NOTES ON THE GEOLOGY OF TIBET AND ADJACENT AREAS--
REPORT OF THE AMERICAN PLATE TECTONICS DELEGATION
TO THE PEOPLE'S REPUBLIC OF CHINA

1 3

., W. B. Hami]ton4, C. A. Hopsons,
8

A. W. Bally', C. R. Allen?, R. B. Geyer

P. H. Molnar®, J. E. Oliver’/, N. D. Opdyke®, G. Plafker?, and F. T. Wu®

1
2

Shell 0i1 Company

California Institute of Technology
National Academy of Sciences

U. S. Geological Survey

University of California, Santa Barbara
Massachusetts Institute of Technology
Cornell University

O 0 N O o »~ W

Columbia University
State University of New York, Binghamton

86 S3!

U. S. Geological Survey Open File Report

This report is preliminary and has not been edited or reviewed for
conforming with Geological Survey standards and nomenclature.

Washington, D. C., 1980



NOTICE

The project that is the subject of this report was approved by the
Governing Board of the National Research Council, whose members are drawn from
"~ the Councils of the National Academy of Sciences, the National Academy of
Engineering, and the Institute of Medicine. The members of the Committee
responsible for the report were chosen for their special competences and with
regard for appropriate balance.

This report has been reviewed by a group other than the authors
according to procedures approved by a Report Review Committee consisting of
members of the National Academy of Sciences, the National Academy of Engineer-
ing, and the Institute of Medicine.

This exchange was supported by a grant from the National Science
Foundation. This visit was part of the exchange program operated by the
Committee on Scholarly Communication with the People's Republic of China,
founded jointly in 1966 by the American Council of Learned Societies, the
National Academy of Sciences, and the Social Science Research Council. Sources
of funding for the Committee include the National Science Foundation, the
International Communications Agency, the Ford Foundation, and the National
Endowment for the Humanities. :

The Committee represents scholars in the natural, medical, and social
sciences, as well as in the humanities. It advises individuals and institu-
tions on means of communicating with their Chinese colleagues, on China's
international scholarly activities, and on the state of China's scientific and
scholarly pursuits. Members of the Committee are scholars from a broad range
of fields, including China studies.

Administrative offices of the Committee are located at the National
Academy of Sciences, Washington, D.C.
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The views expressed in this report are those of the members of the
Plate Tectonics Delegation and are in no way the official views of the Com-
mittee on Scholarly Communication with the People's Republic of China or its
sponsoring organizations.



INTRODUCTION

The American Plate Tectonics Delegation, whose ten members are the
authors of this report, visited the People's Republic of China in October
1979 as guests of the Chinese Ministry of Geology. The visit was part of
the bilateral exchange program between the U. S. Committee on Scholarly
Communication with the People's Republic of China and the Chinese
Scientific and Technical Association. Particular scientific importance
was attached to visiting the Indus-Tsangbo suture zone in the Tibet
Autonomous Region, and the Delegation was honored to be allowed to spend
some two weeks in this area; it was among the first foreign scientific
groups in recent years to be so honored. The Delegation's activities were
centered in Lhasa and Shigatse (Rikaze), and numerous field excursions led
by geologists of the Tibet Bureau of Geology afforded a remarkable
opportunity to study the suture zone and adjacent rocks over a wide area.
In addition to Tibet, the Delegation also visited the region of the Red
River fault near Yuanjiang, Yunnan, as well as Chengdu and Beijing.

Inasmuch as so Tittle geological knowledge of the Tibetan area has
become known to the outside world, the authors -- with the kind permission
of our Chinese colleagues -- have summarized herein some of what has been
learned in recent years concerning the geology of this vast and intriguing
region, particularly as it is relevant to problems of plate tectonics. We
emphasize that the great bulk of the material presented in the following
sections is the result of extensive field work in recent years by Chinese
geologists, and only in some of the interpretations and suggestions for
future work are we offering scientific contributions of our own. The
Chinese geological field effort in this region is indeed impressive, and
the world geological community will be eagerly looking forward to further
information in the years to come.

The sections that follow also include tectonic summaries of a
number of parts of China adjacent to Tibet, again primarily as related to
plate-tectonic problems. As with Tibet, these summaries are based mainly
on information provided to us by our hosts and are presented herein with
their kind permission.

The Delegation owes a great debt of gratitude to cur Chinese
colleagues for guiding us to numerous field areas, for the great
hospitality that was offered us, and for allowing us to summarize their
own scientific findings. We are particularly grateful to Sun Daguan,
Director General of the Ministry of Geology, for sponsoring our visit,
and to Xiao Xuchang, Bi Kongzhang, and Wang Wei of the Chinese Academy
of Geological Sciences for accompanying and guiding us throughout our
stay. Others who helped us are far too numerous to mention, but special
thanks should be given to geologists Gu Qingge and Zhou Xiang of the Tibet
Bureau of Geology and to Duan Xinhua and Zhang Yifei of the Yunnan Bureau
of Geology. We are also grateful to the U. S. Committee on Scholarly
Communication with the People's Republic of China for organizing and giving
financial support to the Delegation.

A11 of the Delegation members have contributed to the report, but
the editor and principal writer has been A. W. Bally. C. R. Allen was
Chairman of the Delegation, and F. T. Wu was Vice-Chairman.



A SKETCH OF THE TECTONICS OF CHINA

INTRODUCTION

Recent summaries of the tectonics of China have been provided by
Huang Chi-ching (T. K. Huang, 1960a,b,c; Huang et al., 1977, 1978), Institute
of Geomechanics (1976), Compilation Group of the Geological Map of China (1976),
Compilation Group of the Geological Map of Asia (1976), and Li Chunyii (1975).
The excellent new Geologic Map of China (1976) and the interesting Tectonic
System Map of the P.R.C. (1976) are particularly useful for an understanding of
the tectonics of China.

During our visit Li Chunyii (C. Y. Lee) - one of the elder statesmen
of Chinese geology - gave us a comprehensive summary of plate tectonics in
China. The following sketch is largely based on that summary and a handout
which Li (Li et al., 1979) kindly gave us during our stay in Peking. The map,
Figure 1, is a schematic attempt to show the tectonics of China in a broader
Central and East Asia context. As a "complete" review cannot easily be given,
we will highlight selected aspects at the expense of others which are less
familiar to us.

CHINESE TECTONIC THINKING

To understand the thinking of our Chinese colleagues, one should be
aware of the great influence exercised by the late Li Siguang (J. S. Lee) who
by many is viewed to be the father of modern Chinese geology and whose writings
(1939-1973) are a most important point of departure for anyone interested in
Chinese geology. In essence, J. S. Lee noted that the tectonic features of the
earth's crust did not form independently of each other. He recognized definite
tectonic patterns which he subdivided into three major subcategories, i.e.,
latitudinal systems, meridional systems, and various shear forms. J. S. Lee
and his co-workers explored the geomechanical principles underlying the forma-
tion of these structural patterns which are well displayed on the Tectonic
System Map of the P.R.C. They also solved a number of elasticity problems to
demonstrate the nature of the tectonic stresses and the resulting structure.
For instance, in their view, latitudinal structures are due to N-S compression
arising from the change of rate of the earth's rotation. Some quotations* from
the Institute of Geomechanics (1977, pp. 266-268) may help further to elucidate:

*NOTE: Throughout this report we have made minor editorial changes in the
quotations from Chinese/English language papers with the intention of improv-
ing their readability. We hope we have not inadvertently introduced any
changes of meaning.



"It is demonstrated ... that a tectonic system is a picture of a
strain figure imposed in the earth's crust by the dynamic forces acting in a
definite manner. It is for this reason that a characteristic type of tectonic
system may serve as a reliable basis for tracing the manner of crustal move-
ments. Summarizing the manner of crustal movements as reflected by the above
gigantic tectonic systems, we have to admit that the manner of regional move-
ment of the crust and the general movement of the crust as a whole are in
unity, i.e., they are either meridional or latitudinal horizontal displace-
ments. In some geological times, meridional horizontal movements tended to
push the substances of the upper crust from the higher latitudes toward the
lower latitudes, while the latitudinal horizontal movements tended to tear
apart the continent or oceanic floor both eastward and westward and compress
some parts of the continent into N-S fold belts. In other geological times,
the substances of the upper crust moved in a reversed direction along the
meridians or latitudes.

Such a regular movement of the earth's crust may be accounted for by
the change of rate of the earth's rotation....

Therefore, it may be said that the tectonic movement of the earth's
crust is an automatic control of the change of rate of the earth's rotation.

A speeding up of the earth's rotation will prepare conditions for its speeding
up. It appears that it is the change of rate of the earth's rotation that
causes the generation and development of tectonic systems.

Every event of crustal movement would bring into existence a series
of tectonic systems of different types and sizes. Gigantic tectonic systems,
such as latitudinal and meridional structural zones may extend hundreds or even
thousands of kilometers. Each gigantic tectonic system often contains many
large, medium and small tectonic systems, that is to say, it is: composed of
tectonic systems of various orders and of different generations., A tectonic
system of a higher order, i.e., a small tectonic system is controlled by a
medium one, and a medium tectonic system by a large one which is in turn con-
trolled by a gigantic system. And the latter, as a rule, results directly from
the latitudinal or meridional horizontal force acting on the upper crust.

The appearance of a certain type of tectonic system, while reflecting
the boundary conditions of the area where it was formed, must have necessarily
changed the boundary conditions for later tectonic forces in the same area, and
must have affected to some extent the adjoining regions. Therefore, when a
later crustal movement recurred, except that the original structural features
would be strengthened, there would often occur some new tectonic systems of
different types and sizes compounded upon the original ones. The compounding
of tectonic systems is a necessary result of the continued development of
crustal structure. A host of facts suggests that the development of tectonic
systems conforms to the common law of the development of all things, i.e., they
evolve from a smaller to a larger amount and from the simple to the complex
form, and the manner of tectonic movement evolves from a lower phase to a
higher phase., Generally speaking, the latitudinal and meridional tectonic
systems are the oldest structural types and many of the &-systems are developed
on the foundation of the former, while rotational shear structures are produced
only when the earth's crust had experienced repeated tectonic movements and so
acquired a complicated texture and structure.



The establishment of the concept of tectonic systems signifies that
we have exceeded phenomenalism in dealing with structural features, setting out
to study them from a viewpoint of their mutual connection and continued
development, What is more important is that we can apply the regularity of
inter-connected geological structures so far recognized to the production
practice (mineral exploration) as a guide."

J. S. Lee, who also was the first Minister of Geology of the P.R.C.,
particularly emphasized the importance of these concepts for ore mineral
exploration and earthquake forecasting.

Huang (1960a,b,c,; 1978) and Li (1975, 1979) in their writings focus
on the kinematic aspects of Chinese tectonics. Very useful emphasis is given
on the evidence for various phases of deformation, as originally conceived by
Stille (1924). Huang demonstrated the polyphase genesis of orogenic belts in
China. Furthermore, he emphasized particularly the block-like pattern of the
Chinese mainland. In this conception, each block is bounded by deep ("depth")
fractures, some of which have been active over very long geologic times and
some became inactive. Such fractures are classified into translithospheric
fracturis, Tithospheric fractures and crustal fractures (see classification on
Table 1).

From these remarks it may be concluded that the geologic tradition of
the past thirty years in China was in essence fixistic, and that a widespread
mobilism of the type invoked by plate tectonic devotees is a relatively new and
unfamiliar concept to Chinese earth scientists; in the late 1960's when American
geologists became mobilists, the Chinese geologists were mired in political
turmoil. With a refreshingly open-minded attitude, a number of them now explore
ways to mesh some of the old insights with the new concepts and to search for
evidence in support of plate tectonics in China. The paper by C. Y. Li and his
coauthors (Li et al., 1979) is a good example. The following description tries
to blend some of the views of our Chinese colleagues with some of our own
impressions.

In a nutshell, China is the product of the processes which led to
gradual accretion onto the Siberian craton of a number of island arc systems
and the capturing of relatively small continents. This process continued with
the collision of the Indian subcontinent with Asia. The identification of the
various building units is basic to an understanding of the geology of Asia.

PRECAMBRIAN PLATFORMS OR CRATONS

Chinese geologists find it useful to differentiate platforms sensu
strictu (or orthoplatforms) from paraplatforms. Huang (1960a,b,c) discussed
the differences (see Table 2). In China the following Precambrian cratons
(platforms and paraplatforms) are differentiated (see also Figs. 1 and 2).



The Sino-Korean Paraplatform

The complex Precambrian history of this unit begins with orogenic
events dated radiometrically as far back as 3200-2550 m.y., the Wutai orogeny
(2000 m.y.), and the Chungtiao orogeny (1700 m.y.). The basement formed during
these orogenies is covered by Sinian (Late Precambrian), Cambrian, and Ordo-
vician platform deposits. These late Precambrian and lower Paleozoic sequences
are separated from the overlying Permo-Carboniferous shallow water and ter-
restial sequence by a characteristic ubiquitous hiatus spanning from the Silurian
to the Devonian. The Mesozoic and Cenozoic are in a continental clastic facies,
but Mesozoic volcanics and granitic intrusions are widespread in the eastern
platform. Furthermore, a number of Tertiary basalts have been noted.

The Yangtze-Paraplatform (Figs. 1 and 2)

It is now agreed among Chinese geologists that the basement of this
craton consolidated during the Yangtze orogeny (700 m.y.), much later than the
Sino-Korean craton. The paraplatform cover consists of marine carbonates and
clastics ranging from the late Precambrian (Sinjan) to the Triassic. In par-
ticular and in contrast to the Sino-Korean Paraplatform, we find a well
developed Silurian and Devonian sequence, including some Upper Devonian clastics
that appear to be derived from the Cathasian South China fold system which
joins the Yangtze craton to the southeast. In parts of Sichuan and the north
of Guizhou (Kweichow), the Devonian and Carboniferous are missing. Note also
widespread basaltic extrusives of Permian age (Emei Shan volcanics) which are
typical for the western portion of the Yangtze Paraplatform.

Jurassic, Cretaceous and Tertiary strata are developed in a conti-
nental clastic (often redbed) facies. Some of the boundaries of the Yangtze
Paraplatform are formed by very late Mesozoic to Tertiary thrust faults and
strike-s1ip faults (see Fig. 1). The paraplatform is also characterized by an
overlying décollement fold system involving the platform cover sediments. The
main décollement levels are probably formed by late Precambrian (Sinian) and
Triassic evaporites, and by lower Paleozoic shales.

The Tarim Platform

The Tarim Platform is much less known. Its extent is commonly
accepted to coincide with the extent of the Tarim interior basin. No deep
wells have penetrated the basement of the Tarim Basin, and its history is
inferred from uplifted portions that outcrop along its northern border in the
Kelpin and Kuruk Dagh areas. There late Proterozoic sequences with tillites
are overlain by fairly complete Paleozoic carbonate sequences. The Mesozoic is
dominantly in a clastic facies and generally continental with the exception of
marine incursions in Upper Cretaceous and Eocene times.




SOME PROBLEMS RELATING TO THE DEFINITION OF THE PLATFORMS

As shown on the map (Fig. 1), all platforms are in general surrounded
by Paleozoic or Mesozoic fold systems so that they are fairly well defined.
There are, however, some problems.

In the area of the Huaiyang Massif, west of Shanghai, an extension of
the Yangtze Paraplatform is shown on most Chinese tectonic maps, and here in a
very critical area the nature of the boundary between the Yangtze Paraplatform
and the Sino-Korean Platform remains obscure. Whether the Yangtze Paraplatform
continues in the Korean Peninsula is debatable; the Siluro-Devonian hiatus so
characteristic of the Sino-Korean Platform is also observed in central Korea,
suggesting that the Yangtze Paraplatform might terminate under the Yellow Sea
and have no equivalent in Korea.

Also, the boundary across the Qinling (Tsinling)-Daba Shan ranges
between the Yangtze and the Sino-Korean Paraplatforms is not well described.
This boundary zone appears to be a complex fold belt that underwent a number of
Paleozoic and Mesozoic deformations in what appears to be a dominantly strike-
s1lip regime.

To the north the separation of the Tarim Platform from the Sino-
Korean Paraplatform is not well defined. Based on the geology of the sur-
rounding outcrops, it is easily conceivable that the eastern half of the Tarim
Basin is underlain by a Paleozoic basement as suggested by the map (Fig. 1).
In particular, the Ala Shan region and its northeast panhandle to the north of
the Ordos Basin are reported as consolidated by the end of the Proterozoic, but
widespread Paleozoic intrusions shown on the Geologic Map of China suggest that
this area was later part of a complex Paleozoic fold belt. We may conclude
that the Tarim and the Sino-Korean Platforms were certainly welded into one
major platform by the end of the Paleozoic, but it is also quite conceivable
that the Tarim Platform was part of one continent and the Sino-Korean Platform
part of another continent at the beginning and during much of the early Paleo-
zoic. On the other hand, it is also possible that the Tarim Platform and its
eastern Ala Shan extension are simply to be viewed as a late Precambrian accre-
tion onto the older Sino-Korean Shield, followed by Paleozoic intrusive over-
printing. Detailed paleomagnetic studies may shed some 1ight on these problems.

The basement of the Tsaidam Basin constitutes another problem. A
number of Chinese maps imply that this basin may be underlain by a Precambrian
platform. No wells are reported to have penetrated into the pre-Mesozoic of
that basin. Because the basin is surrounded by complex Caledonian and Variscan
folded belts, it may be more plausible that these same fold belts also underlie
the basin and that this basin acquired its individuality much later, say during
the Mesozoic or more likely yet during the Tertiary.



Most of the folded belts surrounding the Precambrian platforms are
reported to have within them outcrops of Precambrian basement type rocks. As
in many other Phanerozoic fold belts of the world, it is still very difficult
to document and to unravel the history of such isolated Precambrian outcrops.
For instance, Huang's (1978) Hsingkaiides of Northeastern China appear to be
such Precambrian basement areas which were thoroughly overprinted by later
Paleozoic and Mesozoic intrusions. Precambrian rocks also form significant
parts of the Nanshan fold system and its extension in the ranges which separate
the Sino-Korean from the Yangtze Paraplatform.

A1l Precambrian areas discussed so far were incorporated into the
Asian mainland during Paleozoic and Triassic times. The nature and age of the
basement (Paleozoic or Precambrian) underlying the Tibetan Plateau (Regions II
and III of map) is not yet adequately known and remains one of the great
mysteries of Chinese geology.

To the south, however, we find extensive Precambrian crystalline
rocks forming the backbone of the Himalayas. These are part of a complex
overthrust slab which has been detached from the Indian craton as a consequence
on the collision of the Indian subcontinent with the Asian mainland.

PALEOZOIC FOLD BELTS

Introduction

The tectonic map of Figure 1 shows that the Baikalian (latest Pre-
cambrian), Caledonian (early Paleozoic) and Variscan (late Paleozoic) fold
belts accreted progressively to the Siberian Platform. As our interest is
focussed on the geology of China and as we are also not particularly well
informed to discuss the geology of Siberia and Mongolia, it may be sufficient
to mention that only the Baikalian fold belt has an external part with con-
spicuous foreland folding and thrusting. The remainder of the area to the
south of these foreland folds may best be described as an immensely complex
system of accreted arc terrains, characterized by widespread polyphase tec-
tonism. The Caledonian areas on the map have been remobilized and intruded by
Variscan intrusions, and the Variscan areas often seem to have a Caledonian
ancestry.

Also important and frequently overlooked is the great importance of
an extensive invasion of Mesozoic batholiths (Fig. 3) into some of the Pre-
cambrian areas and into the Paleozoic fold belts.

Finally, we call attention again to the widespread faulting of young
Tertiary age which in many places is still active today and which has been
interpreted to be the far-reaching effect of the collision of India with Asia
(Molnar and Tapponnier, 1975, 1978; Tapponnier and Molnar, 1976, 1977, 1979).



On the map we singled out some of the more important sutures within
Paleozoic fold belts. The position and continuity of these postulated sutures
are not well defined, as it is based mainly on the extrapolation of widespread
poorly described ophiolites and on occasional descriptions of purported mélange
zones. It was therefore particularly welcome that on our visit Li reviewed the
evidence for some of the Paleozoic sutures in China which we will mostly quote
verbatim. In the Paleozoic folded belts to the north of the Tarim and the
Sino-Korean Platform, a northern Dzungarian fold system to the north of the
basin of the same name is differentiated from the more southerly Tian Shan -
Inner Mongolian - Kinghan fold system. The Paleozoic sutures are described by
Li et al. (1979) as follows:

The West Zhunger (Dzungarina) Sub-belt (No. 1 on Fig. 2) outcrops discontinuously
in an east-northeastern direction from the northern bank of Aibi Lake to the
Baiyang River for a length of about 200 km. The suture was formed in Middle
Ordovician and the Middle and Upper Silurian, which is fossiliferous and uncon-
formably overlapped by Devonian or Carboniferous strata. The Ordovician system
consists of various submarine basic-intermediate volcanics, pyroclastics and
siliceous rocks that are more than 4000 m thick. The Middle and Upper Silurian
has a thickness of more than 8000 m of spilites, amygdaloidal basalt, graywacke,
jasper, and siliceous rocks. Ultrabasic to basic rocks are mostly lenticular
or banded and emplaced in basic lavas or pyroclastics dipping 60°-80° to the
northwest. Such rocks include dunite, harzburgite, enstenite, peridotite,
serpentinite, and some gabbro. Conglomerates of Middle Devonian, Lower Car-
boniferous and Lower Permian in this region yield pebbles of ultrabasic~-basic
rocks.

(Note that the West Zhunger Belt coincides with the Darbut Paleozoic
lithospheric fracture zone of Huang, 1978.)

The Armatai Sub-belt (No. 2 on Fig. 2) outcrops along the northern piedmont of
Beitashan, strikes in a northeastern direction and stretches discontinuously
for a distance of about 240 km. The ophiolite suite is found in the Beitashan
formation and the Asushan formation of Lower and Middle Devonian. These are
overlapped unconformably by Upper Devonian or Middle Carboniferous strata. The
Asushan formation consists of submarine basic-intermediate volcanics and sedi-
mentary rocks which include amygdaloidal basalt, pyroxene andesite, pyroclastics,
siliceous rocks and lenticular limestones, about 2000 m thick and containing
trilobites, corals, brachiopods, gastropods and cephalopods. The Beitashan
formation exceeds 1400 km and varies in lithology including amygdaloidal basalt,
basic tuff and volcanic breccia, pyroxene andesite, jasper and limestone lenses.
The banded and lenticular ultrabasic-basic rocks are emplaced in pyroclastics.
In the main they are harzburgite and some dunite and lherzolite (Diallage
bronzite peridotite).

(This zone is called the Paleozoic Irtish lithospheric fracture by
Huang, 1978.)



The Kelameili Sub-belt (No. 3 on Fig. 2) stretches northwestward from Takezhale
Mountains to the eastern margin of Zhunger Basin for about 250 km. Ultrabasic
rocks are in the main within the Middle Devonian and the Lower Carboniferous.
Most of the ultrabasic rock bodies outcrop on the hanging wall of a deep
fracture which is juxtaposed along the southwestern side of the sub-belt and
dips steeply toward the east-northeast. Middle Carboniferous strata overlap
the ultrabasic rocks.
The Suelun Mts.-Hegen Mts. Ophiolite Belt in Inner Mongolia or the Silamulun
Paleozoic lithospheric fracture of Huang (1978) (No. 4 on Fig. 2) is about
1200 km long and extends fron northern Bayanzhuor through Erlianhuote and
Sunitezuoqi to west Wuzhumuxin. The ophiolite suite is composed of schistose
basalt, tholeiite, spilite, andesite basalt, siliceous rock and jasper of
Middle Devonian, Middle Carboniferous and Lower Permian age. These ages are
supported by fossil determinations. In the northern part of Inner Mongolia,
ultra-basic rocks are emplaced in strata of the three above-mentioned periods
or in neighboring strata. The ophiolite suites appear to become progressively
younger proceeding from north to south.

It should be pointed out that actually the Zhunger Ophiolite Belts
(Nos. 1 and 2 on Fig. 2) must be connected with the Suelun Mountains-Hegen
Mountains Ophiolite Belt, because a contemporaneous and similar ophiolite suite
has been found in Gobi-Altai and Gobi-Tianshan in the southern part of the
Mongolian People's Republic.

(Note also that the suture zones so far described connect well with
the ones described by Zonenshain, 1972, and may even be followed into the
basement of the West Siberian Basin as suggested by the map of Kontorovich
et al., 1975).

The Tianshan Ophiolite Belt can be subdivided into the South Tianshan Sub-belt
and the North Tianshan Sub-belt (No. 5 of Fig. 2) is about 1200 km long from
Jinghe to Hongshishan. Ophiolite suites are found respectively in Lower and
Middle Ordovician, in Middle and Upper Silurian, in Lower and Middle Devonian
and in Lower Carboniferous. Generally, they are composed of basic pillow lava,
siliceous rocks and ultrabasic-basic complexes.

The South Tianshan Sub-belt (No. 6 on Fig. 2) is located along the south side
of the Harketawu Mountains and may be followed through Kumishi to Liuyuan and
Jinta in Gansu Province. Ophiolite suites are found in Lower and Middle Ordo-
vician, in Middle and Upper Silurian, in Middle Devonian and in Permian
sequences. Most of the strata were slightly metamorphosed except for the Ordo-
vician which generally is in green schist facies and partly in amphibolite
facies. The main components of the ophiolite suite are basic volcanics, sili-
ceous rock, graywacke and ultrabasic-basic igneous rock. Glaucophane schists
have been discovered in Upper Silurian strata to the north of the northern
slope of the Harketawu Mountains at the upper reaches of the Kekesu River.

(The tectonic setting of the western continuation of the S. Tian Shan
suture in Russia is particularly well described by Burtman, 1975.)
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The Yinshan-Tumen Ophiolite Belt (No. 7 on Fig. 2) stretches discontinuously
from the northern piedmonts of Langshan and Yinshan eastward through Wendurmiao
and Kesheketeng to Huadian and Tumen of Jilin Province for a length of about
1800 km. The country rocks of the ophiolite suite are lower Paleozoic in Inner
Mongolia and Devono-Silurian in Jilin Province. The lower Paleozoic of Inner
Mongolia and Devono-Silurian of Jilin Province are generally crystalline
schists and unfossiliferous. Ultrabasic to basic rock bodies outcrop in green
schist., 1Isotopic ages of several ultrabasic to basic rock bodies in Jilin Pro-
vince are 350-331 m.y. 1In recent years, glaucophane schist has been discovered
in the Harhada Formation of the Wendurmiao Group of Inner Mongolia. Carboniferous
and Permian rocks containing ophiolite suites occur both in Inner Mongolia and
in Kilin Province. An outstanding deep fracture belt about 1500 km long and
more than 10 km wide stretches from west to east along the northern margin of
Inner Mongolian Axis. It coincides with the Yinshan-Tumen Ophiolite Belt.
The ages of ophiolite suites along the northern piedmont of Yinshan tend to
become younger from south to north just opposite to those of the Suelun Moun-
tains-Hegen Mountains Ophiolite Belt. Furthermore, glaucophane schists have
been discovered at many places in the Wendurmiao region of Inner Mongolia in
recent years and mélange occurs in the Moruogeqin formation of the same region.
Based on these data of the distribution of ophiolite belts and on the
ages of folded belts in which they were emplaced and considering various
polarity indicators of the subduction zone, we have a preliminary knowledge
about the Paleo-plate tectonics to the north of the Tarim (Talimu) and Sino-
Korean Massifs as follows:
A northward subduction along the southern side of the Altai Moun-
tains occurred during the early Paleozoic, so that the Ordovician and
Silurian along the crest of the Altai Mountains were metamorphosed to
form various low P/T indicative minerals such as andalusite, silli-
manite, staurolite and cordierite in association with widespread
acid to intermediate magmatism.
During the late Paleozoic the second subduction zone became active
along the long arcuate belt from Kelameili through the Balikun
Mountains of Xinkiang to the Suelun and Hegen Mountains of Inner Mon-
golia. To the north of the above line and in the territory of the
Mongolian People's Republic, a wide belt of the contemporanecus acid
to intermediate volcanics and granite was emplace. Obviously, Altai,
West Zhunger, East Zhunger, the Suelun and Hegen Mountains and the
Xingan Range belong to the epicontinental mountain ranges of Siberia
Massif. 1In contrast to the Altai and Xingan Range, the mountain
ranges of Tian Shan, Beishan, Yinshan and Tumen region should belong
to the epicontinental cordillera of the Tarim (Talimu) Sino-Korean
Massif. Paleogeographically, the North Tian Shan corresponds to an
oceanic basin during the Paleozoic while South Tian Shan was a mar-
ginal sea along the northern border of the Talimu Massif (see also
Burtman, 1975).
An initial conclusion can be drawn that there had been two subduction
zones with opposite polarity in this region. The northern subduction zone
became active in the early Paleozoic and ceased before the Middle Carboniferous
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along the northern side of North Tian Shan of Xinjiang and Beishan of Gansu
Province. The activity of the southern subduction zone from Hantenggeli Peak
of South Tian Shan to Arensegentuohai was limited to the late Paleozoic.
The southward subduction zone of North Tian Shan stretches eastward along the
northern piedmont of Yinshan to Yanji region of Jilin Province. As the
paleo-ocean crust was subducted toward both the north and the south, the late
Paleozoic oceanic basin diminished gradually from west to east. Finally in
the Late Permian, the two epicontinental mountain ranges along the Sino-Korean
Massif and along the Siberian Massif collided along the line from the Suelun
Mountains through the Hegan Mountains to the Xilamulun River. This suture
is precisely the line separating the Cathysian Phytogeographic Region in the
south from the Angaraian Phytogeographic Region to the north.

After the formation of paleo-Asia, the eastern parts of Heilonjiang
Province and Jilin Province were still oceanic basins during the Permian and early
Mesozoic. Subduction toward the west-northwest happened in the middle Mesozoic
approximately along the Wusuli River. The rather wide belt of calc-alkaline
igneous rocks formed in northeast China and the deep focus earthquakes in the
eastern parts of Heilongjiang and Jilin are thought to be associated with that
subduction phase. It is, in fact, within the Circum-Pacific Tectonic Domain.

To the south of the Tarim and the Sino-Korean Platform we encounter
another Paleozoic fold belt: the Qilian-Qinling (Tsingling) and the Qinchai-
Qinling (Tsinling) systems. The structure of these systems has been profoundly
modified by Tertiary deformation which appears to be dominated by strike-slip
faults. For the evidence of Paleozoic suturing, we again follow the descrip-
tions provided by Li and his colleagues (1979):

"There had been an extensive ocean to the south of the Tarim (Talimu)
Sino-Korean Massif. Between the ocean and the massif, we find the so-called
Hexi Corridor Transition Belt which was a miogeosyncline. South of this
corridor is the North Qilian eugeosyncline where more than 20,000 m of Sinian
and early Paleozoic strata are mostly clastics, crystalloclastic tuff, crystal-
line limestone, phyllite and flysch sandstone. There also was a discontinuous
belt of uplifts in the Central Qilian. Various kinds of Precambrian crystalline
schist outcropped as a microcontinent or median massif within the geosyncline.
Another geosynclinal sedimentary basin existed in South Qilian at the same
time. A well-developed ophiolite suite (the Qilian-Qinling Paleozoic sub-
duction zone - No. 8 on Fig. 2) which consists of gabbro, diabase, radiolarian
chert, flysch, submarine basic-intermediate and acid-intermediate volcanics
and various ultrabasic igneous rocks was found in the Sinian, Cambrian and
Ordovician of the North Qilian Mountains. Ophiolite can also be found in the
eastern section of South Qilian where ultrabasic rocks are emplaced in Cambrian
and Ordovician strata. The Qilian geosyncline stretched eastward through Baoji
and connected with the narrow belt composed of Cambrian and Ordovician strata
of the North Qinling Piedmont Fracture Belt. A series of ultrabasic to basic
rock bodies constitute a discontinuous ophiolite belt from Gansu Province
through Shanxi Province to Xinyang of Heman Province. Country rocks of the
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ophiolite belt are Proterozoic, Sinian, and Carboniferous in age. High P/T
metamorphism was demonstrated by studies of Phengite of 3T type and eclogite of
the C-group found in the metamorphic rocks near Xinyang.

The Tarim (Talimu) Sino-Korean Massif connected the Qilian Geosyn-
clinal Folded Belt with a deep fracture which was formerly a subduction zone
between the two tectonic units. In the early Paleozoic, geosynclinal forma-
tions were folded during the so-called early Caledonian orogeny. Unconformities
can be found in some localities., Thereafter, the geosyncline shifted succes-
sively to the north until the end of the Silurian when all the geosynclinal
sediments were folded and underthrust northward beneath the massif on the
north. Another deep fracture is recognized between North Qilian and Central
Qilian. Part of the geosynclinal formations of North Qilian was subducted to
the south. As a result, a high P/T metamorphic belt of well-developed glauco-
phane schist as seen in Qilian County and eclogite found in other places extends
more than 10 km in length. The Qilian Mountains were diagonally truncated at
the western end by the Arjin deep fracture or the Arjin late Paleozoic subduc-
tion zone for transform fault (No. 10 on Fig. 2). The fracture is thought to
be a transform fault which accompanied the shift of the geosyncline toward the
north contemporaneous with the successive folding of the geosyncline.

The West Kunlun Mountains (No. 11 on Fig. 2) along the southern
margin of the Tarim (Talimu) Massif stretched southeastward into the Arjin
Qimantage, and Burhanbuda Mountains to the south of the Chaidamu (Tsaidam)
Basin and northeastward into the Zhongwunong and Oulongbuluke Mountains to the
north of the Chaidamu (Tsaidam) Basin. All these regions were part of a eugeo-
syncline during the Paleozoic and were transformed into a late Paleozoic folded
belt. In the West Kunlun Mountains, submarine basalt, spilite and diabase
porphyry were included in the Ordovician while basalt, hornblende-andesite
porphyry, diorite porphyry and diabase porphyry are of Middle Devonian and
Lower Carboniferous age. Ultrabasic to basic rocks are emplaced into the
Sinian pyroclastics and Cambrian, Ordovician and Carboniferous strata. Along
the Argin Mountains (Altyn Tagh), more than 70 ultrabasic to basic rock bodies,
large and small, are emplaced into Sinian and Paleozoic rock for more than
700 km from Qiemo to Annaba. A deep fracture about 600 km long marked by more
than 100 ultrabasic to basic rock bodies in Sinian (upper Precambrian) and
lower Paleozoic strata occurs along the northern margin of Chaidamu (Tsaidam)
Median Massif east of Annanba. These igneous rocks and volcanics are thought
to represent a dismembered ophiolite suite although further studies are required
to confirm this speculation.

The Chaidamu (Tsaidam) Basin is filled for the most part by Tertiary
and locally by Cretaceous sediments. Many drill holes, some of them more than
3000 m deep, have so far not penetrated below the Tertiary. It may be deduced
that most of the basement of the Chaidamu Basin, at least in the middle, is a
Precambrian stable continental block which did not suffer intensive folding
since that time.

During the late Paleozoic, folding occurred many times due to north-
ward compression. Unconformities have been found between the Devono-Silurian
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and the Carboniferous and between the Carboniferous and the Permian. The geo-
syncline on the southern margin of the Talimu Massif was subducted northward
beneath the massif. Three unconformities are seen between the Upper Devonian
and Lower Carboniferous, between the Lower and Middle Carboniferous and between
the Upper Permian and Lower Triassic. Along the Burhanbuda deep fracture of
today, oceanic crust of a geosyncline was subducted northward beneath the
Chaidamu (Tsaidam) Median Massif. The late Paleozoic fold belt stretched
eastward into Qinling and gradually narrowed and disappeared. Accompanying the
subduction and folding of the geosyncline, there was transcurrent faulting
along the Arjin Mountains. As a result, the southeastern block of the fault
was pushed northeastward and the southwestern section of the Arjin Mountains
was formed."

The Caledonides of the South China Fold System

This unit 1ies to the south and adjacent to the Yangtze Paraplatform.
While all previously described fold systems can be viewed as the product of
Paleozoic accretions to the Siberian Platform the South China or Cathasian fold
system was probably formed on the margins of the Yangtze Paraplatform at a time
when that area formed a continent that was isolated from the Asian mainland.

In the main, the South China fold belt was formed in mid-Paleozoic
time. The Upper Devonian clastics of the Yangtze Platform may in this concep-
tion be viewed as the foreland clastic wedge or foredeep associated with that
fold belt. Widespread acid to intermediate granitic intrusions and extrusions
in this province suggest a subduction zone to the southeast, which now is
buried under the South China Sea shelf.

According to Huang (1978) the coastal regions of this province (i.e.,
Zhejiang, Fujian, Guangdong, and the adjacent continental shelf, as well as
the island of Hainan) were further deformed in Variscan times. Furthermore
and later, this province has also been invaded by Jurassic and Cretaceous intru-
sions and their associated volcanics, providing for an active and complex tec-
tonic history extending well beyond the primary Caledonian consolidation of
these provinces.

The Indosinian Qinling-Songban-Ganzi Fold Belt

According to Huang (1960), the concept of an Indosinian orogeny was
introduced by French and Chinese geologists to include various phases of Triassic
deformation. Figure 1 shows that Indosinian deformation is prominent in a band
located to the south of the Kunlun-Qinling (Tsinling) fold system, the Songban-
Ganzi fold belt and to the west of the Kekexili-Jinsha-Ailao suture, the Sanjiang
fold system of Huang (1978). Of course, Indosinian folding is also prominent
in Indochina. Not indicated on the map is rather widespread deformation reported
by Huang (1960a,b) straddling the boundary between the Yangtze Paraplatform
and the Cathasian fold belt to the south, i.e., in the provinces of Guangxi,
Hunan, and Jiangsi. Let us now again follow the description of Indosinian
sutures and subduction zones given by Li et al. (1979):
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"After the Paleozoic, all the geosynclines in Qilian, North Qinling
and to the mnorth and south of the Chaidamu Median Massif were folded and uplifted
to form mountain ranges which joined with the Talimu-Sino-Korean Massif. But
a newly born geosyncline was set up to the south of the accreted massif and a
large-scale transgression occurred. In the western part of that geosyncline,

a marine sedimentary basin branched off with an arm stretching northwestward
between South Qilian and the mountain range along the northern margin of the
Chaidamu Median Massif. Triassic clastics and carbonates accumulated in this
geosyncline, Triassic sediments are more than 11,000 m thick in the Bayankala
Mountains and thinning eastward in the Qinling Mountains.

A great fracture more than 1,300 km in length extended along the
southern margin of Qinghai Lake through the northern piedmont of the Qinling
Mountains to Nanyang of Henan Province. (This fracture closely parallels the
Qinghai-Qinling early Paleozoic subduction zone [No. 9 of Fig. 25 and its
eastern continuation. It is also the lithospheric fracture: northern margin
of Tsaidam - southern margin of North Qinling - North Huaiyang described by
Huang, 1978). Geosynclinal formations underwent folding after the Middle
Triassic when they were subducted to the north beneath the Caledonides in
Qinlian. Along the western section of the subduction zone, well-developed
mélange was composed of exotic blocks of Permo-Carboniferous limestone mingled
with Triassic shale and slate. Exotic blocks vary from fist size up to more
than one kilometer in diameter. Sometimes we could find that strata of Devonian
age were intermingled with those of Carboniferous age. In the eastern section
of the fracture along the boundary between Shanxi and Henan Province, blue
schist is found in country rocks which are basic volcanics, metaclastics and
diabase of Sinian age and basic volcanics, etc., of Silurian age. The main
indicative mineral is crossite and glaucophane is subordinate. The blue schist
may be regarded as a fragment of a high P/T metamorphic belt.

More than 100 ultrabasic to basic rock bodies have been found in
Permian, Carboniferous or Devonian, along the east Kunlum fracture (No. 11 on
Fig. 2) on the southern piedmont of the Burhanbuda Mountains and its eastern
elongation from the Jishi Mountains (Amneh-ma-chin Mts.) through Maqin and Maqu
to Lueyang of the Shanxi Province. 1In this belt huge exotic blocks of Permian
limestone occur within Triassic slate and sandstone, or fossiliferous exotic
blocks of Lower Permian age occur within the Upper Permian. We hold that they
mark a mélange belt. Based on these data, this fracture seems to have been a
subduction zone which reactivated the South Piedmont subduction zone of the
Burhanbuda Mountains of late Paleozoic age."

These descriptions suggest that Indosinian subduction processes are
superposed on or intersect the preceding Variscan subduction zones described
from the same area. A more precise description of the relative importance of
Indosinian versus Variscan deformation and their manifestations is therefore
particularly desirable for the Kunlun-Qinling (Tsinling) fold systems.

Kekexili-Jdinsha-Ailao Subduction Zone

Moving toward the southwest margin of the Indosinian fold belt, we
again follow Li et al. (1979):
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"The Qinghai-Xizang-West Yunan Tectonic District belongs to the
Tethyan tectonic domain and is located in the southwestern part of China. In
this region, there are three important subduction zones and sutures which are
delineated from northeast to southwest in the following:

The Kekexili-Jinsha-Ailao subduction zone is one of the most impor-
tant subduction zones of the Tethys undulating along the northern part and the
eastern margin of the Qinghai-Xizang Plateau. Its western section stretches
along the Jinsha River and its upstream continuation into the northern piedmont
of the Kekexili Mountains forming a gentle arc convex toward the northeast
while the eastern section continues approximately straight up to the southwest
of the Ailao Mountains. A concavo-convex shifting of the subduction zone can
be recognized along the Kalakunlun Mountains and to the east of it. The tor-
tuous pattern of the subduction zone is thought to be an effect of later struc-
tural remolding rather than an original feature. Subduction activity started
during the Late Permian and faded away in the Late Triassic. However, split-
off continental blocks before and/or when the subduction activity was proceed-
ing gave rise to micro-continents in the midst of the Three-River geosynclinal
folded belt and even in northern Xizang. One such micro-continent is in the
Batang-Derong district of Sichuan Province where the Cambrian to Lower Permian
strata are characterized by stable sedimentary facies, plentiful fossils and
lack of metamorphism. It is reasonable to attribute this block to a segment of
the Yanzi (Yangtze) Massif to the east.

A series of small ultrabasic to basic rock bodies outcrop along the
Jinsha River and its upper reach, the Tongtian (Tung Tien) River, but the
majority of them appear to be ophiolitic mélange rather than ophiolite suites
in their original sequence. The intensively sheared, crushed and often ser-
pentinized ultrabasic to basic rocks which had been the original components of
ophiolite suites wrapped fresh gabbro, rodingite, omphacite-eclogite, chromite
and limestone containing Silurian to Early Permian fossils of various sorts.
Together with the ophiolite mélange which occurs mostly on the underthrusting
plate, another kind of mélange was distributed along the opposite eastern and
overthrust plate., It consists of an arenaceous and argillaceous matrix with
flysch or flyschoid features and various exotic blocks. All the fossils are
found in the exotic blocks, such as corals, brachiopods, trilobite, fusulinids,
etc., of Devonian, Carboniferous and Permian age. These are without exception
older than those in the matrix which is proved by lamellibrachiatas to be Late
Triassic for the most part. This kind of mélange can be mapped as onme of the
stratigraphic units of the Triassic.

Some minerals indicative of high P/T, such as stilpnomelane, pumpel-
lyite, and jadeite, have been found associated with the ophiolitic mélange. In
addition, an analysis of the paragenesis of metamorphic minerals in green
schist facies rocks reveals that the tectonic stress increased during regional
metamorphism toward the subduction zone coming from the east on the overthrust
plate.

At the same time an ancient volcanic island arc was situated to the
east of the subduction zone in the area from Yushu to Muli where various
tholeitic and calc-alkaline volcanics are widely distributed. There appears to
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be a general tendency of increasing potash and alkalies toward the east and
away from the subduction zone. A giant belt of acid intrusions with associated
low P/T metamorphism was distributed mainly along the eastern margin of the
island arc from the Qiaor Mountains to Daocheng.

Many small intrusions of ultrabasic to basic rock delineate the
island-arc on its eastern margin to mark a deep fracture there. They are
mainly composed of clino-augite peridotite and hornblende-clino-augite perido-
tite with subordinate picrite. Petrochemically, they are ferro-ultrabasic
rocks. One kind of mélange composed of exotic blocks with Silurian to Early
Permian fossils such as cephalopods, brachiopods, fusulinids, coral, etc., and
a Triassic matrix of sandstone and slate has been found from Yushu to Ganzi.
Probably ophiolitic mélange might exist in the latter locality.

A great thickness of Triassic flysch and flyschoid rocks (i.e., the
so-called Xikang Group and Bayankalashan Group) that accumulated to the north
and the east of the above-mentioned volcanic island-arc manifest a geosyncline
of the Japan Sea type. Probably, a complete trench, arc and back-arc basin
system existed in the region from the Jinsha River to the Longmen Mountains
during the Triassic period.

There are more than 300 ultrabasic to basic rock bodies found in the
Diancang Mountains and Ailao Mountains to the south of the sharp meander of the
Kinshan River for a distance of more than 800 km. Generally speaking, these
belong to ophiolite suites, but some of them lack the common sequence of
ophiolite suites in addition to the occurrence of a few picrites. Instead,
many exotic blocks of slightly metamorphosed rock, fossiliferous Triassic sand-
stone, and rather fresh ultrabasic rock appear to be wrapped in a few ultra-
basic to basic complexes. They probably represent ophiolitic mélanges. It is
reported that glaucophane has been discovered at Xiaqiaotou near Zhongdian,
pumpellyite in Lijiang and along the eastern bank of Er Lake to the region
near Midu, as well as uralite-albite-chlorite schist in slightly metamorphosed
rocks of the Ailao Mountains near Xinping. Acid intrusions dating 217-91 m.y.
are relatively widespread in the southern section of the Ailao Mountains. The
associated low P/T index minerals are cordierite, sillimanite, staurolite, and
andalusite. The Red River deep fracture to the northeast of the Ailao Moun-
tains metamorphics appears to be an active transcurrent fault, but opinions
about the slip direction of the two blocks remain controversial."

The Sanjiang Fold System

South and west of the Kekexili-Jinsha-Ailao Shan suture is the San-
jiang fold system. On our map on Figures 1 and 2, we separate the Tibetan
Subregion III] from Region III and follow Huang (1977) to include this area in

the Sanjiang fold system. The summary of the stratigraphy of the Lanping
Simao fold belt, given by Duan Xinhua and Zhao Hong (1979) of the Geology
Bureau for Yunnan Province (Fig. 14) fairly well summarizes the characteris-
tics of this zone and a comparison with the stratigraphic summary of Region III
(Table 1) shows a number of striking similarities between the two regions.
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Although Huang (1978) emphasizes the polycyclic nature of the Sanjiang
fold belt, Paleozoic deformations do not appear as obvious on the stratigraphic
summaries. As Figure 1 illustrates, the Sanjiang fold system finds its continua-
tion into the folded belts of Indochina. It will, however, be noted that we
excluded the Shan Plateau and the Dehong Shan-Kachin area (west of the Nujiang
[Salween] River) because Indosinian folding there is not readily apparent.

A SHORT DISCUSSION REGARDING THE LATE PALEOQZOIC-TRIASSIC PALEQTETHYS

Recently a number of authors have drawn attention to the existence of
a late Paleozoic-Triassic "Paleotethys" (e.g., de Lapparent et al., 1970;
Stocklin, 1977; and Sengdr, 1979). It its essence, the Paleotethys is the
wedge-Tike ocean between Laurasia (tne Northern Domain of Stdcklin, 1977) and
Gondwanaland as it appears on various Permo-Triassic reconstructions. During
the late Paleozoic, the northern margin of the Paleotethys presumably was an
active margin. The nature of its southern margin is not that clear, but it
appears to be more like a passive margin of some sorts. The Permo-Triassic
Tethys closed by the end of Triassic time, during an early Kimmerian (Indo-
sinian) orogeny. That orogeny terminated with the collision of a single long,
narrow continent or more likely a group of small continents with Asia. These
continents constitute the Central Domain of Stdcklin (1977) in the area of Iran
and Central Asia. Sengdr (1979) has traced this continental domain farther
west across Turkey and into eastern Europe and refers to it as the Kimmerian
continent which he also extends toward the east to include parts of the Tibetan
Plateau. The concept postulates that as the Paleotethys closes to the north of
the Central Domain, a Neotethys of Jurassic-Cretaceous age opens to the south
in the wake of the generally northward drifting continental masses that consti-
tute the Central Domain (or the Kimmerian continent).

According to Stdcklin (1977) the northern boundary of the Paleotethys,
that is the boundary between his Northern Domain and his Central Domain, is
well determined. He defines the Northern Domain as "that part of the Iranian-
Central Asian system in which Alpine (Tertiary) orogenic processes were super-
imposed not on a Paleozoic continental platform and its recognizable platform
as in the Southern and Central Domains, but on a 'Hercynian' basement, or on a
platform area that is widely known under the designation of 'epi-Hercynian'
platform." Stocklin adds a proviso that "Hercynian" in this case would not
include any early Kimmerian (Triassic) structural events, as these occur both
in the Northern and in the Central Domain.

In the Northern Domain, intensive early Kimmerian (the Late Triassic)
folding and granitization is superimposed on the Hercynian basement, followed
by more localized late Kimmerian (Jurassic-Cretaceous) folding. In contrast,
in the Central Domain, early Kimmerian tectonics are characterized by horst and
graben structures and sharp facies changes from shelf carbonates into clastics.
These early Kimmerian horst and graben structures are interpreted to be related
to the detachment of the Central Domain from the southern Gondwana Platform.

18



Based on these criteria Stécklin (1977) traces the boundary between
his Central and Southern Domains along the Herat-Hindukush-Wanch-Akbaytal fault
system. To the east in China, one is first tempted to extend that boundary
between the Paleozoic Kunlun fold system and the Indosinian Songban-Ganzi fold
system. However, that fold system as well as its southwestern neighbor, the
Sanjiang fold system, does not appear to have an equivalent in the Middle East.
It, therefore, may be more sensible to postulate that the above described
boundary bifurcates east of the Pamir Mountains to form the boundaries which
contain the Indosinian fold systems of China and Indochina. These would then
represent accreted Permo-Triassic island arc terrains which formed at the
northwest margin of the Paleotethys. Possible older continental fragments
probably would have affinities to the Yangtze Platform, but a precise defini-
tion and search for the origin of such fragments would depend on more detailed
mapping combined with extensive paleomagnetic studies.

THE TIBETAN PLATEAU*

As described in our notes on the Tibetan Plateau, the plateau is not
a single tectonic unit. A northern and eastern strip is underlain by the Indo-
sinian fold belts which have already been described. To the south of this
unit, we differentiate a Central Tibetan Plateau to the north from a Southern
Plateau to the south. The two are separated from each other by the Banggong
Hu-Donggiao-Nujiang fracture zone.

The Central Tibetan Plateau (Region III minus Subregion III])

This region corresponds to the Region III of our notes on Tibet, but
note that Subregion III, has been separated from the two western subregions and

included in the Sanjiang fold system.

The basic stratigraphy of Subregions III, and III, is shown on
Tables 5 and 6 and described in our Notes on Tibetan Geology.

The age of the basement of the Central Tibetan region is not known
and could be either Precambrian or Paleozoic. The Paleozoic and Triassic
appear in a marine platform facies. An unconformity at the base of the Juras-
sic 1in 1113 suggests an early Kimmerian event, and another unconformity at the

base of the Lower Cretaceous (in IIIZ) suggests a late Kimmerian event. A1l in

*Morphologically, the Tibetan Plateau is the high and mountainous area located
between the Tarim and Tsaidam Basins to the north and the Indus-Ganges Plains
to the south. Because the Kunlun to the north and the Himalayan Ranges to
the south form distinctly separate geologic units, it is preferable to Timit
the term Tibetan Plateau to the area between the south slope of the Kunlun
and the Indus-Yaluzanbu suture. See also footnote on p. 2 of Notes on
Tibetan Geology.
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all, it is reasonable to include this zone as part of the Central Domain
differentiated by Stocklin (1977) or the eastern extension of the Kimmerian
continent postulated by Sengdr (1979). Region III. coincides in part with the
areas characterized by Carboniferous tillites as described by Norin (1946).
Thus a Gondwana origin is suggested for this block. The black slate zone which
has been traced by Norin (1979) into Region III3 may well be represented by the
Paleozoic slates and shales noted in Table 2.

To further reinforce our generic correlation with Stocklin's Central
Domain, we note that intrusives ranging from 99 m.y. to 200 m.y. are reported
from the southern part of Region III (see Notes on Tibet, p. 44). These
appear equivalent to similar intrusives reported by Stdcklin in his Iran-
Central Asia synthesis. Last not but least, as in the Central Domain, Tertiary
and Quaternary volcanism seem to be widespread in Region III, and IIIS, as also

noted by Gansser (1977), Burke et al. (1974) and Norin (1979 and earlier). To
the east, the Central Tibetan Plateau wedges out and in the Three Rivers
(Sanjiang) area, no equivalent can be defined so far.

However, in a highly speculative vein, one could visualize the
Western Shan Plateau and its continuation into China (the Dehong Shan-Kachin
area, to the west of the Nujiang [Salween] River) to be an equivalent of the
Central Plateau. There, as in Norin's area, fluvioglacial deposits of Car-
boniferous age have been reported and suggest a link with Gondwana (Hou et al.,
1979). Thus, what 1ittle we know about the stratigraphy of that area appears
compatible with such a correlation and a strike-slip offset in the order of
1000 km is quite compatible with large amounts of Tertiary shortening postu-
lated by some authors (Molnar and Tapponnier, 1975) as a consequence of the
India-Eurasia collision.

The Dehong Shan-Kachin area is referred to by Li et al. (1979) as the
Baoshan-Menglian Region, and we quote some of this author's comments regarding
this area:

"It seems that a continental block exists between the Lancang and Nu
River in west Yunan. The block is, in fact, a corner of the Shan State Median
Massif protruding to the north. The complete and relatively thick strata in
the Baoshan-Menglian region are nothing but the cover on basement of the median
massif consolidated before the Cambrian. The newly reported discovery of
pumpellyite in Lancang metamorphics and of glaucophane schist in the Lancang
metamorphics to the east of Lancang County and the existence of a great granite
belt along the western bank of the Lancang River dating 217-197 m.y. might be
considered as indicators of a westward subduction zone along the eastern margin
of the median massif. The paradoxical geosynclinal Triassic strata and the
phenomenon of the Triassic grading into epicontinental Lower Jurassic make it
clear that the geosyncline in the Lanping-Simao region probably developed in a
closed marginal sea with sialic crust rather than in an open ocean."
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O0f some interest is the suggestion of westward subduction of an ocean
under the Shan Plateau. Such a westward subduction had been postulated by
workers in Malaysia for the lower Paleozoic with a shifting of the subduction
zone to the east in upper Paleozoic Triassic times (Hutchinson, 1973). This
would in a very gross approximation track with the observations we just quoted,
and of course, the question then remains whether by analogy one should consider
subduction towards the south beneath the Central Tibetan Plateau (see also
Sengdr, 1979).

The Banggong Hu-Dongqgiao-Nujiang Zone

This zone 1is described in some detail in our Notes on Tibetan Geology,
pp. 43-44. In its essence, it appears to be a suture zone which has welded the
South Tibetan Plateau to the North Tibetan Plateau during the Early Cretaceous.
The ocean which was eliminated is represented by ophiolite outcrops and may
well have formed during Jurassic times. The suturing process is accompanied by
granitic intrusions that range in age from 200 m.y. to 99 m.y.

By Late Cretaceous time, the southern and central parts of the
Tibetan Plateau were welded together to form the southernmost border of Eurasia.

The Southern Tibetan Plateau (the Nianging Tanggula Block, Region II)

This region is also discussed in some detail on pp. 41-42 of our
Notes on Tibetan Geology, and the basic stratigraphy is shown on Figures 6
and 7. Again, we have not much of a feeling for the age of the basement, which
may be either Precambrian or lower Paleozoic. The Paleozoic sequence is in a
marine carbonate-clastic facies. The Triassic to Jurassic gives the impression
of a shallow water marine platform facies. To the north, however, thick "geo-
synclinal" sequences of Jurassic to Lower Cretaceous age are reported. The
Lower Cretaceous occurs in the form of volcanics.

The southern third of the southern Tibetan Platform (Subregion II,)
is dominated by widespread Cretaceous to Paleocene granitic intrusions and 1he
associated volcanics. The latter are in profound angular unconformity with
underlying rocks. It is concluded that this subregion represents a volcanic
island arc. Note that if we are to believe the tentative paleomagnetic deter-
mination from the Ladakh intrusives near Kargil (Klootwijk, 1979), we have to
imagine that during Eocene time (50 m.y. ago?, this island arc was located over
2500 km farther south and that its present position is due to crustal shorten-
ing accomplished Tater during the Cenozoic, as discussed by Molnar and Tapponnier
(1975) and Tapponnier and Molnar (1976).

The southern Tibetan Plateau could easily be viewed as part of Stocklin's

Central Domain. However, the simple fact that it was separated from the
Central Plateau by an ocean basin of Jurassic to Lower Cretaceous age leads us
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to treat this subregion as a separate entity. It would be plausible to assume
that Region II represents another Gondwana fragment, but we did not hear of any
positive indicators such as upper Paleozoic tillites and Gondwana floras; and
in apparent contradiction, Hsli (1978) reports Cathaysian floras from this area.
Note also that paleomagnetic determinations reported by Xiangyuan et al. (1977)
and discussed by Molnar and Chen (1978) are from near Lhasa in Region II.

The Indus-Yaluzangbu (Tsangpo) Fracture Zone

This zone is discussed in detail on pp. 30-41 of the Notes on Tibetan
Geology. The ophiolites of this zone may be viewed as the outer arc located in
front of the volcanic arc of Region II1, and separated from it by a now deformed

fore-arc basin which was filled with the sediments of the Indus-Molasse and the
Rikaze (Shigatse) Group of Cretaceous to lower Tertiary age.

Thus, the Indus-Yaluzangbu fracture zone is an outer arc that formed
the border of the Eurasian continent in Late Cretaceous to Paleocene times and
which marked the conclusion of Jurassic to Cretaceous accretion to Eurasia.
The approximate timing of this accretionary process was equivalent to the late
Kimmerian events discussed by Stdocklin for the Middle East and is also equiva-
lent to the Yenshanian events discussed by Chinese geologists. In Tibet, the
accretion resulted in the consolidation of the Central and Southern Tibetan
Plateau without, however, providing the high relief as indicated by the wide-
spread occurrence of shallow marine Upper Cretaceous strata throughout the
plateau (Li et al., 1979). Open marine Paleogene (including some pelagic
forams) is reported from the south flank of the Tarim Basin, the Tethys Hima-
Tayas, and - if we accept the Lockartia(?) mentioned by Molnar and Chen (1978) -
from Region II. Clearly, the Tibetan Plateau reached its present altitude
later in the Cenozoic as a consequence of crustal shortening following the
collision between India and Eurasia.

YENSHANIAN EVENTS IN EASTERN CHINA

The Yenshanian orogenic events of the Chinese geologists cover the
same time span as the Nevadan-Laramide events of North America, that is Juras-
sic to Late Cretaceous. Major unconformities in some of the sedimentary basins
of eastern China occur between the Lower and Middle Jurassic (early Yenshanian),
at the Jurassic-Lower Cretaceous boundary (mid-Yenshanian), and at the base
and - less important - at the top of the Upper Cretaceous (late Yenshanian).

In the sedimentary basins of eastern China which are filled with continental
sediments of Jurassic to Tertiary age, the Jurassic formations are also charac-
terized by widespread volcanics, suggesting that these basins were initiated in
an extensional regime during Mid-Late Jurassic times. Much of the later Yen-
shanian deformation involves extensive block faulting (for a summary, see
Huang, 1960).

Most important and striking, however, is the widespread invasion of

eastern China by granitic intrusions, which cut discordantly across the pre-
existing major structural provinces (compare Fig. 1 with Fig. 3). This
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invasion of much older provinces by granitic rocks is quite characteristic and
represents an unusual mode of orogenic activity. It has so far received 1ittle
attention by geologists in the West. Because it is difficult to circumscribe
the landward boundary of Mesozoic orogenic activities in China, Bally and
Snelson (1980) have used an envelope around all Mesozoic-Cenozoic intrusives in
China to define that boundary. Sedimentary basins of eastern China that were
formed east of and within that boundary appear to have an extensional origin.
(The Sichuan Basin is an exception, as it is a remnant of an older platform
surrounded by later compressional folded belts.) Sedimentary basins outside
that boundary - or Chinese-type basins - were initiated during a dominantly
compressional regime.

In the far northeast of China, we find the Yenshanian Nadanhada Moun-
tains fold belt. Along the Wusuli (Ussuri) River is a postulated subduction or
fracture zone. The situation is described by Li et al. (1979) as follows:

"In this region, there is a great thickness of eugeosynclinal forma-
tions from the Permo-Carboniferous to the Jurassic, which include basic pillow
lavas, greywackes, radiolarian siliceous rocks, etc. The Nadanhada folded belt
was cut by a meridional deep fracture into western and eastern parts. An
ophiolite suite is found within the Lower Permian to the east of the deep
fracture, while west of it, the ophiolite is emplaced in Upper Triassic.
Ultrabasic rocks are overlapped by Jurassic in which pebbles of ultrabasic
rocks can be seen."

The Nadanhada belt may be interpreted as a late Paleozoic-Triassic
outer island arc which has been subsequently intruded by Yenshanian batholiths.

CENOZQIC TECTONICS IN CHINA

Because they can be related to earthquakes, there is naturally a
great awareness of Quaternary and recent tectonics in China. The polycyclic
concepts of Huang (1977 and earlier) also show an equally great awareness of
Tertiary tectonic overprinting throughout China that was a consequence of the
Himalayan orogenic movements. Despite this, it is remarkably difficult to
isolate in China the effects of Tertiary tectonics from earlier events.

In recent years, Molnar and Tapponnier (1975, 1978) and Tapponnier
and Molnar (1976, 1977, 1979) have done much work to clarify some of these
aspects. Following these authors, the subduction of oceanic lithosphere along
the southern margin of Eurasia ceased some 40-50 m.y. ago, when the Indian con-
tinent collided with the Eurasian continent. As the two continental masses
kept moving against each other at a rate of about 50 mm/yr during the last
40 m.y., much crustal shortening occurred, forming the Himalayas and raising
the Tibetan Plateau to its present high altitudes. Furthermore, large blocks
moved laterally along strike-slip faults, causing the squeezing of large seg-
ments of eastern China in an eastward direction. Some Chinese workers, however,
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attribute some late Cenozoic tectonic features in eastern China as resulting
from interactijons between the westward-moving Philippine Sea and Pacific Plates
with the Asian Plate (Lee, 1978; Wang, 1979; Zhang, 1979).

Combining the interpretation of satellite photographs with earthquake
studies, Molnar and Tapponnier (1975, 1978) and Tapponnier and Molnar (1977,
1979) produced a number of maps which show the distribution of active faults in
Central Asia. On our map (Fig. 1) the most important of these are shown. In
addition to these faults, our map shows a number of faults and folds which are
of major importance, but many of which are no longer active. Most of them
appear to be of Tertiary age, because they offset Upper Cretaceous or younger
formations.

In other words, the brackets for the time of deformation of these
features is such that they may be interpreted as the consequence of post-
collisional deformation in China. However, because these features show no
obvious late activity, they cannot be interpreted as post-collisional events
with complete certainty. Some of the faults and the folding affecting the
Yangtze Platform and the South China fold system may fall in this class.

A1l in all, it may be concluded that extensive deformation has
affected the whole of China during post-Eocene times.

SOME COMMENTS REGARDING DEEP FRACTURES AND THE POLYCYCLICAL EVOLUTION OF CHINA

As remarked in our Introduction, Huang (1960, 1977, and other publi-
cations) has emphasized the polycyclic nature of Chinese tectonogenesis as
opposed to the "monocyclic conception" of some European and Soviet geologists.
There is no question that the geologic provinces of China have been worked over
several times by tectonic processes. This is witnessed by the involvement of
Precambrian basement in the Tertiary Himalayas, intensive Tertiary faulting
affecting the whole of China, the deep penetration of older terranes by Yen-
shanian granitic intrusions (Fig. 3), the involvement of Variscan and earlier
folds in the later Indosinian deformation, and numerous other examples.

Chinese geologists also emphasize the importance of deep fracture
zones (see classification of Huang on Tables 1 and 2). Again, the surface
evidence and the seismic evidence for the existence of these fracture zones are
convincing. However, except for the Himalayan-Burma fold belt, the evidence
for deep earthquakes in the lower crust and deeper appears to be less convinc-
ing over much of mainland China.

Is there any evidence for the perennial nature of these fracture sys-
tems and for their reactivation during a number of orogenic cycles? In the
Chinese geologic literature, it is often implied that the main structural unijts
are outlined by deep fractures that have been polycyclically active since
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Proterozoic, Paleozoic, or Mesozoic times (see Huang, 1977). This conception
puts a high premium on specific evidence supporting the longevity of the sub-
vertical fracture zones. Unfortunately, such evidence is lacking.

In a plate tectonic context, changing plate configurations, changing
ocean spreading patterns, and the modification of plate distributions and
motions are all bound to cause discordant tectonic overprints of pre-existing
orogenic trends. In other words, individual cycles and subcycles within poly-
cyclic tectonic provinces would show as regionally discordant patterns on
tectonic maps. Pre-existing fracture systems would only be reactivated if the
basic plate configuration and motion did not change substantially during the
orogenic process. Particularly with a continental collision where crustal
shortening is often achieved by crustal thrust faulting and strike-slip fault-
ing, it is 1likely that older orogenic trends would be discordantly intersected
by such faults. In this perspective, major "worldwide" unconformities such as
the ones used by Stille (1924) to support his tectonic orogenic phases would
merely indicate a switch from one plate configuration to a discordant succeed-
ing plate configuration. Such a switch then would cause a change of the tec-
tonic regime or a new cycle in a polycyclic system.

Because of the discordant relation of succeeding tectonic cycles and
their patterns, it is really not quite realistic to draw tectonic maps in the
style shown on Figure 1. Inevitably, such maps mix discordant succeeding
tectonic cycles and probably wrongly imply that such patterns were regionally
more or less concordant and bounded by some long-lived fracture zone. In this
situation, it may be better to draw separate maps for each separate cycle.

Such maps would help a great deal to shed more light on the complexities of the
tectonics of China.

On the other hand, one may quickly point out that the apparent
linearity of a number of the old subduction zones and sutures indicated in our
map (Fig. 1) no doubt led both Chinese and Soviet authors to postulate the
long-lived nature of these fracture zones. The example of the Indus-Yaluzangbu
fracture zone, however, suggests that an earlier overthrusted ophiolitic zone
with relatively shallow dip was later faulted by steeper faults of an opposite
vergence; and it is the combination of the two events which accounts for the
linearity of the suture zone.

To better resolve these questions, it would be particularly important
to concentrate and combine geophysical and geologic studies along the major
fracture zones. Particularly crustal reflection, wide-angle reflection, and
refraction profiles could help much to characterize the nature of these deep
fracture zones.

SOME SUGGESTIONS FOR FUTURE WORK

This somewhat uneven and superficial review of the Tectonics of China
would serve little if it would not lead to better problem definition. It would
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be tempting to submit a very long list of projects. Let us, however, list just
a limited number of points:

- Generally speaking, geologists in the West do not master the Chinese
language and only a few are bound to remedy the situation by learning
this difficult language. It would be most useful if through the
combined efforts of some earth scientists inside China and outside
China a synthesis were written in English. The main purpose of such
an effort would be to make the work of our Chinese colleagues more
accessible to others and, consequently, to permit a more enlightened
dialogue. Above all, such a project would help to define and priori-
tize problems which could be tackled jointly.

- One of the great difficulties we encountered was the general unavail-
ability of large-scale detailed maps and sections (i.e., maps and
sections on scales of say 1:50,000 and larger). The example of the
Soviet Union shows that geologic conclusions that are not documented
by such detailed maps and sections have of necessity a very low
degree of credibility.

Detailed and paleontologically documented stratigraphic sections
appear to be more commonly available but are unfortunately not
translated. These also often lack precise location.

- The time appears to be ripe for our Chinese colleagues to produce a
Stratigraphic Atlas of China. A large amount of new data has been
collected in past decades and the basic correlations have been made
(see Chinese Academy of Sciences, 1979). It would now be interesting
to see whether the major suture zones that have been mapped in a
reconnaisssance fashion in fact define different paleogeographic
realms that may have been separated by major oceans. Much more
paleomagnetic work is needed to provide - even tentative - recon-
structions, but in the meantime, stratigraphic and paleogeographic
provinces could be redefined with greater accuracy. Such work is
always based on the quality of the stratigraphic and paleontological
control, but stratigraphy done in a plate tectonic perspective could
lead to substantially different environmental interpretations. These
in turn could aid in the exploration for mineral and fossil fuels.

- The complex tectonic history of Chinese structural provinces calls
for as precise a definition as possible of the tectonic units and
their position through time. It would be immensely useful to under-
take large-scale but detailed paleomagnetic studies for various
intervals in each of these structural elements, in order to help
delineate plates and smaller terranes and their relative positions
through time.
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The widespread distribution of granitic intrusions of many ages
discordantly superimposed on top of each other should encourage
people to do detailed radiometric determinations, combining the
different methods and with fission track studies. If such studies
are undertaken in many different areas, the crustal evolution and
uplift history of China would be much better understood.

We did get a fine review of the general distribution of ophiolites,
mélanges, and suture zones in China. Details regarding the ages of
rocks comprising the ophiolitic sequences and the timing of emplace-
ment, however, are poorly documented or unknown. It would now be
most useful to obtain a much more detailed documentation of the
geochemical evolution, the stratigraphy, and the structural evolution
of such zones.

Clearly, detailed seismic reflection, wide-angle reflection, and
refraction work is needed. As already mentioned, this work would be
particularly useful for the understanding of the many deep fracture
zones reported by Chinese earth scientists. Such studies are expen-
sive, but they could be most beneficial to better understand earth-
quake activities.

Sedimentary basins are being explored by economic geologists in
China, using various subsurface techniques including reflection
seismic and drilling. It is of critical importance that such data be
integrated with surface geologic work in the adjacent outcropping
folded, and faulted uplifts. The history of basins and the adjacent
uplifts is so intimately linked that one cannot be easily understood
without understanding the other.

Stratigraphic studies are greatly enhanced by complementary studies
of the sedimentology of the sequences. Such sedimentologic studies
are of great importance in unravelling the orogenic history of folded
belts in China.

A11 structural provinces of China are of great tectonic interest, so
that it is difficult to select preferentially areas of particular
interest. Nevertheless, we would like to emphasize the great importance
of the Tibetan Plateau, the latitudinal Kunlun, Nanshan and Qinling

fold systems, and the meridional Sanjiang fold systems.

Last but not least, it would be most useful to devote special atten-

tion to the Precambrian evolution of China and to relate various
Precambrian provinces with each other or else to contrast them.
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NOTES ON TIBETAN GEOLOGY

INTRODUCTION

One week of field trips and a limited number of briefing sessions are
by no means sufficient to describe adequately what is known about the Tibetan
Plateau. However, because so little of this has been reported outside China,
we did try to pull our observations together. At best, our efforts can be no
more than an attempt - hopefully useful - at geologic journalism.

The maps and figures accompanying these notes were kindly provided by
the Tibetan Bureau of Geology and to the best of our knowledge represent the
first detailed illustrations since the work of Hayden in 1907.

REGIONAL GEOLOGY OF THE TIBETAN PLATEAU

The geologists now working in Tibet differentiate four main regions
(Figs. 1 and 2) which are separated from each other by what are described as
deep fracture zones. From south to north, these regions and fracture zones
are: Region I or Southern Block, bounded to the south by the Himalayan foot-
hills of India; the Indus-Yaluzanbu (Tsangpo) or I-Y fracture zone; Region II,
the Nianging-Tanggula Block or the Lasa (Lhasa) folded belt, which is sub-
divided from north to south into three subregions; the Banggong Hu-Dongiao-
Nujiang (B-D-N) fracture zone; Region III, the Central Tibet Plateau, which is
subdivided from east to west into three subregions; the Jinshan-Ailaoshan
(J-A) fracture zone and its western extension; Region IV or the Kekexili Block;
and Region V, the Kunlun Block. The presentation to us of these subdivisions
was limited to the Xizang (Tibet) region, but their extents outside the adminis-
trative borders are also shown on the map (Figs. 1 and 2).

Region I, the Himalaya, has in recent years been described and
summarized by a number of authors (e.g., Gansser, 1964, 1977, 1980; Lefort,
1975). The reports of the Mount Jolmo Lungma Area Scientific Expedition
(1966-68) unfortunately were not available to us in a comprehensive transla-
tion. However, the summary by Mu et al. (1973) provides substantial paleonto-
logic and stratigraphic documentation, and Chang and Cheng (1973) discuss the
regional geology. Figure 4 is a summary of the stratigraphy of the area fol-
lowing Mu et al.; our Chinese colleagues pointed out that the column should be
amended to show two unconformities within the Permocarboniferous. Lefort
(1975) shows a generalized correlation of this stratigraphic column with other
sections in the Tethys Himalayas and illustrates its relation to the geology of
India.
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Region I is underlain by the metamorphic basement of the Main Central
sheet (the Tibetan* slab of some authors) and its overlying cover of Sinian
(1ate Precambrian) to Tertiary sediment. In China that basement has yielded
radiometric ages of 640-660 m.y., but it has also been intruded by young granitic
rocks providing a 10-20 m.y. radiometric overprint (see also Jain et al.,
1980). These conclusions are apparently based on K/Ar, U/Pb, Rb/Sr dates, but
we lack more specific information. Five metamorphic Barrovian zones are recog-
nized within the basement (chlorite, biotite-muscovite, garnet, staurolite, and
kyanite). Elsewhere in the Himalayas metamorphic basement events have been
recorded at 1800 and 1400 m.y. (Thakur, 1977; Gansser, 1979).

Paleozoic formations generally crop out in the southern parts of
Region I, and underlying metamorphic rocks are in transition with the overlying
non-metamorphic lower Paleozoic platform carbonates. These are followed by
possibly Upper Devonian quartzose sandstones, which in turn are overlain by
Carboniferous clastics. An unconformity may separate these units from an
overlying upper Carboniferous-Permian sequence, which has carbonates in the
Permian and a Glossopteris flora in the Lower Permian. Thus, the Paleozoic
appears to be a shallow-water sequence deposited on a relatively stable plat-
form.

The Mesozoic sediments of southern Region I differ somewhat from
those of northern Region I. Only the Tatter are shown on the maps of Fig-
ures 9a and 9b. Triassic carbonates and clastics to the south seem to give way
to widespread flysch-like turbidites in the north, which have yielded some

lamellibranchs (Formation T3 of the map on Figures 9a and 9b). The Lower

and Middle Jurassic in the south consists of limestones, quartzose sandstones
and shales, and the Upper Jurassic equivalent of the well-known Spiti shales
(Gansser, 1964) while to the north, quartzose feldspathic sandstones and cal-
careous shales are found in the surroundings of Jiangzi (Gyangtse). Cretaceous
carbonates and clastics to the south appear to be replaced in the north by a
dominantly clastic sequence, with prominent outcrops of black carbonaceous
shales along the road east of Jiangzi. Upper Cretaceous pelagic faunas are
reported from limestones in the upper parts of this sequence. One may conclude
that Mesozoic sediments reflect a transition from deeper water in the north to
shallower water in the south. Finally, Paleocene and Eocene carbonates are
described from the southern area.

Chinese and other geologists generally agree that the Himalayan
Tethys sediments represent the northern margin of the Mesozoic India-Gondwana

*The northern part of the Himalaya clearly is in Tibet. This has caused many
authors to Toosely refer to the area as Tibet. A major fracture zone separates
the Himalaya in the south from the Transhimalaya and the main Tibetan Plateau
to the north. Therefore, it would appear to be preferable to avoid the term
Tibetan slab to prevent confusion with more northern regions of Tibet.
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segment. Note, however, the absence of reported Paleozoic glacial deposits in
this segment of the Himalayas, but on the other hand, also note the presence of
Glossopteris floras (see also Hsii, 1976, 1978). The overall impression is that
the northern margin of the Indian subcontinent was a passive margin deepening
to the north at least after the Permian or Triassic. Thus, the Triassic flysch
sequences may well represent the continental rise of such a margin rather than
deposits that are related to orogenic events.

THE INDUS-YALUZANGBU (I-Y) FRACTURE ZONE

This zone, which separates the main Himalaya from the Transhimalayan
Range, has in recent years often been described as a major suture zone; Chinese
geologists also like to refer to the zone as a deep "trans-lithospheric" frac-
ture (Huang, 1978). This zone is best known in the Kailas region, northwest of
Nepal and farther west in the Ladakh area. Much of what has been written is
based on the observations of Gansser (1964, 1977, 1980) and Frank et al. (1975).
The maps and sections on Figures 9a, 9b, 10, and 11 were given to us by the
team of the Tibet Bureau of Geology but redrafted for better reproducibility to
facilitate comparisons with the work done in different regions.

In a structurally very complex belt such as the I-Y zone, it is
pointless and naive to single out one contact, a fault, or any other Tine on
the map and to declare it to be "the" suture. Instead, we prefer simply to
describe the area proceeding from north to south. To the north of the I-Y
zone occur the granitic intrusives of the Transhimalayan Range (the Nianging
Tanggula Range) or Subregion II, described below. These granites yield K/Ar
ages ranging from 95-37 m.y. wilh the bulk between 40 and 70 m.y. These granites
take a similar position to the ones reported from the Kailas area and from
Ladakh. The latter are presumed by Frank et al. (1975) to be of Cretaceous-
Eocene age.

The basal conglomerates of the 6000-7000 m thick Rikaze (Shigatse)
Group unconformably overlie the granites. Time did not permit us to see this
contact, which is clearly indicated on the map. The stratigraphy of the Rikaze
Group is discussed in some detail in Volume I of the Mount Jolmo Lungma Expe-
dition Report (pp. 175-179). The Rikaze Group is an impressive sequence of
folded rhythmically bedded sandstones, siltstones, and shales, which dominate
the geology of the surroundings of Rikaze. A sandstone sample collected from a
rhytmite in the formation on the outskirts of Rikaze is a classic volcanigenic
wacke with grains of dominantly andesitic composition as seen in thin section.
Light weathering of apparently highly calcareous siltstone beds form striking
marker horizons and may be the 1ight-colored bands that are visible on Landsat
images.

Many of us found similarity in appearance with the Great Valley sequence
of California and other flysch-Tike sequences. Our Chinese colleagues, however,
insisted that the sequence was dominantly continental. The sequence was at one
time thought to be of Tertiary age, but a number of fossils were collected from
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1imestone beds within the Rikaze sequence Orbitolinas from the Tower part
suggest a Cenomanian age, and Mammites and Plesioptygmatis indicate Upper
Cretaceous age (see also Mount Jolmo Lungma Expedition, v. 1, 1966-68; Mu

et al., 1973). Wu et al. (1977) described the Rikaze Group in some detail;

they did compare it with Gansser's Indus Molasse. We quote from their Abstract:
"North of the ultrabasic belt occurs the well-known Rikaze Group of Late Cre-
taceous, which is composed of conglomerate and coal-bearing detrital deposits
in the basal part, red sandstone and conglomerate in the lower part, limestone
in the middle and flysch in the upper, respectively named the Qiuwu Formation,
Qiabulin Formation, Sangzugang Formation and Angren Formation."

Driving west from Rikaze, we were impressed with the dominant south-
ern vergence of the spectacular folds which are molded in the Rikaze Group.

It is Togical to correlate the Rikaze Group with Gansser's Indus

Molasse of the Kailas region and Frank et al.'s (1977) Indus Molasse-Hemis
conglomerates of the Ladakh area. The onlap relation on the Transhimalaya
granites and the overall character of the Rikaze Group would suggest this. The
flyschoid character is also noted by Frank et al. (1977) but deemed by them to
be more apparent than real for reasons that are not altogether clear to us.
Unfortunately, we have no details from the Rikaze Group such as pebble descrip-
tions, sedimentological features, etc., to make more detailed comparisons.

The main inconsistency with the Indus Molasse is the occurrence of
marine Cenomanian and Upper Cretaceous faunas that occur in addition to the
Upper Cretaceous floras reported by workers in Tibet. Thus, the Upper Cre-
taceous age of the Rikaze Group contrasts with the Eocene or younger age
suggested by Frank et al. (1975) on the basis of pebbles containing Alveolinas
and nummulitic Timestone intercalations reported south of Ladakh. Also, the
dominant southern vergence of the folds may be typical only for the Rikaze
region.

Because the similarities between the Indus Molasse and the Rikaze

Group are so striking, it is tempting to try to reconcile the divergent paleon-
tologic ages of the two formations, but before so doing, more careful strati-
graphic and paleontologic work and documentation is needed. Conceptually, a
model analogous to the Great Valley of California (Ingersoll, 1979? could be
postulated in which the Tower portions of the Indus Molasse-Rikaze Group are
Cretaceous while the upper portions are Eocene. Progressively younger strata
would onlap the granites.

The backbone of the I-Y fracture zone is the narrow belt of ophio-
Tites (Figs. 9a, 9b, and 10). A detailed section (Fig. 11) shows the area we
visited. The zone may be followed over a length of about 1400 km and is the
easterly continuation of the ophiolites described by Gansser (1964, 1977, 1980)
and Frank et al. (1975). The following description is from the guidebook
provided to us by the geologists of the Tibet Bureau of Geology:
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"Cross section of ophiolites at Zia Lu Village, located 22 km to the
SE of Rikaze (Fig. 11), from south to north the section consists of:

(1) Red-purplish siliceous rocks intercalated with small amounts of
red siliceous shale and coarse-grained sandstones. In the red-purplish sili-
ceous rocks have been found the radiolarians which are determined to be Setho-
cyrtis spp., Theoconus spp., Hemicriptocapsa spp., etc., whose age is ascribed
to the Middle to Late Mesozoic.

(2) An ultrabasic unit, chiefly includes peridotite and minor harz-
burgite. It is in fault contact with red-purplish siliceous rocks, the fault
contact zone is usually characterized by distinct schistosity.

(3) Basic intrusion, chiefly consists of gabbro associated with
diabasic gabbro and diabase, which often occurs as inclusions or xenoliths in
the ultrabasic intrusions.

(4) Basic volcanics and flysch-subflysch sediments, the former mainly
consists of basalts (amygdaloidal basalts), spilites and tholeiites with pillow
structures associated with small amounts of red-purplish siliceous rocks con-
taining Cretaceous radiolarians (Lithocampe spp., Dictyomifra spp., Cenellipsis
spp., Cromyosphaera spp., etc.); the latter (flysch and subflysch) mainly
consists of shales, siliceous shales fine-grained sandstones, sandstones with
small lenticular intercalations of limestone.

The ultrabasic unit and basic volcanics in this regions are generally
in fault contact either with the siliceous rocks or with the flysch sediments
and appear to be allochthonous.

The petrochemical data of the basic lavas of the ophiolites (includ-
ing NaZO/KZO versus Na20+K 0, the frequency distributions of SiO, TiOz, Cao,
MgO, and TiFeo/Mgo and the Ti-Zr-Y and Ti-Zr-Sr triangular diagrams) have been
compared with those of the Mesozoic and Cenozoic ophiolites (data from A. Miya-
shiro's and J. A. Pearce's work) and reveal that the basic lavas along the
Yaluzangbu (Tsangpo) River and in the region south of the Yaluzangbu River are
characteristic of ocean-island and ocean-floor tholeiites which are quite
different from calc-~alkali volcanics in the region north of the Yaluzangbu
River."

Qur own impression of the Xialu section from field observations,
discussions with our guides (especially Zhou Xiang and Xiao Xuchang) and some
subsequent thin-section and paleontological study is as follows: The ophiolite
is dismembered and does not form a complete sequence. Peridotite greatly
predominates, forming a section about 7-8 km thick (Zhou Xiang, personal com-
munication). The peridotite is faulted against small remnants of pillow lava
and flyschoid sediments on the north, and against a thick sequence of radio-
larian chert on the south. Gabbro and sheeted dike members of the ophiolite
sequence are missing and may possibly be faulted out. The basic intrusives
described in the guidebook (paragraph 3 above) and shown schematically in
Figure 11 are only small, partly dismembered gabbroic and metagabbroic (amphibo-
Tite) dikes that occur at a deep level within the peridotite. These are
syngenetic dikes, probably derived from mantle melts, that were metamorphosed
and dismembered while the enclosing peridotite was still hot and flowing
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plastically. The peridotite itself, wherever we saw it, is a typical "mantle
sequence" harzburgite tectonite with megascopic foliation and crystalloblastic
to porphyroclastic microtextures with deformed enstatite porphyroclasts. The
peridotite is variably serpentinized.

The fault-bounded volcanic remnants that occur on the northern margin
of the peridotite (Xialu section) are albitized submarine basalts, chiefly
pillow lava with intercalated sheet flows at one locality and a 1 m thick
interbed of red radiolarian chert. Along strike with this locality two len-
ticular pods of chert up to 10 m thick occur interbedded with basaltic breccia.
Bulbous pillows and tubular pillows with Tongitudinal growth striations are
well preserved. These pillow forms and especially the sheet flows are typical
of mid-ocean ridge basalts (Ballard and Moore, 1977; Moore, 1979; Ballard
et al., in press). The nearly nonvesicular chilled pillow rims indicate erup-
tion into very deep water (Moore and Schilling, 1973), and the petrographic
character of the lavas (aphyric, olivine phyric, and olivine-plagioclase phyric
basalts) are of the types most common among ocean-ridge basalts. The radio-
larian chert intercalated within the pillow lava further suggests that the
ophiolite formed in a deep-sea setting that received mainly pelagic sedimen-
tation.

The above descriptions apply only to the local section near Xialu.
More generally, the ophiolite along the Yaluzangbu zone is dismembered and
nowhere exhibits a complete stratigraphic sequence. Alpine-type peridotite
predominates along the 200 km-long ophiolitic belt extending SE and SW of
Shigatse (Rikaze, Figs. 9 and 10). The great extent, thickness, and superb
continuous exposure of these peridotites in the high bare mountains bordering
the south side of the Yaluzangbu valley are impressive and offer splendid
opportunities for detailed field studies of an oceanic upper mantle remnant.
However, ultramafic magmatic cumulates (dunite, wehrlite, pyroxenite) have not
been recognized, gabbro is mapped only locally and does not appear to be thick
or laterally continuous, and sheeted dikes are also not mapped. Pillow lava,
on the other hand, appears to be quite thick where it is locally well pre-
served. For example, a pillowed volcanic section perhaps 1-2 km thick is
exposed where the Rikaze-Jiangzi road cuts across the ophiolite belt (Fig. 9,
east end). One gets the impression that a stratigraphic characteristic of the
Yaluzangbu ophiolite may be thick volcanics and a thin, perhaps discontinuous
plutonic sequence above the mantle peridotite. Such relationships are of
interest because of the implications that they have for the tectonics of the
parental oceanic spreading system. Large magma chambers (leaving thick plu-
tonic sequences) are restricted to fast-spreading ridge-systems, whereas slow-
spreading systems are able to maintain only small, perhaps ephemeral magma
chambers (leaving thin or discontinuous plutonic sequences) (Sleep, 1975;
Kusznir and Bott, 1976; Hopson et al., in press). It is too early to place the
Yaluzangbu ophiolite in the latter category, but future workers should pay
attention to the thickness and character of the plutonic sequence.
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The thick supposedly homoclinal sequence of chert that is in fault
contact against the south side of the peridotite in the Xialu section (Fig. 11,
loc. 4) is predominantly red-brown in color with subordinate green and rare
white zones. Intercalated nonsiliceous sediments were not seen during our
rapid traverse of this section. Chert layers range in thickness from about
5 cm to 60 cm, with thicker beds most common. Along the northern margin of the
chert sequence there is a narrow zone characterized by a variegated resedi-
mented grit-sized chert breccia in a chert matrix. A1l the chert is rich in
radiolarians. Well preserved radiolarians have been extracted from two samples
collected near the northern and southern margins of the sequence, and relatively
poorly preserved radiolarians were obtained from the sample roughly half way
through the sequence. Preliminary analysis of the samples by David L. Jones
and Bonnie Murchey-Setnicker of the U.S. Geological Survey indicates that the
two samples from the margins are of mid-Cretaceous (probably upper Lower) age.
The one from within the sequence is definitely older and, although the age is
uncertain, it is most likely Valanginian but could be as old as Tithonian. If
correct, the paleontological data suggest that the chert section is not homo-
clinal as depicted in the structure section (Fig. 11), but instead is either an
anticline or a series of imbricate thrust sheets.

The relationship of the ophiolites to the surrounding flysch forma-
tions is important. As shown on the maps and section (Figs. 9a, 9b, 10, and 11)
Chinese geologists show the ophiolites to be thrust over the Rikaze (Shigatse)
Group to the north. We saw such a contact at Stop 3 (Fig. 11) where pillow
lavas and some associated radiolarian cherts were thrust over flysch-like
sequences to the north, Furthermore, on the map the formation K,-R is indi-
cated to onlap the ophiolites and to contain ophiolite blocks. We did look at
a number of outcrops of this formation near Zong Bei some 95 km to the west of
Rikaze but in the short time available failed to see any ophiolite pebbles. A
more detailed stratigraphic paleontologic correlation of the K2—R group with
the roughly coeval Rikaze Group is needed.

Note also that on Figures 9a, 9b, and 10, the southern contact of the
ophiolites is shown as overthrust to the south. As we will see later, regional
considerations suggest that this southern thrust contact may indicate the
vergence of the primary ophiolite emplacement.

To the south of the ophiolites a band of Triassic formations is shown
on the map which is thrust to the south, over younger Jurassic-Cretaceous
formations. Much of this Triassic formation is a flysch which appears to be in
a greenschist metamorphic facies to the east of the Rikaze-Jiangzi road segment

(Formation T3). However, to the west of that road, Formation Tg is interpreted

by our Chinese colleagues to be a mélange formation which extends over hundreds
of kilometers. In one locality that we visited, the mélange is described by
them as follows:
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""Mélange section at Zong Bei, located 95 km west of Rikaze. The
Triassic sequence is widespread in this region, chiefly consisting of black-
grayish slates, sandstones interbedded with argillaceous limestones which have
yielded Lamellibranchiatas and ammonoideas. There the Permian rocks occur as
exotic blocks distributed (maybe chaotically deposited) in the Triassic sequence.
This mélange extends along the Yaluzangbu River, trending E-W for hundreds of
kilometers."

Additional comments on this locality are provided by G. Plafker as
follows:

New age data obtained from a radiolarian chert lens roughly 2 m thick
that is in sharp contact with the enclosing Halobia-bearing Triassic shale
suggest that the matrix of the mélange may be as young as mid-Cretaceous -
rather than Triassic as indicated on the geologic map. Radiolarians extracted
from this chert are beautifully preserved and, according to D. L. Jones and
B. Murchey-Setnicker of the U.S. Geological Survey, they include forms ranging
in age from Berriasian to Albian, but are most probably of Aptian-Albian age.

An additional lithologic component of the mélange observed by us at a
nearby locality was a large mass of dark volcaniclastic sandstone, strongly
pumiceous in part. This detritus was the product of intermediate to acidic
pyroclastic volcanism, evidently from an arc-type source that lay not far
distant. The shape of the body suggested a channel fill, although the possi-
bility that it is an allochthonous block cannot be discounted with the limited
data available. If not allochthonous, the volcanic rocks indicate a nearby
magmatic arc of middle Cretaceous or younger age.

One of us (Hamilton) interpreted the structure near Zong Bei quite
differently. He regarded the area as consisting of a section of Mesozoic
clastic strata, metamorphosed at low greenschist facies and deformed coherently
by large and small isoclines, thrust over by a coherent sheet of Permian and
Triassic limestones, with minor development of friction breccia at its base.

He rejects the mélange designation for these materials.

An additional locality was described to us by Xiao Xuchang et al.
(1979) from the Langkazi section to the SE of Rikaze (Shigatse) where Upper
Triassic blocks are distributed or possibly chaotically deposited in Upper
Jurassic to Cretaceous strata. A more detailed documentation of this locality
is not available to us.

The precise age and the mode of emplacement of the mélange sequences
remains obscure. Like the ophiolites, the map and our observations suggest
vergence to the north in a thrust contact, over the K,-R redbeds near Zong Bei.
This contrasts with the southern vergence indicated by the folded Permian lime-
ston$s and the north-dipping thrust which forms the south boundary of the
complex.
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The mélange formations described do not appear to qualify as ophio-
1itic mélanges and it is unciear whether they formed in conjunction with the
formation of an accretionary wedge or whether they may represent gliding
phenomena at the rim of the Indian passive margin of the Tethys. The "sym-
biotic" association of the mélange complex with the ophiolites mitigates in
favor of an active margin accretionary wedge setting. So too does the aBparent
northerly source of the volcaniclastic sandstone in the mélange of the T
unit. Either way the emplacement and origin of the exotic blocks remai%s
mysterious. They may well be part of a dismembered thrust complex or else they
may be genuine landslide-related olistoliths. In a very general way these
complexes may correlate with the Namika flysch reported by Frank et al. (1975)
from the Ladakh area. They also appear similar to the flysch with exotic
blocks which according to Gansser (1964) underlies the exotic mass and the
ophiolites of the Kiogar Peaks in the Kailas Sector to the west.

Finally, it would appear to us that another mélange zone occurs
farther to the south where we observed Franciscan-1ike outcrops near the
locality marked "x" on Figure 9. Here, amid a broad area of Jurassic-Cre-
taceous clastic strata (map unit J-K, Fig. 9a) we crossed a zone that extends
at least 18 km along the highway in which blocks up to the size of a house are
chaotically dispersed in a directionless matrix of somewhat sheared sandy
shale. The mélange blocks are chiefly quartzite sandstone, radiolarian chert
and minor limestone; no igneous blocks were found during our limited search.
Most of the blocks are matrix-supported and many are widely scattered. One
huge knocker examined near the highway consists of banded red, gray, green, and
white radiolarian ribbon chert including beds of distinctive chert matrix chert
breccia that is megascopically similar to the breccia seen at the northern
margin of the thick chert sequence in the Xialu section. A moderately well-
preserved radiolarian fauna extracted from the chert is similar to that from
the younger assemblages in the Xialu section and is tentatively assigned a mid-
Cretaceous, possibly Cenomanian, age by Jones and Murchey-Setnicker. The
similarities in lithology and the age of chert at this locality (mapped as
J-K) with those at the locality southwest of Shigatse 200 km to the west
(mapped as Tg) are striking - the main difference being the apparent absence of

exotic Permian carbonate blocks at the former locality. Wu et al. (1977) also
describe this formation as follows: "East of Jiangze the Cretaceous overlying
conformably the Jurassic is mainly composed of siliceous and calcareous shale
in the Tower part (Jiabula Formation), and siliceous flysch-like deposits with
exotic blocks in the upper (Zongzhuo Formation). They are roughly assigned
respectively to the early and late Cretaceous in age."

These limited data suggest that mélange with middle Cretaceous or
younger matrix is much more widely distributed than is indicated by the geo-
logic map. In the field, some of us favored a sedimentary (olistostromal)
origin for the mélange, mainly because of the absence of evidence for pervasive
shearing. However, it is difficult to explain the presence of Cretaceous chert
without involving some kind of tectonic mixing mechanism. A possible explanation
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combines gravity sliding of Permian and older platform blocks into a Triassic
deep sea (slope rise?) sequence followed by tectonic inclusion of oceanic chert
and other exotic rocks in or near a trench during middle Cretaceous or younger
subduction.

Another feature of the Jurassic-Cretaceous terrane (map unit J-K)
between Jiangzi (Gyangtze) and the southeastern corner of Figure 9a are local
dikes and sills, some large enough to be seen several kilometers away. These
were described to us as diabase, but two dikes that we inspected proved to be
strongly altered diorite and biotite lamprophyre. Note that Hayden (1907)
already pointed these out. Judging from his map, these intrusions may be more
widespread. Perhaps these are satellitic intrusives related to the Tertiary
(Himalayan stage) granitic plutons, like those mapped farther to the west
(Fig. 9a, unit 76). Young granites (10-20 m.y. by K/Ar methods) do occur south
of the ophiolites. We received little information about them, but most of us
presume that they are similar to the two-mica leucogranites of the High Hima-
laya (Lefort, 1975) which are thought to have been formed by anatexis of the
underthrusting Indian crust (Hamet and Allégre, 1976; Lefort, 1975).

Obviously the information so far is not detailed enough to provide an
adequate interpretation for the I-Y fracture or suture zone. Tentatively,
however, and in part inspired by Frank et al.'s (1975) "Tectonofancyful," a
relatively simple evolution is conceivable. One may visualize a volcanic arc
during Upper Cretaceous-Paleocene times in the Transhimalaya area, and a fore-
arc basin like the Great Valley trough filled by the Upper Cretaceous-Eocene
Shigatse Group with onlap on the Transhimalaya granite complex, but also onlap
to the south of the lower part of the sequence onto a structural high or outer
arc supported by the ophiolites underthrust beneath it. Deformed Jurassic-
Cretaceous rocks, the Triassic flysch, and the "mélange"” formations would afl
be part of an accretionary subduction complex that includes ophiolites farther
north. The primary vergence of this subduction zone thus would be to the south
and the setting could well be compared with the Arakam-Yoma-Andaman arc. Such
a model, however, necessitates suturing of the ophiolite to the margin of the
southern Tibetan block (Region II) after the Late Cretaceous, if it originated
in an open-ocean setting as discussed earlier.

The arrival of the Indian continent in mid-Tertiary would then have
caused a change from a primary south-verging island arc regime to a collisional
regime (see Molnar and Tapponnier, 1975, 1978) which would lead to the for-
mation of south-dipping thrusts and a secondary north vergence. In this manner
the earlier structures would be intersected by later south-dipping reverse
faults. In a very general sense, the late faults may be viewed as conjugate
and antithetic to the main Tertiary thrust faults observed on the south side of
the Himalayas.

The proposed interpretations are not required by the data, and it is
clear that more work must be done either to understand the geologic evolution
of the region or to use this area to gain a better understanding of the pro-
cesses happening in subduction zones.
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Indeed, one of us (Hamilton) considers that the final subduction
along the I-Y suture zone was likely southward, rather than northward as is
commonly assumed. Southward subduction accords with the conspicuous north
vergence, and with the south dip of the ophiolitic sheets. The young, deep-
seated granites of the high Himalayas (10-20 m.y. K/Ar cooling ages, Oligocene
Sr/Rb ages) and associated regional-contact metamorphism and migmatization
represent the eroded magmatic arc of this southward-subduction system. Hamilton
suspects that most of the "Precambrian basement" of the Himalayan axis is the
substrate of the late Paleogene magmatic arc; that this terrain has moved
1ittle relative to the underlying Indian lithosphere; that outward spreading of
overlying batholiths, since largely eroded, produced quasi-symmetrical thrusting
of pre-existing strata to north and south; and that the inverted, upward-
increasing metamorphism of the upper south slopes of the Himalayas is a product
of the batholiths. These suggestions are contrary to long-accepted interpreta-
tions, including those presented elsewhere in this report, of Himalayan struc-
ture. If these suggestions are correct, then no 1lithosphere continuous with
that of the Indian plate has sl1id beneath Tibet.

Hamilton also notes that Cretaceous and lower Paleogene granites are
widespread in southern Tibet, north of the I-Y suture. Leucocratic quartz
monzonite occurs too close to the suture to have formed above 1ithosphere
subducting northward from a trench near that suture. Subduction polarity of
the granites is not yet established, and it is not known whether they formed in
response to subduction southward from a trench somewhere to the north, or
whether they formed above a northward-subducting plate and have been brought
closer to the suture by tectonic erosion of the front of the overriding plate.

There also remains the question of the age and size of the ocean
represented by the ophiolites, and the date of the initiation of the Mesozoic
subduction. Reconstructions of India relative to Eurasia require a large
distance between them in the Late Cretaceous (Molnar and Tapponnier, 1975), but
the position of Region II with respect to the rest of Asia or the relative
positions of Regions I and II at that time are not well known. Could Region II,
or part of it, have been an island arc, separated from the rest of Asia by a
large distance? Xiao Xuchang et al. (1979) argue that south of the I-Y zone a
substantial ocean existed since Triassic time and that subduction may have
started as far back as Triassic time. The ocean floor separating the southern
Tibetan Plateau (Region II) from the Indian platform may indeed have been
spreading since that time if one chooses to interpret the Triassic flysch
sequences as continental rise deposits. While separation of Region II from
Gondawanaland in the early Mesozoic appears to be possible, it may well be
argued that the mid-Cretaceous-Eocene emplacement of the granites of the
Transhimalayas roughly coincides with the subduction event and consequently,
subduction would begin in mid-Cretaceous times, or roughly at the time when
subduction in the northern Banggong Hu-Donggiao-Nujiang (B-D-N) fracture zone
appears to cease.
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The work done by Jones and Murchiy-Setnicker on samples collected by
Plafker sheds an interesting 1light on the timing of events. The thick chert
sequence is believed to have originally been deposited directly on top of the
ophiolite, although such a depositional contact is no longer preserved (Zhou
Xiang, personal communication). The inference is based largely upon the
resemblance of the younger Xialu-section cherts to the radiolarian chert found
intercalated within the ophiolite lavas (Fig. 11, loc. 2). Thus, it is rea-
soned, deposition of radiolarian ooze during ophiolite (ocean-ridge) volcanism
continued after volcanism ceased, gradually building a blanket of chert on the
deep sea floor with an age range from possibly Late Jurassic and at least
Valanginian to mid-Cretaceous. If these relationships are correct, one may
infer that the ophiolite (oceanic lithosphere) and its pelagic cover evolved in
a large ocean basin, where radiolarian ooze was able to slowly accumulate for
at least 30 m.y. and perhaps as much as 50 m.y. before being diluted and over-
whelmed by terrigeneous sedimentation in the Late Cretaceous. Such a deduction,
although compatible with models that show a wide separation of India from
Eurasia during the late Mesozoic (Molnar and Tapponnier, 1975), are premature
until there is better control on the structure, stratigraphy, and age of these
rocks.

It is quite clear that much work remains to be done in the I-Y
fracture zone. Of course, detailed surface maps, documented stratigraphic
correlations, and facies studies, as well as petrographic-geochemical studies,
are all needed for any interpretation. More specifically, a few studies may be
singled out as potentially rewarding:

1. The only way to estimate the distance between Regions I and II in the
Mesozoic is with paleomagnetic studies of coeval rocks in both
regions. Such studies would allow both an estimate of the size of
the ocean that lay between them (Zhu et al., 1977) and a constraint
on the amount of shortening that has taken place between them and
farther north since the collision (Molnar and Chen, 1978).

2. A detailed stratigraphic-sedimentalogical study of the Rikaze Group
combined with detailed micropaleontologic and palynologic studies and
possible radiometric dating of any tuffaceous layers. Such a study
should also include correlations with the K,-R section which is shown
onlapping on the ophiolites, as well as correlations with the time-
equivalent volcanic formations of the Transhimalayas.

3. The original internal stratigraphy and compositional variation of the
ophiolite should be better established, with special attention to the
plutonic member. The specific "architecture" of the ophiolite,
including the size and nature of its former magma chambers (plutonic
sequences), may provide clues to sea-floor spreading rates and tec-
tonics at the site of origin. A careful study of the sediments
intercalated within the ophiolite lavas will provide a valuable guide
to the tectonic setting in which this oceanic Tithosphere formed.
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Radiometric dating of the ophiolite is needed to establish the time(s)
of ocean-crust formation (sea-floor spreading). The only dating
methods 1ikely to be successful are U-Pb isotopic ages of zircons
from plagiogranite and Nd-Sm mineral isochrons for the gabbros.

Paleontological dating of radiolarians from throughout the chert
sequences will establish the time span(s) of pelagic sedimentation,
providing insight into the age and size of the ocean now closed along
the suture zone. Systematic biostratigraphic studies of the mag-
nificently exposed clastic sedimentary sequences with emphasis on
micropaleontologic dating of the relatively abundant radiolarian and
pelagic foraminifera they contain should vastly improve understanding
of depositional environments and timing of orogenic events within the
suture zone.

The mélange formations need careful attention. A careful paleonto-
logical study of the components and the matrix all along the I-Y
suture may be particularly useful.

A number of reflection seismic traverses across the I-Y suture or
fracture zone. Care should be taken to obtain shallow data as well

as deep crustal data. Shallow data may be particularly useful to
delineate the narrow Rikaze basin and to determine levels of décollement
underlying the folded Rikaze Group. Deep crustal data would be
particularly interesting to determine the depth and dip of the fracture
zone. In a somewhat similar tectonic setting in the U.S. Appalachians,
the COCORP group (Cook et al., 1979) has observed prominent reflectors
beneath a crystalline thrust sheet transported over more than 250 km.
Deep crustal reflection data over the I-Y zone may reveal the actual
dip of some of the major faults, or maybe one or more flat reflectors
which would constrain the geometry of structural interpretations of

the I-Y fracture zone. The reflection surveys should be supplemented
by refraction and wide-angle reflection work, by gravity and magnetics.
Needless to say, this suggestion is very expensive but could provide
some of the most exciting geologic information of the coming decade.

Careful mapping, geochemical studies, and radiometric dating of the
intrusives on both sides of the suture zone. So far, it would appear
that older intrusives occur north of the I-Y zone and younger intru-
sives within the Himalayan range. It should be noted that according
to Frank et al. (1975), in Ladakh the granites actually intrude the
complex north-verging suture zone. In this context the contact
relationship of the isolated young granitic outcrops within the
Rikaze Group appears to be of much interest.

It is clear that more radiometric dating of the granitic rocks
should be done. If supplemented by fission track dating, one may
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also get more specific data on cooling and the uplift history of the
region; particularly if evidence for different uplift rates on
opposite sides of the I-Y fracture zone is obtained.

Petrologic and isotopic comparisons offer the possibility of
resolving the sources of these intrusives - remelting of crustal
rocks or a mantle source.

THE NIANQING TANGGULA BLOCK OR REGION II

The southern part of the Tibetan Plateau is bounded by two deep
fracture zones: the I-Y zone previously described and to the north, the
Banggong Hu-Dongqiao-Nujiang (B-D-N) fracture zone. The intervening Nianging
Tanggula block or Region II is subdivided into three zones with differing
characteristics as illustrated by columns II, (Fig. 6), II,, and II, (Fig. 7),
which are based on notes we took and informalion provided Ey the Tibetan Bureau
of Geology.

Subregion II, (Figs. 6 and 12) in essence corresponds to the Trans-
himalayan Range and is dominated by widespread granitic plutons and their
volcanic equivalents. The former are more prominent in the eastern Trans-
himalaya Range, the latter are more widespread in the western part of that
range. Farther west yet, the zone continues with the Ladakh intrusives (Frank
et al., 1975). 1In Tibet radiometric ages range from 95-37 m.y., with the bulk
of the ages between 40-70 m.y. We did not obtain any accurate locations or
more specific data, but we understand that the bulk of the radiometric dates
are K/Ar dates. The volcanics associated with the intrusives are mapped as
shown as the K2—E unit on Figures 9a, 9b, 6, and 12, and their age is indicated

to be Upper Cretaceous to Paleocene. Note that this is the same age range as
previously described for the Rikaze Group. The volcanics overlie with pro-
nounced angular unconformity folded clastics and tuffaceous sequences of Lower
Cretaceous age. We saw this unconformity from a distance traveling on the road
from Lhasa to Yangbajing, where to the north of the main granite bodies, pre-
Upper Cretaceous rocks occur in an overall synclinorial distribution. A1l pre-
Upper Cretaceous rocks are folded and intruded by the granites. Marine Juras-
sic and Triassic carbonates and some mid-Triassic volcanics are reported. From
the description of our Chinese colleagues, one gains the impression that
Jurassic and Triassic sediments were deposited in relatively shallow seas, very
much in contrast to the flysch sequences south of the Yaluzangbu (Tsangpo).

The basic stratigraphy of Subregion 112 is shown on Figure 7. The

region appears to be the northern continuation of Subregion II, but without the
extensive granites and volcanics. No significant structural break separates

the two subregions. The Paleozoic platform sequence appears to be more complete
and more fossiliferous, possibly because the lack of granitic intrusions caused
less metamorphism. OQur Chinese colleagues repeatedly emphasized the similarity
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of the Paleozoic sequence with that in Region I south of the I-Y suture. A
metamorphic basement of either lower Paleozoic or Precambrian age may underlie
the Paleozoic carbonate sequence; however, the only radiometric date reported
from the metamorphics is a 23 m.y. K/Ar determination, almost surely a later
overprint! Triassic and Jurassic are not described from this area but may well
be present. In contrast to Subregion II,, the Lower Cretaceous is dominated by
volcanic sequences, while the Upper Cretaceous does not have a significant
amount of volcanics. An unconformity within the Upper Cretaceous separates
marine sediments from the overlying continental clastics. The details of the
paleontologic-palynologic correlation of the Lower and Upper Cretaceous in the
region are not well documented; in particular, it would be desirable to study
in some detail the Orbitolina-bearing beds which have been found to date.

Subregion II3 is to the south and adjacent to the B-D-N deep fault
zone. It appears that our Chinese colleagues have studied this zone, par-
ticularly in the region to the north of Lake Namu (Namu Hu). They emphasize
the "geosynclinal" flysch-1like deep water character of the Mesozoic sequences
they observed. These sequences are associated with ophiolites, which on
Figure 7, column II,, are shown by Chinese geologists to have an "intrusive"
contact. A plate tectonic bias would interpret these ophiolitic outcrops to be
associatéd with ophiolitic thrust masses or imbrications, associated with a
suture (Chang and Cheng, 1973).

The Mesozoic deep water sequences of Region 1I, contrast greatly both
with the platform regime suggested by the shallow water Triassic-Lower Cre-
taceous sediment of II,, and with the suggested shallow water nature of Triassic
and Jurassic of Zone I}I which is located to the north of the postulated
fracture zone. The Pa]GGZOiC is poorly known from II, but may possibly be
correlated with Paleozoics found in the subregion immediately to the south.

A major unconformity separates the intensely deformed Lower Cre-
taceous to Triassic deep water sequences and the associated ophiolites from
much less deformed Upper Cretaceous clastics and shallow water carbonates.

This suggests an Upper Cretaceous shallow water "1id" onlapping on an earlier
Upper Jurassic to Lower Cretaceous suture that became stable at some time
during the Lower Cretaceous. Note that Chang and Cheng (1973) had inferred a
Jurassic suture whereas the newer data suggests that suturing may have occurred
during Lower Cretaceous.

The extent of Region II, on Figure 1 is shown as-outlined by our
Chinese colleagues. One can sense, however, that not much is known east and
west of the arc north of Lake Namu (Namu Hu). A cursory look at a compilation
map of Tibet prepared by the Bureau of Geology of Tibet, which we hope will be
published soon, suggests widespread Mesozoic sequences in the western sector of
Subregion II3 where the published geologic map of China indicates Paleozoic
sequences.
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THE BANGGONG HU-DONGQIAO-NUJIANG ZONE

This zone is described by the Chinese geologists as a deep fracture
zone and outlined by them as shown on Figure 1. The zone corresponds to
Jinshajiang depth fracture of Huang (1978). Li et al. (1979) described this
zone as follows:

"A clear geological delimitation could be deciphered in the middle
part of Qinghai-Xizang Plateau from Ritu to the south of the Banggong Lake
through Gaize, Anduo to Dinggqing. To the north of this line, there is the
Linqitang-Tanggula Geosynclinal Folded Belt (Region III) and to the south of
this line, there is the Lasa Geosynclinal Folded Belt (Region I). Both were
related to Mesozoic subduction activity. But the former was consolidated at
some time earlier than the latter. Many ultrabasic rocks such as harzburgite,
enstenite peridotite, dunite, etc., outcrop discontinuously along the line.
The existence of typical ophiolite suites has been proved by the latest obser-
vation at a place near Pengcuo to the south of Anduo. But many of the ultra-
basic rock bodies contact with country rock by faults. It is reported that
many exotic blocks of limestone containing late Paleozoic or early Mesozoic
fossils were included in sandstone and slate of Late Jurassic to Early Cre-
taceous at Xiaqiuka between Naqu County and Suo County. Hopefully, such kinds
of mélange might be found out in other places along the above-mentioned line."

It is tempting to tie this zone to the North Transhimalayan lineament
or the 32°N fold belt recognized by Gansser (1977) on Landsat imagery and by
Molnar and Tapponnier (1978), respectively. Judging from the sketch map pro-
vided by Chinese geologists, the main fault zone trends into the Tobate
Tineament shown by Gansser along the north shore of Banggong Hu (Pangong Tso);
the North Transhimalayan 1ine may well correspond to the south boundary of the
Mesozoic "geosynclinal" sediments of Zone II,. That zone is also shown as a
fold belt on the map of Molnar and Tapponnier (1978). The western B-D-N zone
appears to be no longer active and over wide stretches, it is buried under
Quaternary sediments. Some scattered seismicity in Tibet could conceivably be
related to movement on the B-D-N zone, but fault plane solutions of earthquakes
suggest normal faulting and east-west extension (Molnar and Tapponnier, 1975,
1978; Ni and York, 1978).

Comparing the stratigraphy of Zone II with III2 across the fault

zone, the following should be noted: The Paleozoic sequences appear to be
similar and of platform type on both sides of the fault. As in Zone I existing
data do not require that the basement underlying this province was formed
during Tower Paleozoic or during Precambrian time. The whole Triassic includ-
ing its base is represented by what appears to be a relatively thin shallow
water marine sequence, the Middle Jurassic appears to be somewhat thinner but
otherwise comparable to Zone II3, except for the presence of volcanics. The

main difference appears to be that the Lower Cretaceous to the north of the
B-D-N fracture zone appears to be continental suggesting an earlier uplift of
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Zone IIIZ, that may precede the final welding of the south Tibetan block (II)

to the north Tibetan block (III) at the fault zone. Thus the "suturing" of the
two blocks is bracketed by the presence of Upper Jurassic deep water 1imestones
associated with the ophiolites in Zone II,, an unconformity preceding a poorly
dated Lower Cretaceous continental sequence to the north of the fault and a
better dated unconformity underlying Orbitolina-bearing Upper Cretaceous beds
in Zone IIB‘ The subduction and collision of Zone II and III is further sup-

ported by granitic intrusions with K/Ar ages on biotites yielding ages of

170-200 m.y. from one body near 32°N 92°E and ages of 99, 106, 114, 138, and
145 m.y. from a number of intrusions to the west and near 32°N and 91.5°E. In

? gen§ra1 manner, these ages agree with the ages reported by Chang and Cheng
1973).

REGION ITI AND IV: THE NORTHERN TIBETAN PLATEAU OR THE LINQITANG
GEOSYNCLINAL BELT (III) AND THE KEKEXILI-JINSHA AILAO SUBDUCTION ZONE (IV)

Although the structural evolution of the northern Tibetan Plateau
appears to be less well studied than the regions farther south, Chinese geolo-
gists working there differentiate Region III (with three subregions) from
Region IV (the Kekexili area).

The stratigraphy of the central portion of Region III (III2 on Fig. 8

and Table 5) consists of upper Paleozoic carbonates and slates overlain by
relatively thin Triassic clastics and carbonates. This is followed by a thick
Jurassic marine sequence which may well be the correlative of the possibly
allochthonous Jurassic sequences of Zone II,. An unconformity separates the
post-deformational Lower Cretaceous clastics from the underlying sequences, and
another unconformity and hiatus spanning much of the Upper Cretaceous precedes
the deposition of continental Tertiary beds.

The stratigraphy of Region III, is shown on Table 6. This subregion
merges to the west with the Lorzung-B]ocE slate facies zone recently summarized
by Norin (1946, 1979) and traced by him into the Central Pamir, where as in
Zone III3 the Middle Jurassic unconformably overlies older sequences. However,
specific correlations of the upper Paleozoic sequences between III,, Norin's
area and the Pamirs are not easily made. Such correlations may be of some
consequence because Norin recognized what he called Permo-Carboniferous-bearing
mudstones (the Horpatso series) that he interprets to be of glacial origin and
that he compared with the agglomeratic slate series of Kashmir - a late Paleo-
zoic tillite. This strongly suggests that Region III once was part of Gondwana.

The stratigraphy of Subregion III] is summarized on Table 4. This

area occupies the easternmost reaches of Tibet and is subdivided in an eastern
and western segment. A fairly complete upper Paleozoic shallow water carbonate
sequence, with some coals in the Lower Carboniferous and Upper Permian, sug-
gests a platform environment. Lower Triassic is missing in the west and
present in the east, followed by thick Upper Triassic sequences.
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Thick Middle Jurassic to Lower Cretaceous sequences, which are marine
in the west and in redbed facies in the east, contrast strikingly with Sub-
region 1112 and raise the question whether the two subregions have not a

basically different evolution. Like Region III, a Lower Jurassic hiatus
suggests an Indosinian orogenic event, but there is also an unconformity and a
hiatus responding to mid-Cretaceous deformation that thus can be followed from
the Pamir Mountains into eastern Tibet.

Region IV is a small area in northern Tibet called the Kekexili area,
where upper Paleozoic to Triassic sandstones and shales are deformed during a
presumed Indosinian (Upper Triassic) event which is mapped by the Chinese
farther to the east (Table 7).

It is worth noting that the Chinese geologists repeatedly suggested
that throughout Tibet the Paleozoic rocks showed Gondwana affinities* although
this led some geologists to take a fixist position. Many of them (1ike Chang
and Cheng, 1973) recognized that Tibet probably consists of fragments that
successively broke off of Gondwana, drifted north and subsequently collided
with India. It is clear that a great deal more needs to be done to better
document the timing and geometry. But this seems to be a reasonable working
hypothesis as it is farther west (Tahirkheli et al., 1979).

Finally, recent expeditions to these northern parts of Tibet reveal
increasing evidence for recent volcanism (see also Norin, 1979), both of alkali
basalt and calc-alkaline ranges. There does not appear to be any pattern to
the distribution of these different types of volcanic rocks (see map in Sengdr
and Kidd, 1979).

QUATERNARY TECTONICS

Although 1ittle formal attention was paid to active or Quaternary
faulting, one of us (P. Molnar) entered with a particular bias, that normal
faulting on north-south faults is prevalent in Tibet (Molnar and Tapponnier,
1975, 1978). In an informal discussion a number of Chinese geologists expressed
a similar point of view, and on three particular occasions, some of us thought
that we could see evidence for such faulting. Our route took us over a 5000 m
pass (Kahro Pass) across a north-south range near 89°N, 90°E into a north-south
valley to the west. On the Landsat imagery the range appears to be sharply
bounded on the west, presumably by a normal fault (Molnar and Tapponnier, 1978;
see also Figs. 9a and 9b, east of "x"). From the ground there indeed appeared
to be a break in the slope at the foot of the range along part of it, which
might represent an active fault scarp.

Near 29.2°N, 88.2°E, clear normal faulting on planes striking approxi-
mately north-south could be seen in red conglomerates thought to be of Late
Cretaceous or early Tertiary age. The data constraining the age are probably
not very good.

*They did not, however, provide specific documentation, and a very informative
and careful review by Hsli (1978) contradicts this view by showing two occur-
rences of Cathaysian floras north of the Yaluzangbu River,
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The clearest evidence for Quaternary normal faulting, however, was
presented to us on a one-day trip to the Yangbajing geothermal station, some
50 km northwest of Lhasa.

THE YANGBAJING GEQTHERMAL AREA

The Yangbajing (Yang Pa Ching) geothermal area is located some 50 km
northwest of Lhasa. The area is located in a northeast trending valley and on
both sides flanked by high mountain ranges. The mountains to the southeast
belong to the Transhimalaya Range which here is formed by Jurassic and Triassic
rocks (see Fig. 12). The mountains to the northwest, however, are in gneiss,
marbles, phyllites, and schists, which some view to be metamorphosed Paleozoics;
others think of them as Precambrian basement. One Tertiary radiometric date is
reported from these rocks. The range has a gentle dip slope dipping to the
southeast, which suggests a tilted block with some 2000 m relief.

The valley of the Yangbajing geothermal field is reported to be
bounded by normal faults on both sides of the valley. There is little doubt
about a major fault on the southeast side, but the one on the northwest side is
less obvious, although our Chinese hosts assured us that clear offsets of
Quaternary formations were observed. They mentioned slickensides indicating
normal faulting, but it was not quite clear where these had been observed.

Exploration in the area started in 1976. Eight wells now produce
steam which is used for a power station, a temperature of 172°C is reported
from depth below surface of 458 m.

The field area coincides with gravity, magnetic and resistivity
anomalies, and we understood that the field was outlined by geoelectrical
methods. The producing wells seem to be aligned perpendicular to the valley,
which may suggest control by some transverse structural feature. The field
produces from Quaternary fluvioglacial deposits. These are underlain by
Pliocene beds and Miocene continental redbeds. To the northwest of the geo-
thermal site, a fault zone cuts the Plio-Pleistocene rocks which have been
hydrothermally altered. In the alternation zone, a native sulfur deposit is
exploited.

The geothermal field of Yangbajing is being drilled by rigs ordi-
narily used for hydrocarbon exploration. We had been aware of an article by
A. A. Meyerhoff (1979) discussing the discovery of some oil in Tibet (the
article gives accurate locations by longitude and latitude). We looked around
and eagerly inquired. We indeed were in Lhasa but could not see anything or
hear from anybody about any oil wells drilled near Lhasa. As to the purported
northern locations, the Chinese colleagues working in Tibet had never heard of
any drilling for oil in the areas indicated. They suspected somebody may have
described some organic shales which sometimes appear to be associated with some
of the young continental deposits.
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THE CORRELATION OF TIBETAN GEOLOGY WITH AREAS QUTSIDE TIBET

A discussion of the correlation of the major structural units of
Tibet has been included in the introductory sketch of the tectonics of China
(see also Fig. 1).

SOME IMPORTANT DIRECTIONS FOR RESEARCH IN THE
INDIA-EURASIA COLLISION ZONE AND THE TIBETAN PLATEAU

Nowhere on earth are there more important, more intriguing, and more
challenging problems of tectonics than in the India-Eurasia collision zone.
The phenomenon of continental collision is poorly understood by today's earth
scientists, and the India-Eurasian zone is the prime example of the magnificent
effects of a recent collision, a process which in this case began some 40 or
50 m.y. ago and which apparently continues in modified form today. The sig-
nificance of this particular collision zone lies partly in the importance of
understanding, for their own sake, the nature and the causes of the Himalayan-
Tibetan area, which includes the earth's highest mountains and its largest,
highest plateau. It also Ties partly in the relevance of an understanding of a
modern collision to improved understanding of former ocean basin closings and
continental collisions elsewhere, for the purposes of both basic science and
practical application.

Although it is presumptuous to recommend areas of study and hence
imply comprehensive understanding of the current state of knowledge of the
geology of the Tibetan Plateau or other parts of the collision zone after only
a brief visit to the area, we attempt in the following to suggest some types of
research that might hasten the advance of knowledge of this subject. For some
topics, so far as we could determine, no work is being carried out at present.
For other topics, work has already been begun by the Chinese, or by the Chinese
in collaboration with others. In such cases, we note possible areas for accelerat-
ing, broadening, or supplementing the research effort. Finally, we write these
sections with some humility, for our brief experience in Tibet demonstrated
some of the difficulties of working at high elevations in remote areas and
brought admiration for those who do so; such work will be far more difficult
than outlining a project for the pages of a report. On the other hand, we have
tried to focus our attention on projects that seem feasible based upon our
brief experience in the area.

We have already proposed some specific research topics for the I-Y
suture zone. In this section, we attempt to take a broader view of the whole
area. Research on the Tibetan Plateau is bound to address two main topics:
The complex plate tectonic evolution of the India-Eurasia collision zone and
the Tibetan Plateau, and the present high uniform elevation of the Tibetan
Plateau. Aside from continued structural and stratigraphic mapping at Targe
scales (i.e., 1:50 000 and greater) we would like to single out a few problem
areas. Our Tist is therefore selective and hardly all-inclusive.
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1. Plate Tectonic Evolution

As a result of our briefings by Chinese geologists, it is clear that
Tibet is composed of a series of displaced terranes which appear to have
collided sequentially with Eurasia thoughout the Mesozoic and early Cenozoic.
At the present time the Chinese are deeply involved in determining the geologic
relationships of these separate areas shown on the accompanying report as
Zones I through IV. Chinese scientists have already begun to study the paleo-
magnetism of the rocks and sediments from this region, and the first results
have been published. The results of Xiangyan Zhu et al. (1977) for Late Cre-
taceous-early Tertiary rocks in southern Tibet, when compared with paleomag-
netic poles for Eurasia, indicate a convergence between them of 2000 to 3000 km
(Molnar and Chen, 1978). Clearly, that study is not enough. It is obvious
that an intensive investigation of the paleomagnetism of the rocks comprising
the Tibetan Plateau would yield a large amount of information concerning the
geologic history of the displaced terranes including information concerning
their prior positions and timing of their emplacement during the formation of
the Tibetan Plateau. Moreover, if much of the shortening has occurred by
lateral movement of blocks out of the way of India and Eurasia (Molnar and
Tapponnier, 1975), this style of deformation might be revealed by rotation of
small blocks near strike-slip faults and by a general disorder in paleodeclina-
tions. Intensive paleomagnetic studies would yield a large amount of signifi-
cant data in the shortest time possible. It would also be relatively inex-
pensive.

Simultaneously with the paleomagnetic studies a comprehensive program
of radiometric dating would make the paleomagnetic studies and other geological
studies more valuable and help to restrict more closely in time the important
magmatic events associated with the orogen. Also of paramount importance is
the paleontologic dating of the sedimentary formations. An example of the
importance of paleontological and micropaleontologic studies is shown by the
success of one of our members, G. Plafker, in the dating of radiolarians in the
cherts from the mélanges seen by us. The Cretaceous age which was determined
will be a great aid in helping to understand the tectonic development of the
region.

At the present time a large part of Tibet is 4500 m above sea level,
clearly resulting from the collision of India and Eurasia; however, one facet
of the uplift of the plateau which would be of great interest would be the
uplift rate and the time that the plateau was elevated to its present eleva-
tion. This information can be obtained by fission track dating of zircons and
apatite. These fission track studies would yield information with respect to
the rate and timing of the uplift of the rocks forming the plateau. Since the
present elevation of the Tibetan Plateau has a profound effect on the climate
of Eurasia, it would be interesting and important to know when this occurred.

Another way of studying the uplift of the plateau would be to attempt
to do magnetostratigraphy on the uplifted terraces of the region. If all the
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terraces were normally magnetized, one could assume that they were probably all
formed during the last 730,000 yrs. If any of the higher terraces were reversely
magnetized, then the rate of uplift could be estimated since they would have to
be at least 730,000 yrs old.

To the south of the Himalayas in Pakistan and India, much work has
been done on the magnetic stratigraphy of the Siwalik Molasse. A similar study
of the magnetostratigraphy of the central Asian molasse to the north of the
Tibetan Plateau (Tarim and Tsaidam Basins) would greatly help in elucidating
the response of the Tibetan Plateau to simultaneous tectonic events occurring
in the Himalayas. We saw a film which showed the skull of a three-toed horse
Hipparion being removed from 1lignite-bearing clays. Magnetostratigraphy offers
an excellent opportunity to date these beds and to correlate them with sedi-
ments of the same age elsewhere.

Useful glimpses of the age and tectonic history of the oceanic realms
that originally separated the four main Tibetan blocks (Regions I, II, III,
IV and V) are contained in the ophiolites and their original oceanic sedimen-
tary cover, now found as dismembered remnants along the fracture zones (I-Y,
B-D-N, J-A) where the blocks were sutured together. A reconnaissance field and
geochronologic study of these ophiolites and sediments will help to establish
the age span and tectonic evolution of those ocean basins, which will help in
the overall plate tectonic reconstruction of the Tibetan Plateau region. Ages
as young as Cretaceous for ophiolites along the suture zones can reliably be
determined by U-Pb and Nd-Sm methods (Tilton et al., 1980; McCulloch et al.,
1980), identifying periods of ocean-floor growth between each of the blocks.
Radiolaria can be used to determine the age span of pelagic sediments that rest
on the ophiolites (Pessagno, 1977, 1978, 1979), thus providing minimum esti-
mates of the longevity of these oceans. Combining reasonable sea-floor spread-
ing rates with these age spans will give crude estimates of the minimum half-
width of the former oceans. This approach can readily be applied to the I-Y
ophiolitic belt (suture zone). Also, its possible application to ophiolitic
remnants along the B-D-N fracture zone, and to ophiolitic mélanges within the
J-A fracture zone where it extends into Yunnan (Zhang, 1979) seem worth exploring.

The apparently large crustal thickening that has occurred in Tibet
requires that eventually the lower crust will be heated to temperatures typical
for 60-70 km depth. Dewey and Burke (1973) inferred that the volcanism in
Tibet could be a consequence of the melting of lower crustal rocks. Relatively
high seismic wave velocities in the upper mantle beneath Tibet could in fact be
taken as evidence that the uppermost mantle is too cold to be partially molten
and that the source of the volcanic rocks is in the lower crust (Chen and
Molnar, 1980). Clearly, there is a need for a careful study of these rocks to
determine insofar as possible their source - crust or mantle. Presumably, this
would involve careful isotopic analyses as well as thorough studies of xeno-
liths carried by the volcanics. Apparently, little has been done so far. No
xenoliths have been reported at all.
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2. Present State of the Collision Zone and the Tibetan Plateau

(a) Geologic Mapping. Mapping of the collision zone including the
plateau is far from complete. In fact, it is in so early a stage as to make
all present theories of Tibetan tectonics seem poorly founded. However, just
four years ago the Chinese began a large effort to explore and map Tibet.
Hundreds of geologists are involved. The immediate goal of the effort is
exploration for mineral resources, but more complete and more accurate maps and
other information on Tibetan geology may be anticipated over the next 5 to
10 years. Progress in understanding the tectonics of the area might be accel-
erated by detailed mapping of small areas carefully selected for their tectonic
significance and without regard to their direct relation to mineral resources.
Interaction in the field between Chinese and U.S. scientists on such techniques
as dating, petrography, and tectonic interpretation would be mutually bene-
ficial. The excellent exposures in Tibet are a positive factor; logistics may
present serious problems, particularly in remote areas.

(b) Active Source Seismology. Because of the special interest of
several members of the delegation, this subject received careful attention.
The recent successes resulting from seismic reflection profiling of basement
rocks in the U.S. by COCORP and the long-term prominence and success of this
method in the search for petroleum prompted consideration of application of
this method in Tibet. Somewhat to our surprise, the conditions that were
observed in Tibet are especially favorable for seismic reflection profiling
using either VIBROSEIS or explosive sources, much more so than for most of the
U.S., for example. Except where they occasionally climb through mountain
passes, the roads (typically in the valleys) are rather flat, straight, dirt-
covered, and relatively free of traffic. The logistics of bringing in equip-
ment and maintaining a field crew in high remote locations raises problems but
not insurmountable ones. It is therefore technically feasible, though probably
not inexpensive, to carry out seismic reflection profiling in Tibet.

On the crustal scale that would be so useful in understanding the
collision process, one can reasonably consider what would surely be one of the
grand experiments of earth science - a profile beginning at Geermu on the north
of the Tibetan Plateau, crossing the plateau south to Lhasa, then traversing
the suture zone to the west in the vicinity of Rikaze, and finally continuing
south across the Himalayas to Katmandu and beyond or else south from Jiangzi
through Gangtok. Most of this 1ine could be profiled, although limited seg-
ments where the roads wind through mountain passes would have to be omitted.
Cross lines are feasible in many places. A prudent plan would involve an
exploratory or feasilbity study at a few key locations (such as possible
sutures or subduction zones) prior to carrying out the full survey. The great
thickness of the crust might require certain modifications of the technique,
and experiments to determine the appropriate procedures.

At the places where the line crosses sedimentary basins, special
detailed surveys of the sediments should be part of the study. The geothermal
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area to the northwest of Lhasa that was visited by the delegation is an example
of one such site, but almost every geologic problem of such scale is equally
suitable. On the whole, the use of seismic reflection profiling offers great
promise for the solution of geologic problems in Tibet - and elsewhere in
China.

Although studies of available seismic data indicate very large
crustal thicknesses in Tibet, those data are scanty and lack spatial reso-
lution. Surface-wave dispersion alone requires a relatively thick crust, but
is not adequate to resolve the thickness to better than +20 km. A refraction
study using arrival times reported by the station at Lhasa from earthquakes in
Tibet requires relatively high v_ and Vs velocities in the mantle (8.1+0.1 km/s

and 4.8+0.1 km/s), which in turn, together with the surface wave dispersion,
imply a crustal thickness of 70 km (65-80 km) (Chen and Molnar, 1980). These
estimates are crude, and clearly refraction profiles are needed for more pre-
cise estimates and for an investigation of regional differences. Chinese
scientists have attempted at least one such study, and one of the explosive
sources was pictured in a movie which the delegation saw. However, the results
of the study have not yet been made available. Seismic refraction profiles
could follow the roads and there are sufficient bodies of water nearby to serve
as source locations, so some refraction profiling seems feasible, and a begin-
ning has been made by the Chinese. Logistics would be difficult for lines
distant from the good roads.

(c) Passive Seismic Sources (Earthquakes). The total effort in
earthquake seismology in China already surpasses that of the United States, for
the earthquake hazard is widespread and serious there. The effort in seis-
mology seems to be expanding and thriving. In Lhasa an informal visit to the
local seismograph station by a subgroup of the delegation revealed that instru-
mentation there is being upgraded and expanded. Tibet is a large area, however,
and in spite of the major and commendable effort by the Chinese the density of
stations is sparse for some types of studies. Small arrays or networks could
be used at selected sites on a temporary basis to explore local seismicity and
earthquake focal mechanisms in ways and in places that would improve under-
standing of tectonics. Just the depth distribution of earthquakes along major
faults would be interesting in an area of such unusual crustal thickness, for
example; and relating seismicity and focal mechanisms to particular major
faults would be well worthwhile.

Regional or teleseismic studies based on existing data are few so far
and many additional studies could be made. They run the gamut from P- and
S-wave delay times to determination of crustal structure based on body-wave or
surface-wave data. One practical problem here is the assembling of data that
have been collected by stations in many different countries.
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(d) Neotectonics. Coupled with the general problems of what makes
the Tibetan Plateau so high and what keeps it there are the questions of when
the plateau rose to its present position and whether it is rising, falling, or
otherwise deforming now. In addition to the geological implications, the
effect of the plateau on past climate of surrounding regions is also of great
interest. Possible studies in this connection include subjects ranging from
plateau-derived sediments of the ocean floor through geodetic surveys of
sutures and major faults of the plateau and its surroundings. Quaternary
deformation in the plateau and in surrounding areas (such as the Red River
fault zone visited by the delegation) may be revealing.
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NOTES ON YUNNAN GEOLOGY

The Red River region of southwestern Yunnan and neighboring Indochina
may contain both a suture, along which China and Indochina collided in
Triassic time, and a major strike-slip fault system. We requested a fieldtrip
here and geologists of the Bureau of Yunnan Geology obliged generously with
excursions in the area near Yuanjiang. Figure 14, redrafted from a chart they
gave us, depicts the stratigraphy of the region southwest of the Red River
fault system. Although we saw no documentary data such as detailed geologic
maps, measured sections, or fossil lists and localities, it was apparent, both
in discussions and in the written materials that we were given, that geologic
knowledge is still sketchy. The Yunnan geologists have made an excellent
start, but much must be done before interpretations can be made with
confidence.

To the northeast of the Red River valley is the Yangtse Paraplatform,
which in this vicinity consists of moderately deformed Mesozoic continental
clastic strata overlying undated metamorphic rocks, whereas to the southwest
of the valley is a broad region of northwest-trending magmatic and tectonized
belts.

The first belt southwest of the Red River valley is that of the Ailao
Shan, a tract about 10 km wide formed largely of undated migmatites (Pt, for
Proterozoic, on Figure 13). We examined the migmatites at a number of
localities and found them to be, as the Chinese geologists reported,
everywhere retrograded, with a marked cataclastic foliation. Biotite K-Ar
determinations yield middle Tertiary uplift ages, and the young uplift is
consistent with the inferred young age of the nearby Red River fault system.
The migmatites are overlain unconformably by red Mesozoic or Paleogene
conglomerates. Within the area that we visited, the migmatites are in fault
contact with undated, low- to middle-grade metasedimentary rocks. Although
the stratigraphic column of Figure 14 shows a nearly complete section of
" Ordovician through Triassic strata, largely shallow-marine carbonates, to lie
upon the migmatites, these strata are in a separate fault block in the
southwest part of the Ailao Shan belt. The Paleozoic and Triassic section
resembles in broad aspect that of the Yangtse Paraplatform, although the
stratigraphic thicknesses assigned require, if broadly correct, that this be a
continental-margin setting.

“The next belt--the eastern part of the Lanping-Simao foldbelt of
Figure 13--southwest of the Ailao Shan is depicted as having a stratigraphic
section on the figure, but it includes, and perhaps is formed largely of,
polymict melange. The belt is 10-15 km wide, and includes many lenses of
serpentinite. Ophiolite components are reported by the Chinese geologists:
serpentinite, gabbro, diabase, basalt, and radiolarite, the latter two in part
intercalated. Breccias are widespread, and serpentinite-matrix polymict
melange has been recognized. Glaucophane schist is present. The belt is
dominated by Tlow-grade metasedimentary rocks, including slate, fine-grained
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sandstone, dirty carbonates, and chert. The few dated fossils found in these
materials are Middle Triassic pelecypods. At the one place where we saw these
sedimentary rocks, they were at least mostly coherent; we assume that scaly-
clay melange may be widespread in the belt, but we neither saw any, nor heard
descriptions of any, from our guides. Unconformably overlying these various
materials are intermediate and silicic volcanic rocks intercalated with
sedimentary rocks, mostly redbeds, that contain Upper Triassic fossils.

Our Chinese guides interpret, we believe correctly, the pre-Late-
Triassic part of this belt to be an accretionary wedge, formed between
converging iithosphere plates. They further interpret the subduction to have
been northeastward beneath China, but we are uncertain of the evidence for
this. The Upper Triassic volcanic section presumably itself formed above a
subducting lithosphere plate, which perhaps dipped northeastward from a trench
now recorded by one of the other suture zones to the southwest. There is a
broad tract of magmatic and tectonized rocks between Chinese and Indochinese
plates, and a complex history of accretion and collision may be recorded.

Southwest of the Triassic accretionary wedge is another belt, more
than 15 km wide, which we did not see. Rocks present (Figure 14) include
Silurian and Lower Devonian through Triassic carbonate, clastic, and
volcaniclastic strata, intercalated with mafic, intermediate, and silicic
volcanic rocks; and nonvolcanic clastic strata, mostly continental, of
Jurassic to Tertiary age. As the Chinese geologists conclude, the Devonian-
Triassic rocks may represent island-arc settings. The very long age span
assigned the magmatic rocks makes a complex history likely: a single, simple
island arc is most unlikely to have existed so long, and complications due to
collisions, polarity reversals, and perhaps renewed magmatism after accretion
to a continent, are to be anticipated.

We also saw some aspects of the Quaternary faulting and tectonics of
Yunnan. Particular attention was paid to the faulting that occurred during
the Tonghai earthquake of 4 January 1970. Right slip, averaging about 2 m,
was observed along a 50 km segment of the Qujiang fault by Chinese geologists.
We visited the break at only its westernmost segment; at the one site where
the offset could still be accurately measured, it was about 1 m. Aftershocks
located using a temporary array of stations indicated a northwest trend of
activity, parallel to the fault break, but the uncertainties in the locations
(~5 km) were too large to define any new features in the fault pattern. The
fault plane solution showed nearly pure strike-slip motion. Retriangulation
of a network surrounding the rupture area yieided results in accord with right
lateral slip of 2 m on a fault extending to about 15 km depth. A releveling
survey revealed little vertical motion except at the east end of the rupture
where a graben extends south from the Qujiang fault. There are numerous young
north-south grabens 1in Yunnan, and the Chinese geologists interpret the
Qujiang fault as a transform fault between two such grabens. These grabens
are clear on the satellite imagery of the region (Tapponnier and Molnar, 1977).
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The dominant active feature in Yunnan may be the Red River fault. It
is remarkably clear on the Landsat imagery (Tapponier and Molnar, 1977), but
throughout the last 300 to 400 years, the duration of the historic record,
there has not been a noteworthy earthquake (M > 6) associated with it. We
crossed the fault near Yuanjiang, where it is marked by prominent relief, but
we could not see convincing evidence that demonstrated a sense or style of
motion. The Chinese geologists assured us that elsewhere right-lateral stream
offsets are clear. The right slip is consistent with the displacement on the
parallel Qujiang fault during the Tonghai earthquake. The Red River fault is
also important because it seems to bound the normal faulting to the north.

Although 1less discussion was given to the 29 May 1976 Lungling
earthquakes than to the Tonghai earthquake, the fault plane solution
determined by the Chinese from their data is similar to that determined by one
of us (Molnar) and shows nearly pure strike-slip faulting. The solution is
similar to that for the Tonghai earthquake, but since the Chinese have
recognized faults trending northeast but not southwest in western Yunnan, it
seems more likely that left slip occurred on a northeast trending fault than
right slip on the conjugate plane. Despite an intensive search, no evidence
for surface faulting was found by Chinese geoiogists.

Thus, much of Yunnan seems to be experiencing east-west extension and
north-south compression. This strain field manifests itself differently in
different regions but may be quite uniform. The pattern presumably is a by-
product of the relative motions of India and Eurasia (Tapponnier and Molnar,
1976).
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