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removing the ambiguity of the choice of fault plane from a fault plane

solution. Data from the World Wide Network.pf Seiuwograph Stations (WNSS)

are being used for the JHD method. First P motions from long-period

seismograms and S wave polarizations are being used to construct fault

plane solutions. These fault plane solutions and the previously determined

ones will improve the understanding of local stress patterns and regional

tectonics.

In order to evaluate the generality of the conclusions reached in the

detailed research concerning China, results of similar studies in the

° eastern United States are being examined so that any fundamental relationships

common to both areas can be understood.

Technical Results

Preliminary results of the research sponsored by this contract are a
o4

study of Tien Shan earthquake swarms and aftershock sequences by the 3HD

technique, and fault plane solution of the February 4, 1975 Hai-4)heng earthquake.

A detailed study of the Tibetan Plateau has been completed. Interpretation

of a mosaic of LANDSAT imagery, literature research, seismicity, and fault

plane solutions suggests the importance of east-west regional tensional

tectonics in the central and western Tibetan Plateau in addition to the

better known compressional tectonics that probably result from the collision

of the Indian and Eurasian plates. North-south trending en-echelon normal

faults are observed on LANDSAT imagery. A few east-west trending normal

faults are observed in areas near large strike-slip faults and are interpreted

as secondary faults. The seismicity of the central and western Tibetan

Plateau is relatively high for an intraplate area and earthquake swarms are

comon. Based on good azimuthal distribution of teleseismic stations, 45% of

all earthquakes ;locaced by the International Seismological Centre (ISC) from 1961 to

1975 were selected. These epicenters show a close relationship to the fault

traces which are interpreted from LANDSAT imagery. Fault plane solutions,

s e newly determined, also show some normal faulting with the orientation

of the T-axis in approximately the east-west direction. Late Tertiary

and Quaternary volcanics are observed on LANDSAT imagery. Most observed

volcanic landforms are extensively eroded. However, younger, probably

Quaternary, volcanics are observed sporadically throughout the central and

western Tibetan Plateau.

......-.. S'- . . . * . * * * . . -............................................... S .
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LATE CENOZOIC EXTENSIONAL TECTONICS OF THE TIBETAN PLATEAU

by James Ni

Abstract

Interpretation of a mosaic of LANDSAT imagery, literature

research, seismicity, and fault plane solutions suggest the existence

of east-west regional tensional tectonics in the Tibetan Plateau

in addition to the better known compressional tectonics that probably

result from the collision of the Indian and Eurasian plates. The

east-west crustal extension can be explained by a combination of mechanical

disequilibrium and wedging effect. The recent volcanism is explained

as the result of the crustal extension.

I
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INTRODUCTION

The Tibetan Plateau, situated north of the Himalayan foldbelt,

has been under complex deformation since the collision of the Indian

and Eurasian plates in late Eocene (Ganser, 1964; Dewey and Burke, 1973;

Molnar and Tapponnier, 1975). Because very little published geological

and geophysical data on the Tibetan Plateau is available, the defor-

mation and uplift of the Tibetan Plateau and its relationship to the

plate convergence is still poorly understood. Available data indicate

that deformation is accompanied by strike-slip faulting. (Molnar and

Tapponnier, 1975; York and others 1976), thrusting in the upper

crust, and probably ductile creep at a deeper level (Dewey and Burke,

1973; Burke and others,1974). Normal faulting in northern Tibetan

Plateau Interpreted from LANDSAT imagery (Tapponnier and Molnar, 1977),'

and north-south trending Thakkola graben situated in the. Tibetan

Himalayas (Colchen, 1974), display evidence of Quaternary activity.

Normal fault plane solutions (Fitch, 1970; Molnar and others, 1973;

Tapponnier and Molnar, 1977) In the Tibetan Plateau also indicate east-

west tension. In an attempt to clarify the late Cenozoic tectonics of the

Tibetan Plateau, this paper will present a detailed study of the seismicity,

fault plane solutions eand geological features interpreted from LANDSAT

Imagery as it pertains to the structure and tectonics of the Tibetan

Plateau.
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GENERAL BACKGROUND OF TIBETAN PLATEAU

The area described by Powell and Conaghan (1975) as the Tibetan

Plateau coincides with that area presently named the Chinghai-Tibetan

Plateau on the geographic map by the Chinese Academy of Sciences. This

region is bounded on the north by the Kunlun, Astin Tagh, and Nan Shan

Lountains, by the High Himalayas on the south, by the north-south

trending ranges that flank the Szechwan and Yunnan basins on the east, and

by the Karakoram mountain on the vest. In this paper the Tibetan Plateau

will be defined as that area averaging above 5000 meters in elevation.

This area, somewhat smaller than the Chinghai-Tibetan Plateau, is bounded

on the south by the High Himalayas, on the north by the Kunlun mountain,

on the east by the approximate boundary where high plateau lakes begin to

disappear (about 910-930N), and on the vest by the Karakoram mountain (Fig. 1).

The Tibetan Plateau may be divided into 4 tectonic units (Fig. 1),

which will be discussed from south to north. (1) The Tibetan Himalayas

are composed of Precambrian to Mesozoic shelf sediments and Cenozoic

ophiolite-flysch-molasse facies. The eugeosynclinal flysch-molasse facies

have been thrust to the south (Ganser, 1964). Neogene, granite intrusives

are also extensively distributed in the south. (2) The Nyenchhen Thangla

Basin is characterized by Paleozoic metamorphic rocks and extensive.

Mesozoic granitoid batholiths (Chang, 1959). A band, averaging 120 km

wide, of andesitic volcanics of the late Cretaceous to early Paleocene age

In the south (Geologic map of China, 1976) probably represents an Andean-

type arc north of the subducting Indian Plate about 65 m.y. ago. A smaller

band of Neogene to Quaternary volcanics lie north of the older volcanic

band. (3) The Chang Thang Platform is composed of Mesozoic sedimentary

rocks. The Mesozoic sediments have been folded intensely in the south.



6

Quaternary lake and alluvial deposits are found throughout this region.

(4) The Kunlun Foldbelt is composed of Paleozoic and Precambrian meta-

morphic rocks that were extensively folded during the Hercynian orogeny.

Mesozoic land facies molasse, banded vith. coal beds (Change, 1959), occur

within the Foldbelt. A few andesitic and trachytic volcanics are found in

some parts of the Cretaceous systems (Chang, 1959). The Cenozoic sediments

are primarily land facies basin deposits.

Reliable geophysical data for the Tibetan Plateau are scarce. Low

Bouguer gravity and near zero free air gravity anomaly are reported by

Chang and others (1976), which suggest thicker than normal crust and

isostatic equilibrium of the Tibetan Plateau. No refraction studies are

published to our knowledge. Interpretation of velocity sections from

an explosion reflection study at the eastern, Tsidam Basin indicates a

crust about 43 km. thick (Teng and others, 1974). Since the Tsidam

Basin is outside of the Tibetan Plateau, it does not constrain the

crustal thickness in the Tibetan Plateau. Studies of surface wave dis-

persion data show a possible 65 to 70 km thickness of crust under the

Tibetan Plateau (Gupta and Nasrain, 1967; Tung, 1975; Bird and Toksoz,

1977). Studies of surface waves propagation suggest high attenuation in

the mantle beneath Tibet (Molnar and Oliver, 1969; Ruzaikin and others,

1977).

I
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LANDSAT IMAGERY

The Tibetan Plateau, a largely unmapped area, provides a good example

of the practical use of LANDSAT imagery for obtaining regional geological

and tectonic information. Since the launching of LANDSAT, its imagery

has been used by several investigators dealing with Quaternary tectonics

and seismicity. For example, recent work in intraplate tectonics in

Asia has revealed the existence of large Cenozoic tectonic features: folds,

thrust and normal faults and especially very large strike-slip faults

(Bonilla and Allen, 1975; Molnar and Tapponnier, 1975; York and others,

1976). The mosaic constructed by York and others (1976) at 1:1,000,000

scale, composed of black and white, band 7 (near infrared, 0.8 to 1.1 um

wavelength) is used for this study. The information extracted from this

mosaic was photographically reduced to 1:4,000,000 scale and this version

was used as the base map.

Lineaments are interpreted as Quaternary faults primarily based on

linearity, sharpness of a scarp, and presence of a topographic, tonal or

textural difference across the lineament. Characteristics of different

types of faulting can be inferred from their geomorphology. Normal

faults are indicated by the sharp broken and en echelon fault traces with

average segment lengths of 10 to 20 km. The widths of larger grabens

are 10-15 km. Smaller grabens are 5-10-km in width and some tens of km

long (Fig. 3a, b). Although normal faults of the Tibetan Plateau have not

been previously mapped, close comparison with known normal fault patterns

in western U. S. (Fig. 3c) supports our interpretation. The majority of

these normal faults, which strike northeast to northwest, on closer

examination show individual faults tending to be crooked in map plan.

Sometimes fault pattern is more nearly rhomboid or even rectilinear

(Fig. 3a & b). These fault patterns are commonly distributed from 800E

to 930 E (Fig. 2).

A - 1rr* ' -. . . . .
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southern Nyenchhen Thangla Basin (Kidd, 1975, Geologic map of China,

1976) (Fig. 2). Observed vell eroded mesas and buttes on LANDSAT

imagery are comparable to old voicanic landforms in New Mexico, U.S.A.

(Fig. 7). Their age is probably 10 to 30 m.y. This is consistent

with the mapped Oligocene intermediate and basic basalt from the

.geological map of China. Young volcanics of late Neogene to Quaternary

age (less than 10 m.y.b.p.) are not extensively distributed throughout

the Tibetan Plateau. Volcanic domes, cones, and flows are observed

on LANDSAT imagery at places east of the Karakarom fault and north of

the Nyenchhen Thanglha basin. One Quaternary volcano and a few basalt

fields are observed at the vicinity of 800E and 35°N (Fig. 2). These

are located in an extensional zone which is associated with the Astin-

Tagh fault.

Ap
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SEISMICITY

Relatively high intraplate seismicity characterized by earthquake

swarms with maximum magnitudes M-61 is observed in the Tibetan Plateaus.

Two great earthquakes (M" 7.8) occurred in 1950 and

in 1951. In addition, since 1900 fifteen earthquakes with magnitudes

from 7.0 to 7.8 occurred in this region (Shih and others, 1973; York and

others, 1976). Historical seismic records in Tibet are non-existent

mainly because of its low population. Selected events, with good

azimuthal distribution of teleseismic stations and located by ISS from

1960 to 1963, by the ISC from 1964 to 1973, and by the U.S.G.S from

1973 to 1975 are shown in Figure 2. Data for events south of the Main

Central Thrust and east of 970E are not included. These selected

epicenters, about 452 of reported earthquakes, represent the most accurately

located epicenters. The elimination of poorly located epicenters

enhances features not apparent when using all epicenters. Some of the

epicenters fall on or near Quaternary fault traces deduced from LANDSAT

imageries. An outstAnding feature of the spatial distribution of epi-

centers is the lack of large magnitude events in central Tibet. The

e~rthquake swarms are probably related to recent volcanism.

IL



- FAULT PLANE SOLUTIONS

Fault plane solutions were determined for 5 earthquakes using

the first motion of P waves and some S wave polarizations recorded on

long-period instruments of the world-wide standard seismograph network

(WWNSS) between 1967 and 1975 (Fig. 8). In Figure 2 selected fault

plane solutions of Ritsema (1961), Fitch (1970), Molnar and others (1973),

Ben-Menahem and others (1974), and Tapponnier and Molnar (1977) are given in

addition to the 5 solutions determined by this study.

The fault plane solutions in central and western Tibet show

normal faulting with fault planes striking from northeast to northwest.

The mechanisms of August 16, 1973, September 8, 1973, and May 3, 1971

have both normal and strike-slip components. High angle normal faults

. striking northwest observed on LANDSAT imagery are consistent with

the fault plane solutions (Fig. 9a and b).

The earthquake of August 15, 1967 occurred near the numerous

northwest trending linear scarps traced from LANDSAT imagery. These

fault traces also trend parallel to the Po-Chu Fault. The fault plane

solution shows right-lateral motion on it. Further support for right-

lateral motion comes from the fault plane solution of the Assam earth-

quake, August 15, 1950, which was located about 7 km from the Po-Chu fault,

although this fault plane solution has been a subject of controversy.

Tandon (1955) reported a normal fault plane solution based on the first

notion reported in ISS. Chen and Molnar (1977) found that the same ISS

data and aftershock is consistent with a shallow dipping underthrust to

the north. However, Ben-Menahen and others (1974) have gone through all the

.available original data regarding first P motion and aftershock locations

:. * : :. . . : ... . .. :.- . :::: -: :: : i . : ,.. . . - . .. . : : .. - .. ..
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and have added surface wave amplitude studies before reporting a right-

lateral strike-slip fault plane solution. Their solution is consistent

with observed right-lateral motion on the Po-Chu fault (Fig. 5).

The fault plane solution of a large earthquake on January 19, 1975,

south of the Karakoram fault, show normal faulting with both nodal planes

striking approximately north. Observed normal faults on LANDSAT imagery in this

region (Fig. 10) are also consistent with regional east-west extension. Pre-

viously determined fault plane solutions in Tibet by Molnar and others (1973) and

-: Tapponnier and Molnar (1977) also show normal faulting striking approxi-

mately north. These are also consistent with normal faults observed on

LANDSAT imagery (Fig. 2).

94 . . .; ._ - . - °, . - .o - .- . .. .. . .. . - . , - .. - . . - . .. ,- .. - . - :. . • . . - . . - . . . ..
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CONCLUSION

The data presented show that the net effect of fault movement within

the Tibetan Plateau is both crustal compression oriented north-south and

crustal extension oriented roughly east-west. The compressional tectonics

represented mostly by strike-slip faultscan be simply related to the

collision of the Indian and Eurasian plates (Dewey and Burke, 1973;

Holnar and Tapponnier, 1975). The principal problems concerning the

present tectonics of the Tibetan Plateau are the cause of the east-west

trending extensional tectonics and the direction of relative motion

between the Indian plate, the Tibet block and the Tarim block.

After the collision of the Indian and Eurasian plates the crust of

the Tibetan Plateau has been thickened to 70 to 80 Kilometers by

conservation of in flow mass into the collision belt (Arraham and Nur, 1976).

1This extra thick crust, although presently in near isostatic equilibrium

(Shih, 1974), does not represent a mechanical equilibrium position of the

crust and the lithosphere (Artyushkov, 1974). Therefore the thickened

Tibetan Plateau will seek to reach its equilibrium by flattening out its

crust. This process, similar to the gravitational force due to high

elevation (Nclenzie, 1972), will produce tensional tectonics on the surface

of the crust in random directions. Because most of the normal faults

observed from the LANDSAT imagery trend in a north-south direction and

tensional axes from fault plane solutions tend to be oriented east-west,

boundaries around the Tibetan Plateau must strongly influence the direction

of flattening. The lines marking the approximate block boundaries around

Tibet are schematically shown on Figure 11. The arrows on the plate and blocks

show the direction of motion relative to eastern China. The Tibetan

Plateau is wedged aside by the north moving Indian plate and it is being

E- ~'>Li ~...
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* displaced eastward betwee, the right lateral Karakoram fault and left

-' lateral Astin-Tagh fault as envisioned by Molnar and Tapponnier (1975).

The eastward movement of the Tibetan Plateau is also due to the least

resistence of its eastern boundaries., This observations is supported by

the eastward displacement of the continental lithosphere in central China

(Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1976). Nevertheless,

.the eastward movement of the Tibetan Plateau probably is not uniform through-

out its entire region. Along a north-south line at about 81*E longitude,

concentration of recent volcanism and normal faults distributed along this

*! line (Fig. 2) suggests that the area east of this line is being displaced

. eastward at a faster rate than the triangular area west of this line. As

the north moving Indian plate is continuous through time, one may speculate

that rifting of the Tibetan Block is occurring along this line.

Important questions on how much of the Tibetan Plateau has moved

eastward and the chemical composition of the recent volcanics and their

interrelationships remain unresolved pending further field work. Until

more data become available the present model of crustal extension remains

premature. Nevertheless, the normal faulting and east-west crustal exten-

sion are independent of any model.
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FIGURE CAPTIONS

".y. Figure 1: Physical and tectonic features of the Tibetan Plateau and surrounding

regions.

Figure 2: Seismo-tectonic map of the Tibetan Plateau. Faults and type of

faulting are interpreted from LANDSAT imagery. Solid arrows indicate

direction of motion supportediby fault plane solutions or surface faulting

of earthquakes from Molnar and Tapponnier (1975) and York and others (1976).

Open arrows indicate direction inferred from photo interpretation above.

Large open circles represent all selected earthquakes (see text) with

5 1 M S 6-1/4; small open circles, 4 S H < 5. The aumbered 1 through 5

*fault plane solutions correspond to events reported in Figure 8. Previously

reported solutions are indicated by letters next to the solutions. R is

from Ritsima (1961), F from Fitch (1970), H from Holnar and others (1973),

B from Ben-Menahem and others (1974), and T from Tapponnier and Holnar

(1977). Solid areas indicate Neogene to Quaternary volcanis interpreted

from LANDSAT imagery.

Figure 3: (a) Arrows indicate normal faults in the left portion of the photo.

Notice the horst and graben feature and sharp tonal and textural contrast

across the fault. Center of image is approximately 31.5*N, 82.5*E.

(b) N-S striking normal faults indicated by arrows on eastern flank of

the graben at the center of the photo. Its broken but short, linear

trace is clearly seen here. At A the intruded granite (Tertiary age) is

offset by the fault. The V-shaped streams and strong tonal difference

across the fault are clearly seen. Center of image is approximately

28.8"N, 86.40E.

2(c) Basin and Range province, southeastern California. Arrows indicate

the strike-slip Garlock fault. The pattern of known normal faults is

similar to that seen in Tibet. Center of image is approximately at 32.6*N,

117"W.
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Figure 4: An apparently dammed lake along section of the Asting-Tagh fault,

apparently formed within grabens associated with the splaying of the main

fault into several branches. Center of image is approximately at 38.4*N,

90.50E.

Figure 5: LANDSAT mosaic of Po-Chu fault (named after Po-Chu River). The

name of this fault is not official. The Po-Chu River follows fault along

short straight segments. Fault scarp at S and L. Center of image is

approximately at 29.30N, 95.8*E.

Figure 6: (a) Volcano at D and E and well eroded volcano at C. Center of image

is approximately 89.425*E and 35.7250N.

(b) Dissected flow sheets at A and B. Drainage has developed atop both

mesas indicating that they may be older than-Quaternary. Volcanic butte

at D. Snow-covered anomalous features around G and H may be Quaternary

*volcanoes. Center of image is approximately at 35.5 0N, 89.4*E.

(c) Quaternary volcano at V. Center of image is approximately at 38.70N,

89.60E.

Figure 7: Miocene basalt and rhyolite flows at A, B and C in New Mexico, U.S.A.

from Geologic Map of New Mexico (1965). Center of image is approximately

at 33.50N, 106.20W.

Figure 8: New focal mechanism solutions for crustal earthquakes in Tibet, using

lower hemisphere projections. Polarities of P-wave first motions are

given by large and small solid circles for clear and weak compression,

respectively; large and small open circles for clear and weak dilatation,

respectively; and crosses for uncertain polarization. S-wave polarization

is indicated by arrows. Tick marks on nodal planes give the locations of

poles to one of the nodal planes. P and T are the location of maximum and

sinimum compression, respectively.
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Figure 9: (a) Earthquake of May 3, 1971 and its fault plane solution. Arrows

* . -indicate normal faults. Center of image is approximately at.32.8-N, 87.3-E.

(b) Earthquakes of August 16, 1973 and September 8, 1973 and their fault

plane solution. Arrows indicate normal faults in nearby areas. A domal

feature is located at D and a circular lake at C. Center of image is

approximately at 32.8*N, 87.3*E.

Figure 10: Earthquake of January 19, 1975 and its fault plane solution.

Young alluvial fan has formed along fault scarp at F. Arrow points to

the N-S trending normal fault. Karakoram fault lies between arrows.

Center of image is approximately at 33N, 78.8*E.

Figure 11: Schematic map showing tectonic interpretation. Broad line indicates

approximate plate and block boundaries. Large arrows show relative motion

between the Tibetan block, Tarim block and the Indian plate.
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Relocation of the Tien Shan Events with Joint Hypocenter Determination

A series of earthquakes occurred in the eastern 'Tien Shan during 1969

and 1971 (Figure 1). These earthquakes are mainly of the shock-aftershock

. sequence type because of the relatively large magnitude of the main shock

compared with the magnitude of the aftershocks. The method of Joint

Hypocerter Determination (JHD) was used to relocate the epicenters of the

earthquakes. The relocations were obtained with this method using a

station-corrected calibration event, initial earthquake hypocenters,

initial arrival time, and station arrival times of the events, all taken from

the Bulletin of the International Seismological Centre. Thirty earthquakes

were [elocated by this method with a maximum of 15 possible stations per

earthquake and a minimum of seven stations per earthquake. Stations were

chosen to give the best possible uniform azimuthal and epicentral coverage

as well as the most reliable readings. Table 1 gives the station

epicentral distances and approximate azimuths.

The ISC reported depths for most of these events less than 47 km.

These depth determinations are calculated from arrival times of P only.

Thus, without pP data or arrival times at stations very close to the source,

it is impossible to accurately determine focal depths. Since our primary

interest is to develop reliable techniques to determine fault planes along

with fault plane solutions and satellite imagery, approximation is made by

assuming all hypocenters to be at the same depth. The resulting relocated

epicenters are shown in Figure 2. The dotted lines represent the approximate

trend of aftershocks. This trend is in good agreement with the "A" nodal

plane also shown in Figure 2. Therefore, this nodal plane, which strikes

V4N75*W with a shallow north-dipping angle, is chosen for the fault plane.

Interpretation of LANDSAT imagery indicates no obvious lineament

trending in this direction. However, the approximately east-west folding in

the foothills of the Tien Shan indicates a shallow thrusting dip toward

the north. This observation is also in agreement with the general trend

of the aftershock sequences. Further study of LANDSAT imagery of different

*- seasons is necessary to determine whether faults can be observed from the

imagery.

--- W Y -
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TABLE 1.

Stations Used in the JHD Relocations

Station Abbreviation Epicentral Distance Azimuth

(deg) (deg)

PRZ 1.19 331

*. HMNL 9.33 209

KBL 10.55 323

NDI 12.83 188

QUE 15.18 226

SHL 18.87 143

GBA 27.69 185

NUR 38.16 319

NIE 41.29 302

KRA 41.31 303

GRF 47.08 304

MBC 62.00 5

COL 67.80 20

YKC 75.84 7

WRA 79.34 129

tA. *i .o.74-. •
.! • p• .. . . .. . ....-. •......... ...........•.°-. .1
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Fault Plane Solution of Haicheng Earthquake of February 4, 1975

A major earthquake occurred in the Liaoning province on February 4, 1975.

The USGS has reported the following parameters for this earthquake:

epicenter: latitude 40.641*N, longitude 122.58*E

origin time: 11 hours, 36 minutes and 7.54 seconds

depth of focus: normal

magnitude: 7.4 (MS)

Data for this earthquake were obtained through WWNSS stations. Only

the first motion of P waves and some S wave polarizations recorded on the

long-period instruments are used in the construction of the fault plane

* solution. The mechanism (Figure 1) indicates strike-slip faulting. This

earthquake was accompanied by numerous aftershocks. Figure 2 shows the

distribution of earthquakes of magnitude 2 and greater between February 1

and May 31, 1975 (Cu and others, 1976). Aftershocks were concentrated in an

area 70 km long and 30 km wide and the epicentral depth distribution was

between 1 and 17 km with most less than 12 km. Therefore, we conclude that

* the near-vertical east-vest trending nodal plane is the fault plane.

* Reference:

Cu, H.D., Chin, Y.T., Gao, X.L., and Zhao, Y., 1976, Focal mechanism

of the Haicheng, Kiaoning Province, earthquake of February 4,

1975, Acta Geologica Sinica, 19:270-284.

* %** *~**-... .. ~ .I... . .-
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