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Tectonic evolution of the India/Eurasia Collision Zone

By Joun F. DEwey'), STEPHEN CaNDE?) and WaLTer C. Pirman I112)

ABSTRACT

Since the collision of India with Eurasia at about 45 Ma in the mid-Eocene, roughly north-south intracon-
tinental convergence has occurred at about 5 cma’'. This convergence has been accommodated principally by lithos-
pheric thickening in a widening zone between a western transpressive sinistral megashear from the Makran to Baikal
and an eastern dextral megashear from Sumatra to the Tanlu Fault System. Several lines of evidence indicate that
underthrusting of the Indian Shield beneath Tibet cannot account for more than a trivial portion of the convergence
and numerous data sets show that lateral extrusion or escape was not a major factor in accommodating the India/
Eurasia convergence. Balancing shows that there has been a maximum eastwards extrusion of the convergent zone of
about 250 km, and that up to 1,000 km of shortening has occurred in the Himalayas.

ZUSAMMENFASSUNG

Seit der Kollision Indiens mit Eurasien vor ca. 45 Millionen Jahren im mittleren Eozan, fand intrakontinentale
Konvergenz in genereller Nord-Siid Richtung mit einer Rate von ungefahr 5 cma’! statt. Diese Konvergenz wurde
weitgehend durch Verdickung der Lithosphire in einer sich ausweitenden Konvergenzzone ausgeglichen. Diese
Zone wird begrenzt durch eine westliche transpressiv-sinistrale Scherzone, die vom Makran zum Baikal-See reicht
und einer ostlichen dextralen Megascherzone, die sich von Sumatra bis zum Tanlu Storungssystem erstreckt. Ver-
schiedene Daten belegen, dass Unterschiebung des indischen Schildes unter Tibet nur einen vernachlissigbaren Teil
der Konvergenz kompensiert. Eine Vielzahl von geologischen Beobachtungen weist zusitzlich darauf hin, dass
laterale Extrusion keine bedeutende Rolle beim Ausgleich der Konvergenz zwischen Indien und Eurasien gespielt
hat. Eine Massenbilanz ergibt, dass das Maximum der nach Osten gerichteten Extrusion der Konvergenzzone
ca. 250 km betragt, wiahrend bis zu 1000 km Krustenverkiirzung im Himalaya selbst stattgefunden hat.

1. Introduction

Perhaps the most spectacular large-scale result of plate tectonics is the broad com-
plicated zone of intracontinental convergence between Eurasia and peninsular India
following their collision at about 45 Ma (Dewey et al. 1988). The basic features of the
convergent zone in relation to the tectonics of Asia as a whole are shown in Fig.1 and a
simplified interpretive map of the convergent zone is shown in Fig. 2. In essence, the
zone consists of the following major parts: a southwestern prong of sinistral trans-
pression from the Makran to the Tienshan, a zone of en-echelon sinistral faulting from
the Tienshan to Baikal, a southeastern prong of dextral shear from Sumatra to the
Tanlu Fault and a zone of irregular crustal thickening from the Himalayas to the Altay
from which a modest amount of eastward extrusion has occurred.

') Dept. of Earth Sciences, University of Oxford, Parks Road, Oxford, OX1 3PR, England.
%) Lamont/Doherty Geological Observatory, Palisades, NY 10964, USA.
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Fig. 1. Simplified tectonic map of Asia and its surrounding oceans. Dotted area — area above 2 km: Ocean floor num-
bered as follows; 1 — Jurassic, 2 — Lower Cretaceous, 3 — Middle Cretaceous, 4 — Upper Cretaceous, 5 — Palae-
ocene, 6 — Eocene, 7 — post Eocene. A - eastern edge of Mesozoic/Palaeogene arc, AT — Altun Shan Fault, BG -
Bogdo Fault, BO - Bolnai Fault, BS — Banggong Suture, CA — western edge of Cretaceous arc, CH — Chuziong
Basin, CM - Chaman Fault, CS - Central Sumatra Fault, DB — Dien Bien Phu Fault, DZ — Dzungharian Fault, HB -
Huebai Basin, HBF - Himalayan Boundary Fault, IC - Indo-China Blocks, IS — Indus Suture, JS - Jinsha Suture,
KF - Kunlun Suture, KT - Kang Ting Fault, MB - Malay Basin, N — Nan Shan, PA — western edge of Palaeogene
arc. Q - Qilian, Shan RF — Ranong Fault, RR — Red River Fault, SB — Songliao Basin, SD — Shandu/Simao Basin,
SH - Szechuan Basin, SN — Shan Fault, T — Tanlu Fault, TB - Tarim Basin, TF — Talasso-Fergana Fault, TP — Three
Pagodas Fault, TS - Tsaidam Basin, TSU - Tienshan Suture, WC — Wang Chao Fault.

Continents occupy a special role in plate tectonics in that plate boundary systems
within them are wide complicated zones of diffuse deformation unlike the generally
narrow clearly-defined plate boundaries of oceanic regions although the equatorial
Central Indian Basin and northern Wharton Basin show distributed deformation over
a very wide area (NeprocHNoOV et al. 1988; WEeisskL et al. 1980; Wiens 1986; WiENs et
al. 1986). This difference results from quartz dominating the strength profile of the
continental crust and reducing the integrated shear strength of the continental lithos-
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Fig. 2. Tectonic zones of the India-Eurasia convergent plate boundary complex. Numbered arrows refer to present
motion of India with respect to Eurasia in cma™' based upon the data of Table 1. Dots — post 45 Ma subduction
accretion, verticals lines — zones of sinistral transpression, oblique lines — zone of dextral shear, horizontal lines -

maximum area of Tibetan high ground extruded by Indian indenter.

phere especially in regions of thick crust and/or high heatflow. In contrast, the strength
of the oceanic lithosphere is dominated by olivine. However, continents resist defor-
mation where the lithosphere is very thick as in the Precambrian shield regions, and the
young oceanic lithosphere suffers diffuse compressional deformation near ridge axes.
Particularly important and unresolved problems of continental deformation are the
extent to which the deformation of upper crustal and perhaps upper mantle brittle
layers is concentrated in dislocation zones between large “rigid” flakes that suffer
brittle internal strain and the extent to which deformation of these brittle layers is a
passive response to a viscous continuum strain of the ductile lithosphere in the lower
crust and mantle. Large earthquakes on major faults with substantial cumulative offsets
indicate clearly that a substantial portion of slip in continental plate boundary zones is
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taken up in this way, but we do not know how much strain occurs on smaller structures
between major faults. Also it is not clear whether stresses can be transmitted through
and drive the deformation of lithospheric brittle layers or whether displacements,
strain and rotations of fragments of brittle layers are a passive response to a gross
viscous deformation of the continental lithosphere.

We have recomputed the motion of India relative to Eurasia during the last 84 Ma
and show that, since collision at about 45 Ma, India has moved northwards relative to
Eurasia by about 1,815 km in the west, and 2,750 km in the east. Three basic models
have been proposed to accommodate the post-collisional northwards motion of India:
crustal shortening and thickening (DEwey & Burke 1973; EncLaND & McKENzIE
1982), underthrusting of India beneath Eurasia (ArGanp 1924; Barazanct & Ni
1982; PoweLL & CoNaGHAN 1975; Zuao & Morcan 1987), and eastward lateral
extrusion (MoLNAR & TappoNNIER 1975, 1977; TarponNIER et al. 1986). Our conclu-
sion is that underthrusting is trivial, lateral extrusion is small and that the bulk of India/
Eurasia convergence has been accommodated by the viscous, roughly north-south,
shortening of the Asian lithosphere within which hard zones resist deformation and
upon which the brittle upper crust breaks into flakes of various sizes, which slip with
respect to one another and rotate around vertical axes.

In this paper, we examine the way in which the India/Eurasia convergence is parti-
tioned into strain and displacement in Eurasia both instantaneously and by finite area
and volume balancing. We show that there is a natural temporal and geometric defor-
mation sequence resulting from the indentation of the more resistant thicker Indian
lithosphere into the thinner less-resistant Eurasian lithosphere involving roughly
north-south shortening by vertical plane strain in a thrust regime followed by hori-
zontal plane strain and minor lateral extrusion in a wrench regime followed, in turn, by
extensional collapse in a vertical plane strain gravity regime. The model presented for
the intracontinental accommodation of the India/Eurasia convergence is consistent
with data known to us but is strictly a kinematic model based upon the principles of
balancing and compatibility.

2. India/Eurasia relative motion

We have recomputed the motion of India relative to Eurasia for the last 84 Ma,
using the plate circuits Eurasia-North America, North America-Africa, Africa-India,
Africa-Antarctica and Antarctica-India. Plate circuits are redefined ab initio and do
not incorporate previously published models. The details of our methodology and
reconstructions will be published elsewhere and are part of an ongoing analysis of
Mesozoic/Cenozoic relative plate motions across the Tethyan realm from Gibraltar to
Indonesia. The plate motions are based upon a re-examination of magnetic anomalies
and fracture zones in the Atlantic and Indian Oceans using magnetic, bathymetric and
Seasat data. Table 1 summarises the rotation poles and angles that we have used to
draw the sequential positions of India in the Eurasian reference frame shown in Fig. 3.
The reconstruction poles and angles of Table 1 are those used to rotate India from
various anomalies times to its present position in the Eurasian references and have no
kinematic significance for actual relative plate motion. The stage poles and angles of
Table 1, are those that are used to move India in the Eurasian reference for time inter-
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Fig. 3. Successive postitions of India in the Eurasian reference frame derived from the data of Table 1. Numbers refer
to magnetic anomalies, numbers in brackets refer to ages in millions of years (Haq et al. 1987).
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INDIA/EURASIA RECONSTRUCTION POLES

Anomaly Latitude Longitude Angle
Ma

3 (3.9) 19.9 39.8 -2.72
5 (8.9) 12.8 39.9 -7.17
6 (19.3) 18.0 34.9 -12.50
8 (27.0) 17.6 36.8 -17.37
13 (35.3) 15.1 36.9 -24.56
20 (44.7) 13.1 38.3 -33.10
22 (52.0) 17.8 30.0 -35.90
24 (55.1) 18.8 25.5 -38.65
28 (64.4) 16.8 22.0 -49.13
34 (84.0) 18.7 16.5 -66.71

INDIA/JEURASIA STAGE POLES (in Eurasia reference frame)

Anomaly Latitude Longitude Angle
interval
3-0 19.9 39.8 2.7
5-3 8.4 39.7 4.49
6-5 25.5 28.5 5.46
8-6 15.8 41.5 4.90
13-8 9.1 35.9 7.25
20-13 6.6 40.4 8.61
22-20 48.7 -32.4 6.19
24-22 35.3 -20.0 3.91
28-24 14.5 8.3 10.86
34-28 30.3 6.1 18.40

Table 1: India-Eurasia reconstruction poles and stage poles from 84 Ma to the present.

vals between the positions determined from magnetic anomaly filling and approximate,
as best we can determine, the true motion of India relative to Eurasia. Our motion
path is very broadly similar to those of Parriar & AcHacHE (1984) and Besse &
CourTiLLoT (1988), but differs in significant respects, particularly in the absence of
large zig-zag deviations in the early Tertiary.

From 84 Ma (anomaly 34) to about 45 Ma (anomaly 20), India moved roughly
northeastwards in the Eurasian reference frame at an average velocity of just over 100
mma’'. From 45 Ma to the present, India’s motion changed to a roughly northward
direction at an average velocity of just over 50 mma' and rotated anticlockwise by just
over 33°. We cannot be very precise about the exact time of change from fast northeast-
ward motion to slower northwards motion because the successive positions of India in
the Eurasian frame are based upon the finite steps determined by magnetic anomaly
fitting. However, we believe that 45 Ma (Dewey et al. 1988) is within a few million
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years of the time of motion change because a simple extrapolation of the average pre-
and post 20 Ma motion intersects very close to the anomaly 20 fit. We take the time of
motion direction and rate change at about 45 Ma as the time of the India/Eurasia colli-
sion, prior to which convergence was accommodated by subduction beneath a volcanic
arc on the southern margin of Eurasia and after which convergence was accommo-
dated by intracontinental convergence within Eurasia. This is supported by geological
data that indicate a roughly early to mid-Eocene collision time (DewEy et al. 1988).

3. Arguments against major underthrusting and for indentation

We suggest that substantial underthrusting of the Indian craton beneath Eurasia is
not a viable option in accounting for any substantial portion of the post-collisional
Indian/Eurasian convergence for the following reasons. First, peninsular India
occupies a clearly indentive position in Eurasia with a lateral transpressive zone along
its western boundary and a right-lateral zone along its eastern boundary (Figs. 1 and 2).
Asian sutures older than 45 Ma show a decreasing northward deflection (Dewey et al.
1988) (Fig.2). It would be an extraordinary coincidence if an embayment in the
Eurasian margin with an existing progressive suture deflection happened to coincide
precisely with the collisional arrival position of India. Secondly, the basement and
supracrustal Mesozoic/Palaeogene sequences of Tibet are strongly shortened by about
50% in a roughly north-south direction (Dewey et al. 1988). Third, Mesozoic rifted
margin facies are preserved in the Himalayas. Fourth, the Himalayas consist of the rest-
acked thinned continental crust of the Mesozoic rifted margins of northern India
(SearLE et al. 1987). Fifth, palacomagnetic data shows that the post-collisional north-
wards displacement of the Lhasa Terrane in southern Tibet, with respect to Eurasia, is
greater than about 1,500 km (BEssk et al. 1984, Pozzi et al. 1982). Sixth, the flexural
rigidity of the Indian lithosphere under the load of the Himalayas, decreases north-
wards beneath the Himalayas (Lyon-CaAeN & MoLnar 1985); this northward decrease
in flexural rigidity is probably related to the superposition of a largely preserved
Triassic rifted margin upon the Archaean Indian lithosphere. Seventh, as will be argued
in section five, area and crustal volume balancing in Asia indicates that the “indent”
area of India into Eurasia is almost exactly balanced by crustal thickening in Eurasia.
Eighth, the Tibetan lithosphere is about 150 km thick whereas the Indian lithosphere is
some 250 km thick (Dewey et al. 1988), which precludes the existence of the Indian
lithosphere beneath Tibet.

4. Arguments against major eastwards lateral extrusion

Substantial eastward lateral extrusion of Eurasian lithosphere as a method of
accommodating post-collisional India/Eurasian convergence (TappoNNIER et al. 1986)
is believed to be unlikely for the following reasons. First, the Indo-Burman Ranges
show a post-45 Ma history of right-lateral strike-slip and no evidence of having
evolved for the early part of this history in the India/Eurasian head-on collision zone
(MitcHeL 1981). Second, the Tanlu Fault (Figs.1 and 2) has been a right lateral fault
during the Neogene but was a Mesozoic fault with up to 250 km left-lateral displace-
ment (Atlas of the Palaeogeography of China 1983) or possibly over 1,000 km (Xu et
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al. 1987). The Tanlu fault clearly is unaffected by any substantial displacement ema-
nating from northern Tibet that is required by major eastward extrusion although Xu
et al. (1987) argue that minor extrusion squeeze out has caused convex-eastward
arcuate shapes of faults in the Tanlu system. Thirdly, and similarly, a Mesozoic/Palae-
ogene subduction-related arc in eastern China (Fig. 1) does not exhibit any obvious
substantial offset by an extruding Tibetan zone. Fourth, as will be shown in section six,
the area that has been displaced by the indentation of India into Eurasia is almost
exactly balanced by Eurasian crustal thickening. Fifth, the left-lateral motion on faults,
such as the Altun Shan, Kunlun and Kang Ting Faults, which have been argued to be
the main loci of escape, is relatively small (Kipp & MoLnar, 1988) and far less than
the thousands of kilometres inherent in the escape hypothesis. Sixth, the Red River
Fault (Figs.1 and 2), a prominent left-lateral fault in the extrusion hypothesis, is not
only demonstrably right-lateral today, but appears to show an approximately 200 km
right-lateral displacement of the Chuziong and Simao Triassic/Jurassic basins, which
were clearly once continuous (Geological World Atlas 1976). Thus, it is especially dif-
ficult to link the opening of the South China Sea as a compatibility termination to the
Red River Fault (TapronNIER et al. 1986). TarronNIER et al. (1986), however, have out-
lined structural evidence for substantial left lateral motion on the Red River Fault and
within the adjacent metamorphic terrain of the Ailao Shan but it is not clear that this
motion post dates the middle Eocene. Seventh, there is little evidence for a right-lateral
zone in southern Tibet and the Himalayas that would accommodate and form the
southern boundary of an eastward-escaping zone. The zone of en-echelon right-lateral
faults in south Tibet (Fig. 4) cannot accommodate more than about 50 km of right-lat-
eral motion and the dextral shear of stretching lineations in the Himalayas (Brun,
Burc & CHeN 1985); A. Pecher, pers. comm.) gives not more than about 150 km of
right-lateral motion. Thus a maximum of about 200 km of extrusion can be accommo-
dated in the Himalayas and southern Tibet, consistent with a similar left-lateral figure
in northern Tibet and the Altun Shan. Eighth, China may be divided into an eastern
region dominated by lithospheric extension, perhaps related to slow roll-back in the
bordering subduction systems (Dewey 1981) and/or back-arc convection (Froipe-
VEAUX & Natar 1981, Narar et al. 1981), and a western region dominated by lithos-
pheric shortening resulting from the northward motion of the Indian indenter. A zone
of dextral shear forms an overlap between the two regimes (Fig. 2). There is no obvious
kinematic connection between the two tectonic regimes and it is, therefore, difficult to
see how extrusion from the western convergent regimes could be accommodated
within, or through, the eastern extensional regime. Ninth, sinistral displacement of
about 150 km on the Altun Shan Fault is terminated and balanced by thrusting in the
western Kunlun and in the Qilian Shan and Nan Shan. Tenth, a conjugate set of wrench
faults and north-south normal faults in Tibet (Fig. 4) indicate a modest eastward extru-
sion of Tibet of perhaps a few hundred kilometres as will be shown in section 6, but
not the thousands of kilometres required by the extrusion hypothesis. Eleventh, the
suture zones of Asia show simple progressive northward reduction in offset within the
eastern dextral bounding zone (Figs.1 and 2), and not the eastward Z-shaped looping
that would be required by major extrusion of Tibet. Twelfth, the high plateau of Tibet
resulting from Palaeogene crustal thickening is largely immediately north of and oppo-
site the Indian “indenter”. Only a maximum of 20% of the high ground can be con-
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sidered to lie east of the eastern margin of the indenter in the Assam syntaxis and,
therefore, this area is the maximum that could have been extruded during the Neogene.
Thirteenth, the fault kinematics of offshore Malaysia in the southern Gulf of Thailand
show that dextral strike-slip motion dominates the Neogene history of the Malay Basin
and that the basin cannot curve eastwards around Indo China as an extensional zone,
but changes to a convergent zone on the north Sunda shelf. Fourteenth, extrusion
alone cannot explain why a large part of the convergent zone has a thickened crust. It
will be shown in section 6 that the extra volume of crust under Eurasian elevated ter-
rains is almost exactly balanced by the volume of crust displaced by the Indian
indenter. Lastly, it has been argued that plasticine analogue models support a north-
ward progression of eastward wedge expulsion in Asia (TapponNIER et al. 1982). We
believe that these models are not useful in quantitatively modelling Asian tectonics
because they are incorrectly scaled rheologically and they do not allow vertical
stretching in that the models are constrained in a regime of horizontal plane strain.

.
~
7
Z /[ -
30—

Fig. 4. Displacements and strain with the India/Eurasian convergent zone. Abbreviations as in Fig. 1. Numbers with
dots refer to finite displacements, other numbers to displacement rates in mma’'. Long numbered arrows on India
give displacement in kilometres of India with respect to Eurasia since 45 Ma. Five numbered slip circles indicate
present slip direction and rate in cma! of India with respect to Eurasia.
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We suggest that neither underthrusting nor extrusion are viable mechanisms to
accommodate most of the post-collisional northward indentation of Eurasia by India.
Although very little or no underthrusting has occurred, a modest amount, perhaps
250 km of eastward extrusion has occurred and the next two sections outline the way
in which the India/Eurasia convergence is accommodated, first instantaneously today,
and then by finite displacement and strain for the last 45 Ma.

5. Quaternary displacement strain and balancing

Slip circles for the motion of India relative to “stable” Eurasia, derived from the
rotations in Table 1, are shown in Fig. 4, rates varying from 30 mma! in the west to
70 mma! in the east. This motion must be balanced by integrated displacements and
strain in the intracontinental convergent zone. Clearly this does not occur by simple
homogenous shortening parallel with the slip vector. The Tienshan and ranges to the
east at an average elevation of 3 km north of the Tarim Basin comprise a belt of thrust
ranges in which the shorteing direction is not far from parallelism with the slip vector.
However, thrusting around the Tibetan/Plateau/Himalayas at an average elevation of
5 km roughly normal to strong topographic gradients is commonly at a very high angle
to the slip vector and is probably controlled mainly by gravitational extensional col-
lapse of a plateau recently uplifted very rapidly as a result of catastrophic advective
removal of a thickened boundary conduction layer (EncLAND & Houseman 1988).

We have insufficient data on strain rates and fault slip rates to convincingly quanti-
tatively balance plate slip against deformation but a crude balance may be made fol-
lowing the method and data of MoLNar et al. (1987). If we add 13 mma! for the Tien-
shan, 18 mma! for the Himalayas, 11 mma™! for the Altun Shan Fault and 6 mma! for
the Kunlun along the 50 mma slip circle, we have the insignificant remainder of
2 mma!, which may in any case be accommodated by conjugate strike-slip faulting in
Tibet. Any modest errors in these figures could be taken up by a small amount of
shortening in the Altay and small adjustments to the rates in other zones. Additions of
present displacements within the deforming zone are consistent with the current India/
Eurasia slip rate. East west extension in the Himalayas at about 11 mma! and in Tibet
at about 10 mma' (MoLNaRr et al. 1987) are compatible and result, respectively, from
curvature and radial thrusting in the Himalayan arc and from gravitational collapse.
East-west extension at these rates is kinematically compatible with slip rates on the
Kun Lun and Kang Ting Faults and with en-echelon right lateral faulting in southern
Tibet (Fig. 4).

Rotations about vertical axes in the deforming zone are hard to assess but must be
occurring, both by the external rotation of fault-bounded blocks and by more penetra-
tive coaxial and non-coaxial shear. For example, left-lateral motion on the Wang Chao
and Three Pagodas Faults of Burma and Thailand may result from the clockwise
external rotation of blocks in the eastern bounding zones of right lateral shear (Figs. 1
and 2). Two kinds of clockwise rotation are suggested in eastern Tibet, an external
rotation around a pole in the Assam syntaxis caused by slip along the Kang-Ting and
other curved left-lateral faults, and a more penetrative right lateral simple shear that
has caused bending of eastern Tibetan structural trends. Internal rotation by a roughly
coaxial bulk horizontal plane strain may be indicated by the strike-slip fault pattern of
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Tibet where the conjugate angle facing the shortening direction is obtuse compared
with the Himalayas where it is acute (Fig. 4). This suggests clockwise rotation of sinis-
tral faults and anticlockwise rotation of dextral faults, which, in turn, means that fault
blocks must be internally deforming (Dewey et al. 1988).

6. Finite deformation and balancing in the collision zone

Since collision with Eurasia at about 45 Ma, India has moved northwards with
respect to “stable” Eurasia by about 1,815 km in the west and 2,750 km in the east at
rates of about 40 mma™' and 61 mma' respectively (Fig. 4), and rotated anticlockwise
by about 33°, from the data of Table 1. This is consistent with palaecomagnetic data,
which indicate a northward motion of some 2,000 to 2,500 km and a rotation of about
25° (Bessk et al. 1984; Besse & CourrtiLLoT 1988; Krootwix & Pierce 1979; Pozzr
1982). The palacomagnetic data support the Indian indentation and bulk north-south
shortening of Eurasia by about 2,000 km together with the anticlockwise rotation of
southern Tibet.

A very simple crustal area and volume calculation may be used to show that the
bulk of the India/Eurasian intracontinental convergence has been taken up by crustal
thickening. EnéLAND & Houseman (1986) calculated the India/Eurasia convergence
from an area integral of elevation assuming that all the convergence is taken up by
crustal thickening. They derived values of between 2,400 and 3,300 km and between
1,700 and 2,300 km assuming various initial elevations from 500 m to 0 m and two
different lithospheric thickness and mantle densities and a likely volume eroded from
the elevated topography. These range of values are similar to those calculated from
plate circuits and palacomagnetism. Further, if we compare the area of crust “fed into”
the zone of crustal thickening since collision (0.45 X 107 km? to 0.36 X 107 km? for
initial elevations of sea-level and 500 m respectively), derived from England and
Houseman’s area integral, with the area of crust displaced by the Indian indenter
(Fig. 5A) (max. 0.414 X 10”7 km? to min. 0.367 X 107 km? depending upon how the pre-
collisional subduction zone is drawn between the Makran and Sumatra) the value
ranges are strikingly close. TapponnIER et al. (1986) first pointed out the importance of
the indentation mark of India into Eurasia, that is the area between the present margin
of pre-Tertiary Asia and the reconstructed subduction zone along the southern edge of
Tibet prior to 45 Ma. They achieved, however, a different result in balancing this area
against the high topography of Asia and concluded that substantial extrusion has
occurred.

Excluding any eastward extrusion, about half of the convergence has been accom-
modated in Tibet calculated from Figure 2 in EncLAND & Houseman (1986), the east-
ward widening of the Tibetan Plateau probably reflecting the increase in finite conver-
gence. Tibet was thickened and elevated to about 3 km by a northward progression of
shortening between about 45 and 30 Ma in a regime of roughly north-south plane
strain. From 30 Ma to about 5 Ma, buoyancy forces created by the isostatically-com-
pensated elevation prevented further crustal thickening whereupon shortening propa-
gated southwards into the Himalayas and northwards into Eurasia, the little-deformed
Tarim Basin being a hard zone with marginal thrusts and strike-slip faults. That the
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Tienshan is largely a Neogene zone of shortening is supported by the great thickness of
Neogene sediments in flexural basins along its southern margin. Assuming approxi-
mately a double thickness of crust beneath Tibet, about 28% of total convergence has
been accommodated in the plateau north of the western Himalayan syntaxis, about
36% north of the central Himalayas and 48% north of the eastern syntaxis. In Tibet,
some north-south shortening was accommodated from 30 Ma to about 5 Ma in a
wrench regime with east-west extension followed by east-west extension in a gravity
fault regime consequent upon 2 km of uplift since about 5 Ma. At 10 mma™' (MoLNaR
et al. 1987) east-west extension has contributed about 50 km to extrusion over the last
5 Ma. Minimum and maximum amounts of convergence in Tibet during the horizontal
plane strain wrench regime may be calculated with various assumptions about fault
rotation in Tibet summarized schematically in Fig. 6. Because there is a rough sym-
metry between crossing sinistral and dextral strike-slip faults, we can probably elimi-
nate external rotation as a rotation mechanism. Vertical plane strain can be eliminated
because the conjugate wrench faults largely post-date crustal thickening. If we assume
horizontal plane strain and an initial conjugate wrench angle of 70% as seen in the
Himalayas, the present conjugate wrench angle is achieved by about 40% shortening
which yields an eastward extrusion of 1,160 km and convergence rates in Tibet from
30 Ma to 5 Ma from 17.6 mma™' in the west to 32 mma™' in the east. If we assume a
minimum conjugate angle of 90°, Tibet suffered a 29% shortening, an eastward extru-
sion of 250 km and convergence rates from about 11 mma™ in the west to about
20 mma’' in the east. We believe the latter values to be more appropriate because,
adding the 250 km of resultant extrusion to the 50 km generated in the last 5 Ma, we
get a maximum of about 300 km of extrusion which is consistent with summing finite
displacements on the Altun Shan, Kun Lun and Kang Ting faults (Fig. 4) and with the
east west extent of high ground east of the indenter (Fig. 2). Right-lateral accommoda-
tion of a few hundred kilometres of wrench regime related extrusion after 30 Ma may
be indicated by the eastward deflection of stretching directions in the Himalayas
(Brun, Burc & CHEN 1985; A. Pecher, pers. comm.) that suggests an arc parallel dex-
tral shear strain. The recent smaller gravity regime related extrusion does not need a
southern dextral boundary because it is compatible with the arc parallel extension. It is
suggested that extrusion is taken up or balanced by shortening in the Long Men Shan
and Qilian Shan thrust belts and not by the eastward displacement of eastern China for
the reasons given in section 4. We view the Altun Shan Fault as resulting from compati-
bility problems arising from deformation in Tibet against the non-deforming Tarim
Basin, in which case displacement on the Altun Shan should increase eastwards.
Although there is a bulk balance between the amount of Eurasian crust that has
been displaced by indentation and the “additional” volume of crust in the deformed
zone indicated by elevation, it is instructive to estimate how finite convergence has
been accommodated by finite strain and displacement along three crossings of the
deformed zone. We show (Table 2) that, along three slip circle transects shown in Fig. 4
(transects 4, 5, 6), about 1,000 km of convergence has been accommodated in the
Himalayas since 45 Ma. This is about twice previous maximum estimates from section
balancing (Cowarp & ButLEr 1985) and also over twice the value permissible if all
crust thickened in the Himalayas was, initially, of normal thickness allowing for the
volume of sediment now in the Ganges delta and Sumatran accretionary prism. We
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conclude that much of the crust stacked in the Himalayas, particularly during the
Eocene/Oligocene, was originally much thinner than normal across a pre-collisional
extensional rifted margin plateau, perhaps like the Exmouth plateau off northwestern
Australia.

INTERNAL ROTATION
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Fig. 6. Rotation of faults about a vertical axis by internal and external rotation. E is shortening percentage given by
rotation of conjugate strike-slip faults from an initial angle of 60° to an angle of 30° to the shortening direction.
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Western Syntaxis Central Himalayas Eastern Syntaxis
INDIA/JEURASIA 2365km 2475km 2750km
convergence (52)ymma-! (55)mma-? (61)mma-!
45-0ma
TIBET 45-30ma 495 660 960
THRUST REGIME (33) (44) (64)
TIBET 30-5ma 202 269 392
WRENCH REGIME (8.1) (10.8) (15.7)
TIENSHAN 30-Oma 390 390
THRUST REGIME (13) (13)
EASTERN TIENSHAN ~350
and Altai 30-Oma £ (11.7)
ALTUN SHAN FAULT ~50 ~50
(timing uncertain)
TALASSO-FERGANA <50 <25
DZUNGARIAN FAULT
(timing uncertain)
TIBET 5-Oma 40 54 78
GRAVITY REGIME (8.1) (10.8) (15.7)
HIMALAYAS 1188 1027 920
THRUST REGIME (26.4) (22.8) (20.4)
45-Oma

Table 2: Balancing of finite convergence, strain and displacement along three transects of the India/Eurasian conver-
gence zone (slip circle transects 4, 5 and 6 in Fig. 4). Motion directions are roughly north-south. The India/Eurasia
convergence is from the data of Table 1. Shortening in the Himalayas is calculated as the difference between the
India/Eurasia convergence and the sum of other shortening values calculated from geological data.

7. Summary

We suggest that the India/Eurasia intracontinental convergence following collision
at about 45 Ma was accomplished principally by crustal/lithospheric thickening in a
northward-propagating zone north of the Indian indenter and that strain and displace-
ments in the brittle upper crust are not the result of stress propagation in the brittle
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crust from the boundaries of the deforming zone but result from accommodate to the
more isotropic viscous deformation of the lithosphere.

In Fig. 5, simple palaeotectonic reconstructions for 45 and 30 Ma are shown. If we
assume a simple Eurasian subduction margin connecting the Makran with Sumatra, we
find that India is about to collide with Eurasia at 45 Ma; it is on this basis (TAPPONNIER
et al. 1986) that we define the area of Eurasia displaced by indentation. During the ear-
liest phase of thin crust restacking in the proto Himalayas, there was probably a close
and direct correspondence between the India/Eurasian slip direction and the develop-
ment of structural transport directions. As the Himalayan crust and lithosphere thick-
ened, India began to indent Eurasia and buoyancy body force became important so
that, by about 30 Ma, the Tibetan crust was thickened to its present 65 km, defor-
mation began to spread northwards beyond Tibet and southwards in the Himalayas
and wrench regime convergence in Tibet slowed to between 8.1 mma' in the west and
15.7 mma' in the east. The lateral shear zones to the indenter gradually spread north-
wards bounding the thickened zone and show clearly, from the deflection of Eurasian
sutures, that shear strain and displacement within them diminish northwards. Palaeco-
magnetic data (AcHacHE, CourTtiLLoT & BEsse 1983) support the clockwise rotations
that are required in the Indo-Burmese eastern dextral shear zone; Sumatra has rotated
35° clockwise and Indo-China 29° since the Cretaceous and southern Thailand by 13°
since the late Neogone (McCase et al. 1988).

An important corollary of our conclusions that major extrusion is unimportant is
that long strike-slip faults need not have large displacements. The Altun Shan, Kun
Lun and Kang Ting Faults are all over 1,000 km in length, yet have offsets of 150 km or
less. Furthermore, strike-slip faults with transtensional and transpressional zones
cannot have very large offsets unless these zones become bypassed; the Kang Ting has
a major left-stepping offset, which shows extension today. These faults may be com-
pared with the North Anatolian Fault which has several transtensional zones and a
maximum displacement of only about 80 km (Dewey et al. 1986).

The data upon which our model is based are limited and we now need an intensive
phase of data collection to test the various kinematic and dynamic models that have
been proposed. In particular, we need a great deal of new palacomagnetic data to sys-
tematically determine internal and external rotations, structural data to determine inte-
grated strain and timing, rates and amounts of displacement across discontinuities and
geodetic measurements to determine present day displacement rates across and within
the convergent system.
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