaiy basins: the Tarim Basin to the 
noi-thwest, the Qaidam Basin to the noith, and 
the Sicl~uan Basin to the east (Fig. 1A). These 
basins are underlain by stable Precambrian 
cratons, ~vhich have experienced little defor- 
mation since the Paleozoic (I, 4). The transi- 
tion of lithospheric structure from the plateau 
to these cratons is poorly constrained. From 
the analysis of teleseismic P waveforms, we 
present a model of a relatively sharp step in 
the Moho across the northein margin of the 
Tibetan Plateau. 

During the 1991-1992 Sinc4J.S. Tibet 

Seismological Laboratory, California Institute of Tech- 
nology, Pasadena, CA 9 1  125, USA. 

*To w h o m  correspondence should be addressed. E- 
mail: lupei@usc.edu. Present address: Southern Cali- 
fornia Earthquake Center, University o f  Southern Cal- 
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seismic expelinlent, 1 1 broadband stations were 
deployed along the Golmud-Lhasa highway (5 )  
(Fig. 1A). One of the stations, TUNL, was 
located in the foothills of the Kunluil mountain 
range, which ~ m s  east and west and marks the 
northern boundav of the Tibetan Plateau (Fig. 
1B). About 300 teleseismic events (distance 
range >30°) were recorded with good signal- 
to-noise ratios. For each event, we aligned the 
records of all the stations with the onsets of the 
P wave to examine the waveform variation 
across the array. Generally, the vertical compo- 
nent of the teleseismic P wave is less sensitive 
to structure near the recording site because of 
the wave's nearly vertical incident ray path. For 
this reason: the vertical component is often 
treated as an effective source time function of 
the earthquake in receiver function analyses 
(6). However, if crustal heterogeneity exists, 
then waveform distortion can occur. The P 
waveforms at TUX1 consistently sho~ved dou- 
ble-pulse al~ivals from events in directions 
from N4joE to N70°E (Fig. 2A). Although the 
amplitudes of the P waves varied from station 
to station, the waveforms at most stations had a 
similar single-pulse shape: ~vhich is expected 
for the epicentral distances from a moderate 
earthquake at depths >40 km. However, the 
waveforms at TLTNL consisted of hvo pulses 
separated by -1 s. Because the similarity of 
~vaveforms at other stations l-tlled out the pos- 
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sibility of a complex event source time h c -  
tion, we concluded that the double pulses were 
caused by the multipathing of wave propaga- 
tion through a laterally varying velocity struc- 
ture on the receiver side. Both pulses had the 
same polarity on the vertical component, which 
indicated that they were direct P-wave arrivals. 
Any surface reflection near the station could 
generate a delayed P-wave pulse, provided that 
a shallow structure (for example, the bottom of 
a sediment wedge) reflected it back to the sta- 
tion, but the polarity would be reversed by the 
free-surface reflection. In addition, multiple P- 
wave reflections within the crust reduce the 
amplitude of the subsequent pulses because of 
the nearly vertical incidence angle. 

We estimated the depth z of the anoma- 
lous structure by examining the size of the 
Fresnel zone R at the surface. From the clas- 

~ ~ 

sical theory of optics, R = 6, where A is 
the wavelength, which is about 10 km for 
teleseismic P waves, and R is equivalent to 
the surface area where the double-pulse 
waveform can be observed. Unfortunately, 
the station spacing of the experiment is > 100 
km, so we cannot constrain R. In 1993, an- 
other seismic experiment was conducted by 
Chinese and French scientists, in which 50 
stations were deployed along a north-south 
profile from the Qaidam Basin to central 
Tibet (7). The experiment was operated for 3 
months and used mostly short-period instru- 
ments. Station K13 in this experiment was 
located at the same site as TUNL. The same 
double-pulse waveforms were observed at 
K13 for events from the same azimuth range 
as the TUNL events (Fig. 2B). However, the 
nearby stations (K10, K14, K15, and K17) 
did not show this distortion. The lack of 
distortion helped us to constrain R to be <25 
km (half of the distance between K10 and 
K14), which produced a depth estimate of 
<60 km for the velocity anomaly. 

Also, TUNL was the station in the broad- 
band array with the strongest azimuthal vari- 
ation of teleseismic arrival times; the first 
P-wave arrivals coming from the northern 
azimuth were - 1 s faster than those coming 
from the south (Fig. 3). This variation indi- 
cates that the average P-wave velocity of the 
crust and upper mantle is faster under the 
Qaidam Basin than under the Tibetan Pla- 
teau. The double pulse occurs in the narrow 
azimuth window of the transition from faster 
to slower arrivals, where the wave field sam- 
ples two distinct velocities (Fig. 3). If we 
assume that the velocity anomaly is in the 
crust and that the crustal P-wave velocity of 
the Tibetan Plateau is 6.1 to 6.3 km/s (8, 9), 
then a separation of the two pulses by 1 s 
through a 50-km-thick crust requires an av- 
erage P-wave velocity of 6.8 to 7.0 kmls for 
the Qaidam Basin crust. The velocity of the 
lower crust could be higher if the thick low- 
velocity sedimentary layer of the basin is 

Fig. 1. (A) Map of the 
Tibetan Plateau and 
surrounding areas. Light 
and dark shading indi- 36.3 
cate elevation above 3 
and 5 km, mpectively. 
Solid lines indicate ma- 
jor faults, and dashed 
lines indicate sutures. 
Solid triangles repre- 
sent broadband sta- 
tions of the 1991-1992 
Sino4.S. Tibet seismic 
experiment (B) The 
northern Tibetan mar- 
gin near broadband sta- 
tion TUNL (solid trian- 
gle), where anomalous 
double-pulse P wave- 
forms were observed 
for events from the 
east-northeast direc- 
tion (indicated bv the 
arrow). Open jrcles 
represent short-period stations of the 1993 Sino-French Lithoscope Kunlun experiment. The 
location of the Moho offset is shown by the gray bar. 

considered. Such high velocity values are not 
realistic for crustaI material. Therefore, the 
structure that could explain the double pulse 
would have a thinner crust under the Qaidam 
Basin so that the velocity contrast between 
the lower crust of the Tibetan Plateau and the 
uppermost mantle of the Qaidam Basin 
would provide the desired lateral velocity 
variation. 

We used the Kirchhoff-Helmholtz integral 
(10) to calculate the wave propagation 
through a three-dimensional (3D) Moho. Our 
model setup and the location of the receiver 
(TUNL) are illustrated in Fig. 4; however, the 
whole crust was simplified to a layer with a 
P-wave velocity of 6.3 km/s in the calcula- 

Fig. 2. (A) Verti- 
cal components of 
broadband velocity 
records from a mag- 
nitude 5.5 earth- 
quake that occurred 
49 km beneath the 
Kuril Islands (13 De- 
cember 1991, 0800 
UTC). Relative am- 
plitudes are plotted. 
Station names ap- 
pear at the right; the 
numbers under the 
station names are 
epicentral distances 
in degrees. Arrows 
point to  the anom- 
alous double-pulse 
P waveform shape 
at stations TUNL (A) 
and K13 (B). (B) Ver- A ' ' 4 ' 6 ' ; 
tical components of 
short-period veloci- t (s) 
ty  records from an event in the same source 
region (normalized amplitudes are plotted be- 
cause the station gain factors are not available). 

tion. We used forward modeling to determine 
the location, orientation, height, and width of 
the Moho offset. Our calculation indicates 
that the occurrence of the second pulse and its 
relative amplitude are sensitive to the azi- 
muths of incoming rays and to the width of 
the offset (Figs. 3 and 5A). This dependence 
leads to constraints on the strike (N80°E) and 
on the width (<5 km) of the offset. The 
height of the offset is determined by the 
separation of the two pulses and thus trades 
off with the velocity contrast between the 
lower crust of the Tibetan Plateau and the 
uppermost mantle of the Qaidam Basin. A 

Fig. 3. Travel-time residuals of the first P-wave 
arrivals (shaded squares) at station TUNL from 
earthquakes in a distance range of 30" to  SO0. 
Positive values are early arrivals with respect to 
the theoretical travel times of the IASPE191 
Earth model by the International Association of 
Seismology and Physics of the Earth's Interior 
(77). For each event, the residual at station 
BUDO was subtracted to  remove the uncer- 
tainty of event origin time and source region 
heterogeneity; BUDO was chosen because it 
was the closest reference station to TUNL and 
it showed little azimuthal variation of teleseis- 
mic arrival time (78). Open squares represent 
the second pulses of the anomalous P wave- 
forms. Solid and dashed Lines indicate the pre- 
dicted arrival times of the first and second 
pulses by the Moho offset model, respectively. 
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20-km offset is required with velocities of 6.3 
kmls for the crust and 8.1 kmls for the up- 
permost mantle in our model. The predicted 
P waveform from the Moho offset fits the 
three components (vertical, tangential, and 
radial) of observed waveforms (Fig. 5B). 
This correspondence confirms that the wave 
field is P-wave energy, aniving askew with 
respect to the great circle (as indicated by the 
tangential motion). Also, a complex shallow 
structure is eliminated as the cause of the 
waveform distortion because the P-toS con- 
verted waves produced by the structure 
would be apparent on the radial component. 

Although there is evidence of lateral 
velocity variation in the upper mantle be- 
tween northern Tibet and the Qaidam Basin 
(II), our analysis shows that the double 
pulse is not generated by velocity anoma- 
lies below 60 km. Mantle velocity anoma- 
lies are usually associated with temperature 
variation; therefore, they may not be sharp 
enough to cause multipathing to relatively 
short-wavelength body waves. The crustal 
velocity difference between the Tibetan 
Plateau and the Qaidam Basin, however, 
could contribute to the separation of the 
two pulses, but the amount is limited. If we 
increase the P-wave velocity of the Qaidam 
lower crust to 6.7 kmls, a 15-km Moho 
offset is still required. 

Our model of a sharp Moho offset across 
the northern margin of the Tibetan Plateau 
has several implications for crustal deforma- 
tion and plateau evolution. (i) The offset is 
located directly beneath the northern margin 
of the Tibetan Plateau, where the surface 
elevation increases abruptly from 3 to 5 km 
(Fig. 4). The correlation between the surface 
and Moho topographies suggests that, to the 
first order, the plateau is supported by its 
thick low-density crust. (ii) The Moho offset 
marks the boundary between the thickened 

Fig. 4. A north-south cross section along the 
9S0E meridian showing the surface topography 
(exaggerated by a factor of 2), major faults, and 
the possible crustal structure used in modeling 
P waveforms at TUNL. Previous studies showed 
that the crustal thickness of northern Tibet is 
about 55 km (8, 73, 78). The division of the 
crust into upper and lower parts at a depth of 
20 km (relative to the surface) is approximate, 
but there is ample evidence that indicates the 
existence of a low-velocity lower crust in 
northern Tibet (8, 73, 74). 

Tibetan Plateau crust and the less deformed 
Qaidam Basin crust. The difference in defor- 
mation style may stem from the relative 
strength of the two blocks. Seismic observa- 
tions have suggested the existence of a "hot" 
upper mantle and, probably, a partially mol- 
ten lower crust under central and northern 
Tibet (8, 9, 12-14). Therefore, the deforma- 
tion of the Tibetan Plateau lower crust may 
occur by ductile flow. In contrast, the Qaidam 
Basin crust is probably brittle down to the 
Moho because of its crustal composition, 
cold geotherm, and old age (2). The Qaidam 
Basin crust acts as a rigid block that resists 
the northward lower crustal flow of the Ti- 
betan Plateau, which is induced by the pene- 
tration of India. As a result. the Tibetan Pla- 
teau lower crust grows vertically. Such 
blockage by the Qaidam Basin crust and oth- 
er surrounding cratons confines the deforma- 
tion of the Tibetan Plateau crust to a limited 
volume and raises the plateau uniformly (IS, 
16). (iii) The lack of a direct connection 
between the Kunlun fault and the Moho off- 
set suggests that the fault is limited to the 
brittle upper crust. The Kunlun fault and the 
Altyn Tagh fault, two large east-west-orient- 
ed strike-slip faults, are often thought to 
bound the Tibetan Plateau from the neighbor- 
ing cratons, despite being located 50 to 100 
km inside the plateau. These faults might be 
initiated or reactivated by the lower crustal 
flow as the material moves to the east and 
south, where a leakage exists (16). 

The existence of an abrupt change of 

Radial * 
Fig. 5. (A) Sensitivity of the P waveform to the 
width of the Moho offset, where the height of 
the offset is 20 km and the incoming teleseis- 
mic ray is from N60°E. The amplitude of the 
second pulse decreases substantially as the off- 
set becomes wider than 5 km. (B) Comparison 
of the obse~ed three-component P waveforms 
with the waveforms predicted by our best 
Moho offset model (strike, N80°E; width, 2 km; 
height, 20 km). 

Moho topography also raises concern about 
3D seismic tomography studies, which usu- 
ally assume a flat Moho in their starting 
model and invert travel-time residuals for 
velocity perturbations in the crust and man- 
tle (7). Our modeling shows that about 90% 
of the travel-time residuals are produced by 
the Moho offset (Fig. 3), and if ignored, 
this offset would be mapped into the upper 
mantle velocity variation because of the 
embedded poor vertical resolution in 
teleseismic travel-time inversions. Whereas 
the double-pulse waveforms at station 
TUNL represent a rare case of distortion by 
abrupt structural variation, smoothly vary- 
ing Moho topography will modulate wave- 
forms in a more subtle way, either sharp- 
ening or broadening the P waveform pulse, 
as seen at other stations (Fig. 2A). With the 
increasing deployments of broadband arrays in 
tectonically interesting regions, the use of 
waveform data in addition to travel-time mea- 
surements cannot be overemphasized. 
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