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Abstract--Regional stretching lineations in the Himalayas and southern Tibet coincide with the known relative 
motions of the converging plates. This relation is used to infer plate motions from the stretching lineations in the 
Variscan and Caledonian belts of Europe and in the late Proterozoic belts of northeast and east Africa. In each 
region, high-angle convergence of plates produced transverse stretching lineations, and high-angle collision was 
followed by, or combined with, large displacements, first by ductile shear and later by brittle fractures, parallel 
to the plate boundaries. Apparent stretching, as a result of volume loss (Ramsay & Wood 1973) is common but 
recognisable as such. Reorientation by later deformations must be allowed for (Ramsay 1967). In ductile shear 
zones, simple shearing leads to the progressive approach towards the shear plane of the X Y  plane of the strain 
ellipsoid and progressive approach of X, the extension axis, to the shear line (Ramsay & Graham 1970). Thus 
large extensions approximate to the shear line. Large extensions tend to produce sheath folds whose acutely 
curved axes approach the stretching direction (Quinquis et al. 1978). Also, the pre-existence of a strong linear 
fabric predisposes the development of later folds with axes parallel to the earlier linear fabric. For all of these 
reasons, the extension axis. X. rather than the fold axis, is of prime significance. 

INTRODUCTION 

THE VIEW is often expressed by geophysicists that the 
structures in the continental crust are so complex that 
they cannot be used to determine plate motions. The 
contrary view, that motions of crustal units can be 
inferred from the orientat ion of planar and linear struc- 
tures, is not generally accepted by structural geologists, 
though strongly advocated by some, notably Mat tauer  
(1975), Coward (1976), Mat tauer  & Mercier  (1980) and 
A ndrieux et al. (1981 ). Our  aim is to show that,  contrary 
to the pessimistic view of geophysicists, structures in 
rocks, in particular stretching lineations, can give a clear 
indication of plate motions. The basic reason for this is 
that destructive plate boundaries  are shear zones on a 
crustal scale and shear zone geometry involves extension 
in or close to the direction of shear (Ramsay & Graham 
1970). 

There  has in the past been much disagreement about 
the relation between the orientat ion of stretching linea- 
tions and the direction of movement .  This largely arose 
from the assumption that folds develop with their axes 
normal to the direction of movement .  The fold axis was 
used as a primary structural coordinate.  Lineations nor- 
mal to the fold axes were taken to be 'in a' ,  parallel to the 
direction of movement  and those parallel to the fold axes 
"in b',  normal to the movement  direction. The latter 
were then explained by arcuation, rolling or superim- 
posed deformation.  

The finite strain ellipsoid cannot show the strain path 
or the incremental  strains. Study of fibres grown during 
the strain (Durney  & Ramsay 1973) can do so, or 
palaeomagnetism and seafloor magnetic anomalies on a 
different scale, as may the successively produced and 
spatially separated strain ellipsoids considered here. 

In considering the structural indications of relative 
plate motions we are concerned with four stages: first, 

oceanic spreading, continuously occurring at an accret- 
ing boundary (mid-ocean ridge); second, the continuous 
subduction of oceanic crust at a destructive margin; 
third, collision, involving continents,  island arcs or both, 
a process of limited duration; and fourth,  post-collisional 
movements  which are responsible for most of the 
observed structures in orogenic belts. 

LINEAR FABRICS DEVELOPED AT 
CONSTRUCTIVE MARGINS 

Evidence of the relation between accretion and fabric 
comes from seismic anisotropy of oceanic crust and 
study of fabrics and structures in ophiolites. The direc- 
tion of maximum P wave velocity in oceanic crust is 
normal to the generative mid-ocean ridge (Raitt et al, 
1971) and it coincides with the preferred orientation of 
olivine a axes (Christensen & Cross 1968) which is itself 
parallel, as in the Semail ophiolite, to a ubiquitous 
chromite lineation and to axes of tight folds. Thus the 
chromite lineation and the fold axes approximate to the 
flow line away from the spreading axis and the foliation 
to the flow plane (Nicolas et al. 1973). The folds are 
probably sheath folds. The stretching lineation indicates 
the direction of plate motion. 

LINEAR FABRICS RELATED TO 
DESTRUCTIVE MARGINS 

The Himalayas  

The plate motions which have formed the Himalayas 
are accurately known from sea-floor magnetic 
anomalies,  palaeomagnetism, orientations of transform 
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Fig. 1. Inferred motions of India, based on Powell (1979). A, B, C and 
D show motions at successive dates (shown by numerals in Ma); A ~ , B I 
and C t are those directions rotated to the present  orientation of the 

Indian plate. 

faults and seismicity (Molnar & Tapponnier 1975, 1977, 
Powell 19791. The inferred motions are shown in Fig. 1. 

The collision was essentially head-on, N-S, with no 
significant component parallel to the plate boundaries 
other than a small relative motion due to opposite 
rotations of the Indian and Eurasian plates. The collision 
is dated stratigraphically as Eocene (the time when the 
Tethyan ocean between the Indian and South Tibetan 
plates disappeared [Mattauer 1975]), by the time when 
sediment from the north was first deposited on the 
northern margin of the Indian plate (Eocene in Ladakh 
[Searle in press]), by the time when subduction of 
oceanic crust stopped, shown by the end of subduction- 
related calcalkaline magmatism north of the Indus 
suture to have been pre-Eocene, about 45 Ma (Searle, in 
press) and lastly by the time when the northward motion 
of the Indian plate slowed down, 38 Ma ago (Molnar & 
Tapponnier 1977) or 53 Ma ago (Powell 1979). 

Considering that collision is not a sharply definable 
event, these estimates agree well, at about 50-40 Ma. 
This time refers to the collision of the Indian plate with 
the South Tibetan microplate which is probably of Gond- 
wana origin (Tapponnier et al. 1981). From the scanty 
palaeomagnetic dates from this microplate (see Pozzi et 
al. 1982) it appears that the Indian plate moved about 
5000 km north relative to the South Tibetan plate 
between 80 and 40 Ma ago, until collision about 40 Ma 
ago, after which the Indian plate, from then onward 
sutured to the South Tibetan plate, moved a further 2000 
km north, and rotated about 35 ° counterclockwise rela- 
tive to Eurasia. Much of this last northward motion was 
associated, according to the indentation model (Molnar 
& Tapponnier 1975) with the lateral expulsion of litho- 
spheric wedges bounded by huge faults. Thus in the 
Himalayas and southern Tibet, the subduction stage 
lasted until about 50 Ma ago, the collisional phase from 
about 50 to 40 Ma ago and the post-collisional stage from 
40 Ma onwards. The apparent relative motions, those 
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Fig. 2. Stretching lineations in the Himalayas, based on Acharva 
(1979), Andrieux et  al .  (1981), Bordet et af. (1980), Coward et  al. 
(1982), Gangopadhyay (1979), Hashimoto ( 19731, Helm ( 19351, Mat- 
tauer (1975), Powell & Conaghan (1973), Ro~ ( 19791. Tapponnier  et 

al. (1981), Thakur (1975) and observations by R. M. Shackleton. 
M C T ,  Main Central Thrust; MBT, Main Boundar,, Thrust. 

which should be imprinted as structures on the Indian 
plate, would trend about 030--020 °, 005 ° and 0 ° for the 
pre-coilisional, collisional and post-coilisionai stages. 
These directions differ from the actual motions of India 
because the Indian plate was also rotating. Broadly 
speaking, the successive structures should be seen in 
zones progressively farther south because the focus of 
the main deformation shifted southwards, that 
associated with subduction and collision occurring along 
the Indus-Tsangpo suture while the main deformation 
in the Himalayas is post-coilisional (Mattauer 19751 
from about 30 Ma ago (Oligocene and Miocene) at the 
Main Central Thrust and still younger on the Main 
Boundary Thrust. 

The orientations of stretching lineations are shown in 
Fig. 2. These lineations are contained in a schistosity 
which is often gently inclined so reorientation by later 
deformations is not in most places significant. There is a 
clear general coincidence between the orientation of the 
stretching lineation and the relative plate motions. It is 
premature to try to establish a more detailed relation to 
different stages. The motions recorded by the stretching 
lineation are independent of position on the arc; the 
motion recorded is to the NNE, although the fold axes 
curve with the arc. In some places, anomalous stretching 
lineations occur, for example in the Central Himalayan 
Gneiss near Manali (77°10'E, 32°15'N) where, after 
removing effects of later deformation, they trend E-W 
(Powell & Conaghan 1973). Such anomalies need 
further study. 

The Variscan fold belt of Western Europe 

Without the constraint of sea-floor magnetic 
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Fig. 3 Variscan stretching lineations, based on Audren et  al .  ( 1 0 7 6 ) .  
Brun & Burg (19821. Burg & Matte (1978). Guillot (1969). Keinox~ 
(1933j. Korn (1929. 1033`1 Mehnert (1939"1. Mukhopadhya~ (19731. 
Quinqt, is et al.  (1978). Stenzel (1924"1 and the authors" observations. 
\:ariscan rotations b~tscd on Edel et  al .  ( t981 ). Black dashes represent 

stretching lineations. 

anomalies, knowledge of the plate motions which pro- 
duced Variscan and older fold belts must depend on 
geological and palaeomagnetic evidence. In Western 
Europe,  palaeomagnetic data are generally accepted to 
imply the existence of a wide (Rheic) ocean between 
Laurasia and Pangaea, which disappeared by the late 
Carboniferous (Irving 1979, Scotese et al. 1979), 
although motions involving very large relative sinistral 
motions of the two major  plates have also been proposed 
(Morris 1976). A wide ocean between Pangaea and the 
Iber ian-Armorican  plate, until the late Carboniferous.  
is postulated by Perroud & Bonhommet  (1981). Large 
Variscan rotations, of 110 ° (Ries et al. 1980) or 80 ~ 
(Perroud & Bonhommet  1981), in the Iberian arc, imply 
sinistra! motion of Pangaea relative to Armorica and 
Laurasia. Variscan rotation also occurred in the Massif 
Central (Edel et al. 1981) but the sense of rotation is 
uncertain. 

The orientation of representative Variscan stretching 
lineations is shown in Fig. 3. The principal features are 
listed below. 

( 1 ) In the lie de Groix,  Southern Brit tany, structures 
associated with a high P-low T glaucophane-lawsonite 
assemblage, dated at 380-420 Ma, show N-S stretching 
lineations and sheath folds and a recumbent  schistosity 
(Quinquis et a/. 1~)78). This zone is taken to represent an 
early Variscan or pre-Variscan subduction zone. 

(2) An axial zone. including southern Armorica,  the 
Massif Central,  Central Germany and Czechoslovakia 
where the stretching lineations are predominantly lon- 
gitudinal, roughly E-W.  This E - W  stretching has been 
studied in detail in southern Armorica and shown to be 
the result of dextral ductile shear (Audren etal. 1976). In 
Vendde, high-grade metamorphic rocks, including blue 
schists (at Bois de Cene) equivalent to those of Ile de 
Groix, are thrust southwards over fossiliferous lower 
Palaeozoic sediments. There is a marked E - W  mineral 
and stretching lineation with elongation up to 300% but 
near the thru,<t zones these lineations are rotated towards 
a roughly N-S direction. Sheath fold axes are parallel to 
the E - W  stretching lineation and nappe transport was 
westwards (Brun & Burg 1982). In the Massif Central 

there is a widespread W N W - E S E  stretching lincation 
but near major  southward-directed thrusts and also in 
the northern Montagne Noire N-S stretching lineations 
occur (Brun & Burg 1982, Burg & Matte 1978). in 
northern Germany and Czechoslovakia,  roughly E -W 
stretching lineations seem to prevail (Fig. 3). Thus there 
is evidence of early (pre-Variscan?) southward ductilc 
shear (the Ile de Groix),  widespread longitudinal ductile 
shear, followed by southward ductile shear in thrust 
z o n e s .  

(3) In the northern,  non-metamorphic  Rhenohercy-  
nian zone,  N-S or NNW-SSE stretching lineations 
clearly indicate the direction of movement .  Sheath folds 
are seen in zones of high strain, as at Tintagel, Cornwall, 
but in general the folds are longitudinal, parallel to the 
fold belt. The Rhenohercynian zone represents thin- 
skinned deformation above a d~collement surface 
(Shackleton et al. 1982). The shortening above this 
d6collement,  c. 150 km in southwest England, and the 
impressive along-strike extent of the d~collement, from 
nor thern Germany  to southwest England and beyond,  
suggests that it is related to plate motions rather than 
gravity spreading. 

The age relations of transverse and longitudinal Vari- 
scan stretching iineations appear  to be complex: the 
transverse motion seen in the Iie de Groix is the earliest 
but the transverse motion in the Rhenohercynian zone is 
late Carboniferous;  the longitudinal motion in the axial 
zone is probably mid-Carboniferous.  Finally, in the 
Stephanian or Permian,  brittle fractures throughout  the 
Variscan foldbelt represent a distributed transform zone 
with a dextral shift of about 500 kin, connecting the 
southern Appalachians with the Urals (Arthaud & 
Matte 1977). 

Caledonides o f  Northwest  Europe  

In the Scottish Highlands, from the Moine Thrust to 
the Highland Border ,  and in the Scandinavian 
Caledonides,  transverse stretching lineations are wide- 
spread (Oftedahl 1948, 1950. Kvale 1953, Voll 1960, 
Hossack 1972, 1976) (see Fig. 4). The transverse motions 
indicated by these transverse structures persisted or 
recurred through successive phases of deformation (Voll 
1960). However ,  there are also areas in the central parts 
of the orthotectonic Caledonides where longitudinal 
ductile shear, parallel to the belt, prevails. For example 
in Donegal ,  northern Mayo and Connemara  in Eire, 
stretching lineations curve from NW to NE in a sense 
indicating sinistral shear (but dextral north of Clew Bay 
according to Sanderson et al. 1980), In Donegal,  this is 
associated with the intrusion of the Main Donegal gra- 
nite (Hutton 1982) dated at about 400 Ma. In Shetland, 
the Funzie Conglomerate  in Unst,  and conglomerate 
horizons in the Dalradian Muness Phyllites. show strong 
longitudinal (NNE-SSW) stretching (Read 1934, Flinn 
1956). Progressively increasing strain towards a thrust 
contact,  in the Funzie Conglomerate,  was described in 
detail by Flinn. He attributed it to rolling (Flinn 1956) or 
to lateral flow of incompetent  rock under a thrust nappe 
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Fig. 4. Caledonian stretching lineations in the British Isles (orthotec- 
tonic zone) and Scandanavia. based principally on Flinn (1956). Flinn 
et  al. (1979), Hossack (1972. 1976), Hutton (1982). Kvale (1953). 
Oftedahl (1948, 1950). Sanderson et  al. (1980) and the authors" 

observations. 

moving WNW (Flinn et al. 1979). The geometry 
described by Flinn coincides with that of a classic shear 
zone (Ramsay & Graham 1970) in which the overlying 
thrust mass was sheared towards the SSW relative to the 
Funzie Conglomerate (Fig. 5). The majority of the early 
(FI) NNE-SSW folds which we have studied in the 
nearby Muness Phyllites of south Unst and Uyea face 
west but some face east, suggesting that they may be 
sheath folds. In the Norwegian Caledonides there are 
zones of longitudinal stretching lineations, and in 
Spitzbergen, intense longitudinal stretching of boulders 
in Eocambrian tillites has been described (Harland 1978, 
Gayer 1969) and attributed to longitudinal shear, consis- 
tently sinistral. The concept of transpression, or oblique 
relative motions of plates, was developed on the basis of 
this Spitzbergen evidence (Harland 1971). It is clear that 
within the Caledonides of Northwest Europe there are 
major zones of sinistral ductile shear. It has been 
suggested that this may be measured by an apparent 
1500 km sinistral offset of the pre-Caledonian Grenville 
front (Shackleton 1979). 

Finally, in the Caledonides there are brittle fractures 
parallel to the belt, with large sinistral displacement. On 
the Great Glen Fault there is thought to have been a 
sinistral displacement of about 160 km after the main 
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Fig. 5. Section of  the Funzie conglomerate. Fetlar. Shetland. drawn 
parallel to the stretching direction (X). Ellipses represent X Z  section 
of strain ellipsoid, and lines the attitude of the schistosity. Based on 

data given by Flinn (1956). 

regional metamorphism (Winchester 1973) and of about 
100 km after an early Devonian or late Silurian 
granodiorite (Kennedy 1946). 

Thus in the Caledonides, transverse and longitudinal 
ductile shearing was followed by brittle shearing, the 
longitudinal displacements being consistently sinistral. 

Upper Proterozoic: Northeast and East Africa, West 
Africa and Brazil 

A very extensive region including Saudi Arabia, East- 
ern Egypt, Eastern Sudan, and most of Kenya, Eastern 
Tanzania and parts of Mozambique (the Mozambique 
Belt of Holmes 1948) is underlain by rocks which yield 
late Proterozoic (1000-450 Ma) radiometric dates, and 
so far, except near the western margin, no reliable Rb/Sr 
ages of more than 1000 Ma. This is part of the Pan-Afri- 
can domain of Kennedy (1961). 

The western margin of this Pan-African fold belt is 
well-defined, as a N-S boundary against the Archaean 
Tanzanian and Zimbabwe cratons to the west, by struc- 
tural, metamorphic and radiometric evidence (Johnson 
1967, Hepworth et al. 1967, Hepworth & Kennerley 
1970, Sanders 1965, Meinhold 1970, Pallister 1971). 
Farther north, this western margin has not been defined. 
In Egypt, it presumably runs through the Western 
Desert somewhere between Aswan and Uweinat where 
2000 Ma granulites are known (Klerkx & Deutsch 1977). 

Along the western front of the Mozambique belt, on 
the Mozambique-Zimbabwe frontier, and from north- 
ern Malawi through Tanzania and western Kenya, there 
is a pervasive and intense stretching lineation which 
persistently trends NW-SE to WNW-ESE, usually 
plunging SE. This trend makes a high but oblique angle 
with the overall N-S Mozambique front. Pebbles in 
conglomerates are drastically stretched, as at Magulilwa 
near Iringa in southern Tanzania. The NW-SE stretch- 
ing lineation can be traced at least 200 km eastwards 
from the Mozambique front in central Tanzania. It is 
parallel to tight folds. The general eastward dip of the 
associated schistosity, and the eastward dip of the thrusts 
in the marginal zone of the belt (Sanders 1963. 1965) 
shows that the relative motion of the overlying plate was 
towards the northwest. 

Diverging northwestwards from the Mozambique 
front are two, long, straight zones of intense deforma- 
tion, the Ubendian belt and the Aswa zone (see Fig. 6). 
The Ubendian belt, like the Mozambique belt in south- 
ern Tanzania, is polycyclic. The structures and the rock 
units ('Usagaran' of the Mozambique belt) curve round 
the southeast margin of the Archaean Tanzanian craton 
(Meinhold 1970) and the NW-SE linear structures of the 
Mozambique belt appear continuous with. and indistin- 
guishable from, the intense, gently plunging NW-SE 
lineations within the Ubendian belt. Similarly the 
stretching lineations at the margin of the Mozambique 
belt in western Kenya are continuous with those in the 
Aswa zone of Uganda. The lineations in the Ubendian 
and Aswa zones plunge at low angles and the planar 
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Fig. 6. Stretching lineations in the Mozambique belt of Tanzania and 
Kenya. Based ~n Hepworth (1967), Hepworth & Kennerley (19711), 
Meinhold (197111. Pallister (1971). Saggerson et al. (196()), Sanders 

( 1963. 1965l. Shaekleton (1946) and the authors" observations. 

fabrics are steep. These two zones are interpreted as 
zones of strike-slip movement, possibly transform faults. 
The Aswa zone appears from the strikes curving into it 
to be sinistral (Hepworth 1967). 

A NW-SE trending stretching lineation, usually 
plunging SE, is also found in the Upper Proterozoic 
rocks in the Eastern Desert of Egypt. We interpret this 
array of consistently oriented stretching lineations, from 
the western border of Mozambique to Eastern Egypt, 
and in the Ubendian and Aswa zones, as indicating the 
directions of relative motion of large rigid lithospheric 
plates, although not necessarily a single pair of plates 
since there is evidence of several parallel sutures within 
the Pan-African domain. The motions cannot be attri- 
buted to gravity spreading because they are consistently 

oblique to the Mozambique front and extend to shear 
zones within the Archaean cratons. 

In a large area of the Mozambique belt of central 
Kenya, the mineral and stretching lincations trend N-S 
or NNW-SSE parallel to the Mozambique belt (Shackle- 
ton 1946) (Fig. 6). These longitudinal lineations we 
interpret as indicating that there was N-S relative motion 
of the plates, parallel to the belt. The age relations of 
these longitudinal stretching lineations to the transverse 
ones nearer to the Mozambique front is not yet known, 
nor the sense of motion. 

The Upper Proterozoic of West Africa (Algeria, Mali, 
Nigeria, Ghana) and the contemporary Brazilides in 
northeast Brazil show similar patterns of stretching line- 
ations, with predominant longitudinal stretching, often 
very large, parallel to the fold axes in the interior of the 
belts but transverse near the margins, as in Ghana. 
Longitudinal (northward) thrusting of a granulite massif 
in the interior of the Pan-African of Mali has been 
postulated (Boullier et al. 1978). Finally, in West Africa 
there are many very large late Pan-African brittle lon- 
gitudinal mylonite zones and faults, variable in sense of 
displacement. 

CONCLUSIONS 

(1) Data from older orogenic belts (Variscan, 
Caledonian, and especially the late Proterozoic of north- 
east Africa) supports the view that stretching lineations 
reflect the direction of relative motions of lithospheric 
plates. 

(2) Transverse collision was often followed by ductile 
shear parallel to the plate boundary and this by brittle 
shear in the same direction and with the same sense. 

(3) Shearing parallel to the plate boundaries may 
have been located and controlled by the higher ductility 
resulting from collision. Since these ductile interplate 
shear zones were, at least initially, gently inclined, the 
ductile shear parallel to the plate boundary often occurs 
on gently inclined surfaces. The later brittle shearing 
parallel to the plate boundaries is usually on steep 
planes. 

We emphasise that this discussion is generalised and 
simplified. It is intended to show the validity of a method 
but it is only by very detailed work that the relative 
motions of crustal units will be understood. 

Acknowledgements--We thank Professor W. H. Kanes, University of 
South Carolina, U.S.A. for his generous initial support, and NERC 
(GR 3/3692) for support which enabled us to carr} forward, though not 
complete, the work in northeast and east Africa on which this paper is 
mainly based. The manuscript was typed b} Mrs D Hammond. 

REFERENCES 

Acharya. S. K. 1970 Pre-Tertiar_~ fabric and metamorphism in Ea~,t- 
ern Himalaya, In: Metamorphic Sequences o/ the Eastern Himalma 
(edited b} Verma, P. K.). K. P. Bagchi and Co., Calcutta. 67-82. 



116 R . M .  SHACKLETON a n d  A .  C. RXES 

Andrieux. J,, Arthaud, F., Brunel. M. & Sauniac, S. 1981 G6ometrie 
et cinematique des chevauchements en Himalaya du Nord-Ouest. 
Buff. Soc. gdol. Fr. 23,651-664. 

Arthaud, F. & Matte, Ph. 1977. Late Palaeozoic strike-slip faulting in 
southern Europe and northern Africa: result of a right-lateral shear 
zone between the Appalachians and the Urals. Buff. geol, Soc. Am. 
88, 1305-1320. 

Audren, J. C., Brun, J. P. & Cobbold, P. R. 1976. Donn6es corn-" 
pl6mentaires sur le geometric de plissement et sur la forme et 
l'orientation de I'eltipsoide de deformation dans I'arc hercynien 
ibero-armoricain. Bull. Soc. gdol. Fr. 18,757-762. 

Bordet, P., Colchen, M., Le Fort, P. & P6cher, A. 1981, The 
geodynamic evolution of the Himalaya. In: Ten Years of  Research in 
Central Nepal Himalaya and Some Other Regions. In: Zagros, 
Hindu Kursh, Himalaya; Geodynamic Evolution (edited by Gupta 
Harsh, K. etal.), 149-168. 

Bouiller, A. M., Davison, I., Bertrand, J. & Coward, M. P. 1978. 
L'unite granulitique d'lforas: une nappe de socle d'~ge pan-Africain 
precoce. Bull. Soc. gdol. Fr. 20, 877-887. 

Brun. J.-P. & Burg, J. P. 1982. Combined thrusting and wrenching in 
the Ibero-Armorican arc: a corner effect during continental colli- 
sion. Earth Planet. ScL Lett. 61,319-332. 

Burg, J. P. & Matte, P. J. 1978. A cross section through the French 
Massif Central and the scope of its Variscan geodynamic evolution. 
Z. dt. geol. Ges. 129,429-460. 

Christensen, N. I. & Crosson, R. S. 1968. Seismic anisotropy in the 
upper mantle. Tectonophysics 6, 93-107. 

Coward, M. P. 1976. Archaean deformation patterns in Southern 
Africa. Phil. Trans. R. Soc. A283, 313-331. 

Coward, M. P., Jan, M. D., Rex, D., Tarney, J., Thirlwall, M. & 
Windley, B. F. 1982. Geo-tectonic framework of the Himalaya of N 
Pakistan. J, geol. Soc, Lond. 139,299-308. 

Dewey, J. F. 1982. Plate tectonics and the evolution of the British 
Isles. J. geol. Soc. Lond. 139, 371-412. 

Durney, D. W. & Ramsay, J. G. 1973. Incremental strains measured 
by syntectonic crystal growth. In: Gravity and Tectonics (edited by 
De Jong, K. A. & Scholten, R.). Wiley, New York, 67-96. 

Edel, J. B., Lacaze, M. & Westphal, M. 1981. Palaeomagnetism in the 
northeastern Central Massif (France): evidence for Carboniferous 
rotations of the Hercynian orogenic belt. Earth Planet. Sci. Lett. 55, 
48-52. 

Flinn. D. 1956. On the deformation of the Funzie Conglomerate, 
Fetlar. Shetland. J. Geol. 64, 480-505. 

Flinn, D,, Frank, P. L., Brook, M. & Pringle, I. R. 1979. Basement- 
cover relations in Shetland. In: The Caledonides o f  the British 
Lsles--Reviewed (edited by Harris, A. L., Holland, C. H. & Leake, 
B. E. ). Spec. Pubis geol. Soc. Lond. 8, 23%241. 

Gangopadhyay, P. K. 1979. Structural framework of the Daling 
Darjeeling-Permian rocks. In: Metamorphic Sequences o f  the East- 
ern Himalaya (edited by Verma, P. K.). K. P, Bagchi and Co., 
Calcutta. 23-42. 

Gayer, R. A. 1969. The geology of the Femmilsjoen region of north- 
~cst Ny Friesland, Spitzbergen. Norsk Polarinstitutt 0810, Skr 145, 
1-45. 

Guillot. P. L. 1969. P6trographie--le conglom6rat de Moulin-Neuf 
pres de G6rvis (Dordogne). C.r. hebd, Sdanc. ,4cad. Sci.. Paris 269, 
13t-133. 

Harland, W. B. 1971. Tectonic transpression in Caledonian 
Spitzbergen. Geol. Mag. 108~ 27-42. 

Harland, W. B. 1978. The Caledonides of Svalbard, IGCP Project 27, 
Caledonian-Appalachian Orogen of the North Atlantic Region. 
(;eol. Surv. Pap. Can. 78-13.3-1 I. 

Hashimoto, S. 1973. Geology of  the Nepal Himalayas. Saikon Publ. 
C o ,  Sapporo, Japan 

Helm, A, 1935. L~ingstreckung im Hinterindischen Kettengebirge. 
Eclog. ~qeol. Helv. 28,547-548. 

Hepworth, J. V 1967. The photogeological recognition of ancient 
orogenic hers in Africa. J. geol. Soc. Lond. 123. 253-292. 

Hepworth, J. V., Kennerley, J. B. & Shackleton, R. M. 1967. 
Photogeological investigations of the Mozambique Front in Tan- 
zania. Nature. Lond. 216, 146-147. 

Hepworth, J. V. & Kennerley, J. B. 1970. Photogeology and structure 
of the Mozambique orogenic front near Kolo, north-east Tanzania. 
J. yeo/. S~w. Lond. 125,447-479. 

Holmes, A. 1948. The sequence of Pre-Cambrian orogenic belts in 
~outh and central Africa. Proc. 18th Int. geol. Congr.. London 14. 
254-2~9. 

Hossack. J. R. 1972. The geological history of the Gronsennknipa 
Nappc. Valdres. Vorges geol. Unders. 9. 1-26. 

Hossack. J. R. 1976, Geology and structure of the Beito Window, 
Valdres. Norges geol. Unders. 327, 1-33. 

Hutton, D. H. W. 1982. A tectonic model for the emplacement of the 
Main Donegal Granite. J. geol. Soc. Lond, 139,615-631. 

Irving, E. 1979. Drift of the major continental blocks since the 
Devonian. Nature, Lond. 270, 30-1--309. 

Johnson, R. L. 1967. Structural history of the western front of the 
Mozambique Belt in north-east Southern Rhodesia. Buff. geol. Soc. 
Am. 79,513-526. 

Kennedy, W. Q. 1946. The Great Glen Fault. Q. JIgeol. Soc. Lond. 
52, 41-76. 

Kennedy, W. Q. 1961. The structural differentiation of Africa in the 
Pan-African ( -  500 m.y.) tectonic episode. 8th Ann, Rep. res. Inst. 
Afr. Geol., University of Leeds. 

Kienow, S. 1933. Die innere Tektonik des Unterdevons zwischen 
Rhein, Mosel und Nahe, Jahrb. Pr. Geol. L.A. 54, 58-95. 

Klerkx, J. & Deutsch. S. 1977. Resultats pr¢Sliminaires obtenus par [a 
m6thode Rb/Sr sur I'~ige des formations precambriennes de la region 
d'Uweinat (Libye). Mus. roy. Afr. centr., Tervuren ~Belg. I, D~pt. 
G~ol. rain., Rapp. ann. 1976, 83-94. 

Korn, L. 1929. Tektonische und Geftigeanalytische Untersuchungen 
im Grundgebirge des Bollsteiner Odenwaldes. Neues Jb. BeiL, Bd. 
B62, 171-234. 

Korfi, L. 1933. Tektonische und Gefiigeanalytische Untersuchungen 
im Kristallinen Vorspessart. Min. Petr. Mitt. 43.1-44. 

Kvale, A. 1953. Linear structures and their relation to movement in 
the Caledonides of Scandinavia and Scotland. Q. Jlgeol. Soc. Lond. 
109, 51-74. 

Mattauer, M. 1975. Sur le mecanisme de formation de la schistosite 
dans FHimalaya. Earth Planet. Sci. Lett. 28. 144--154. 

Mattauer, M. & Mercier, J. L. 1980. Microtectonique et grand tec- 
tonique. Mere. Soc. gdol. Fr. 10, 141-16l. 

Mehnert, K. R. 1939. Die Meta-Konglomerate des Wiesenthaler 
Gneiszuges im s~ichsischen Erzgebirge. Min. petr. Mitt. 50,194-272. 

Meinhold, K, D. 1970. Petrographic, Metamorphose, Tektonik und 
stratigraphische Stellung der Konse-Serie im ZentraI-Tanzania (Os- 
tafrika). Geol. Jb. 91, 1-137. 

Molnar, P., Chen, W. P., Fitch. T. J., Tapponnier, P., Warsi, W. E. 
K, & Win, F. T. 1977. Structure and tectonics of the Himalaya: a 
brief summary of relevant geographical observations. Coll. Int. 
C. N.R.S. 268, Ecologie et Geologie de I'Himalaya, 269-293. 

Molnar, P. & Tapponnier, P. 1975. Cenozoic tectonics of Asia: effects 
of a continental collision. Science, Wash. 189. 419-426. 

Molnar, P. & Tapponnier, P. 1977. Relation of the tectonics of eastern 
China to the India-Eurasia collision: application of slip-line field 
theory to large-scale continental tectonics. Geology 5,212-216. 

Morris, W. A. 1976. Transcurrent motions determined palaeo- 
magnetically in the northern Appalachians and Caledonides and the 
Acadian orogeny. Can. J. Earth ScL 13, 1236-1243. 

Mukhopadhyay, D. 1973. Strain measurements from deformed quartz 
grains in the slaty rocks from the Ardennes and the northern Eifel. 
Tectonophysics 16,279-296. 

Nicolas, A., Boudier, F. & Bouiller, A. M. 1973. Mechanism of flow 
in naturally and experimentally deformed peridotites, Am. J. Sci. 
273,853-876. 

Oftedahl, C. 1948. Deformation of quartz conglomerates in Central 
Norway. J. Geol. 56,476--487. 

Oftedahl. C. 1950. Petrology and geology of the Rondane Area. 
Norsk. geol. Tidskr. 28, 199-225. 

Pallister, J. W. 197l. The tectonics of East Africa. In: Tectonics o f  
Africa. Unesco (Earth Sciences 6), 511-542. 

Perroud, H. & Bonhommet, N. 1981, Palaeomagnetism of the Ibero- 
Armorican arc and the Hercynian orogeny in Western Europe, 
Nature. Lond. 292,445-448. 

Powell, C. McA. 1979. A speculative tectonic history of Pakistan and 
surroundings: some constraints from the Indian Ocean. In: 
Geodynamics o f  Pakistan (edited by Farah, A. & De Jong, K. A.). 
Geol. Surv. Pakistan, 6-24. 

Powell, C. McA. & Conaghan, P. J. 1973. Plate tectonics and the 
Himalayas. Earth Planet. Sci. Lett. 20, 1-12. 

Pozzi, V. P., Westphal, M., Zhou, Y. X., Xing, L. S. & Chen, X. Y. 
1982. Position of the Lhasa block, South Tibet. during the late 
Cretaceous. Nature. Lond. 207. 319-321. 

Quinquis, H., Audren, U., Brun, J. P. & Cobbold. P. R. 1978. Intense 
prGgressive shear in the lie de Groix blueschists and compatibility 
with subduction or obduction Nature. Lond. 273, 43-45. 

Raitt, R. W., Shor, G. G.. Jr., Morris, G. B. & Kirk, Iq. K. 1971. 
Mantle anisotropy in the Pacific Ocean Fecton,Jphys'ics 12,173-186. 



Relation between stretching lineations and plate motions 117 

Ramsay, J. G. 1967. Folding and Fracturing qfRocks. McGraw-Hill, 
New York. 

Ramsay, J. G. 1981. Tectonics of the Helvetic Nappes. In: Thrust and 
Nappe Tectonics (edited by McClay, K. R. & Price, N. J.). Spec. 
Pubis geol. Soc. Lond. 9,293-309. 

Ramsay, J. G. & Graham, R. H. 1970. Strain variation in shear belts. 
Can. J. Earth Sci. 7,786-813. 

Ramsay, J. G. & Wood, D. S. 1973. The geometric effects of volume 
change during deformation processes. Tectonophysics 16,263-277. 

Read, H. H. 1934. The metamorphic geology of Unst in the Shetland 
Islands. Q. Jl geol. Soc. Lond. 90,637--688. 

Ries, A. C., Richardson, A. & Shackleton, R. M. 198(i. Rotation of 
the Iberian Arc: palaeomagnetic results from North Spain. Earth 
Planet. Sci. Lett. 50,301-310. 

Roy, S. S. 1979. Structural evolution of basement (?) gneisses in 
Eastern Sikkim. In: Metamorphic Sequences of the Eastern 
Himalaya (edited by Verma, P. K ) .  K. P, Bagchi & Co., Calcutta. 
43-66. 

Saggerson, E. P., Joubert, P., McCall, G. J. H. & Williams, L. A. J. 
1960. Cross-folding and refolding in the Basement System of Kenya 
Colony. Rept. 21st lnt. Geol. Congr., Copenhagen 18,335-346. 

Sanders, L. D. 1963. Geology of the Eldoret Area. Rep. geol. Surv. 
Kenya 64, 1-49. 

Sanders, L. D. 1965. Geology of the contact between the Nyanza 
Shield and the Mozambique Belt in Western Kenya. Bull. geol. 
Surv. Kenya 7.1-45. 

Sanderson, D. J., Andrews, J. R.. Phillips, W. E. A. & Hutton, D. H. 
W. 1980. Deformation studies in the Irish Caledonides. J. geoL Soc. 
Lond. 137,289-302. 

Scotese, C. R., Bambach. R. K., Barton, C.. Van der Voo, R. & 
Ziegler, A. M. 1979. Paleozoic Base Maps. J. Geol. 87,217-227. 

Searle, M. P. in press. Stratigraphy, structure and evolution of the 
Tibetan Tethys zone in Zanskar and the Indian suture zone in the 
Ladakh Himalayas. Trans. R. Soc. Edinb., Earth Sci. 

Shackleton, R. M. 1946. Geology of the country between Nanyuki and 
Maralal. Rep. Geol. Surv. Kenya I 1, 1-54. 

Shackleton, R. M. 1979. The British Caledonides: comments and 
summary. In: The Caledonides of the British Isles--Reviewed (edited 
by Harris, A. L., Holland, C. H. & Leake, B. E.). Spec. Puhlsgeol. 
Soc. Lond. 8,299-31)4. 

Shackleton, R. M., Ries, A. C. & Coward, M. P. 1982. An interpreta- 
tion of the Variscan strtlctures in SW England. J. geol. Soc. Lond. 
139,533-541. 

Stenzel, H. 1924. Tektonik des Lausitzer Granilmassivs. Abh. Pr. 
Geol. L.A., N.F. 96, 1-46. 

Tapponnicr, P. (and 29 others) 1981. The Tibetan side of the India- 
Eurasia Collision. Nature, Lond. 294,405-411"/. 

Thakur, V. C. 1975. Some genetic significance on the development of 
foliation and lineation in the Dalhousie granite body and surround- 
ing metasedimentary formations of Chambra area of Himachal 
Pradesh. ln: Recent Researches in Geology (edited by Verma, P. K. 
et al.). Hindusthan Publishing Corp. 2, 41-52. 

Voll, G. 1960. New work in petrofabrics. Lpool Manchr geol. J. 2, 
503--567. 

Winchester, J. A. 1973. Pattern of regional metamorphism suggests a 
sinistral displacement of 160 km along the Great Glen Fault. Nature, 
Lond. 246, 81-84. 


