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Abstract: The Indian Plate rocks of NW Pakistan contain evidence for both Eocene and 
Miocene phases of post peak metamorphic exhumation. The Eocene phase shortly followed 
peak synchronous ultra high-pressure (UHP) and Barrovian metamorphism and was driven 
by the rapid return towards the surface of deeply buried, positively buoyant coesite-bearing 
UHP rocks, flanked by thrusts below and extensional shears above. Uplift of the UHP rocks 
contributed to crustal thickening and resulted in internal imbrication of the Barrovian meta- 
morphic rocks onto which they were thrust. The Eocene and Miocene events were separated 
by a phase of large-amplitude and -wavelength folding. Upright folds related to this event 
have shallow WNW or ESE plunges. Quartz c-axis data suggest that the maximum stretching 
direction paralleled the fold axes. During the Miocene the Main Mantle Thrust was reacti- 
vated as a major top-side-north extensional fault zone. Cascading folds on its hanging wall 
and cascading folds and a variety of ductile to brittle top-side-north meso- and micro- 
structures on its footwall document significant top-side-north movement. The driving force 
for Miocene extension is unlikely to be channel flow as suggested for the central Himalaya. 
Instead, rapid shortening of the overriding plate following Late Oligocene slab break-off 
could have destabilized the wedge and driven extension in its upper parts. 

Many orogenic belts contain evidence for exten- 
sion synchronous with continuing lithospheric 
shortening. Coeval normal faulting at high struc- 
tural levels and thrust faulting at deeper levels 
is recognized in many orogens including the 
Caledonides (Fossen 2000), the Alps (Reddy 
et al. 1999, 2003) and the Himalaya (Burg et al. 
1984; Burchfiel & Royden 1985; Burchfiel et al. 
1992; Searle 1999, 2003; Searle et al. 2003). A 
consequence of synconvergent extension is the 
exhumation of medium- to high-pressure rocks 
metamorphosed earlier in the orogenic event. 
Exhumation is accommodated through move- 
ment along hinterland-directed normal faults 
that operate synchronously with foreland- 
directed thrusts. Such exhumation implies bulk 
horizontal stretching of the upper crust, but not 
necessarily of the whole lithosphere. 

Care must be taken to confirm that major, 
hinterland-directed faults are extensional struc- 
tures (Wheeler & Butler 1994). In a south-vergent 
orogenic pile, fault zones that dip south with a 
top-side-north displacement sense could be back 
thrusts whereas fault zones that dip northward 
with a top-side-north displacement could be 
back thrusts rotated through the horizontal. 
More evidence than just a north-vergent sense 
of displacement is needed to confirm that such 

structures accommodate extension. In addition, 
fault zones with a top-side-north displacement 
(regardless of dip direction) could be associated 
with some form of wedge extrusion or channel 
flow, with the fault zone marking the top of the 
wedge or channel. 

What  drives synconvergent extension remains 
a matter of debate (e.g. Ring et al. 1999). It might 
be lithospheric or crustal in scale. Extension in 
both Tibet and the Betic Cordillera is interpreted 
as a result of gravitational potential following 
crustal uplift driven by lithospheric delamination 
(England & Houseman 1988; Platt & Vissers 
1989; Vissers et al. 1995). In contrast, in the 
Alps and the Himalaya extension is on a crustal 
scale and is accommodated by extensional 
structures on the hanging wall of a major, 
foreland-propagating thrust system. 

There are a number of possible mechanisms 
to account for synconvergent extension within a 
Himalayan-type system. It may be a simple func- 
tion of over-steepening of the critical taper of the 
thrust wedge (Platt 1993). If material continues 
to be added to the base, or rear, of the wedge at a 
rate greater than that at which rock is removed 
by erosion from the top, or front, of the wedge, 
then the critical taper can only be maintained 
by horizontal stretching of the upper part of the 

From: RIES, A. C., BUTLER, R. W. H. & GRAHAM, R. H. (eds) 2007. Deformation of the Cont&ental Crust." The 
Legacy of Mike Coward. Geological Society, London, Special Publications, 272, 155-185. 
0305-8719/07/$15 �9 The Geological Society of London 2007. 

 at University of St Andrews on May 31, 2015http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/


156 P.J. TRELOAR E T A L .  

wedge. In this case, extension along the top of the 
wedge will commence once sufficient thickening 
has occurred and should continue for as long as 
shortening persists. Collapse of the wedge may be 
encouraged by changes in the constitutive rela- 
tion between stress and strain rate of material 
within the belt (including an increase in pore 
pressure, presence of melt and the brittle~tuctile 
transition), and changes in the distribution of 
shear traction on the base of the wedge (England 
& Molnar 1993). Extension may also result from 
a reduction in the horizontal normal stresses 
applied to the belt (England & Molnar 1993). 
These could be driven by changes in far-field 
stresses, possibly the result of slab break-off 
(Davies & Von Blankenburg 1995) and/or a 
change from a retreating to a converging charac- 
ter of the plate boundary (see Royden 1993a,b). 
In the event of collapse, material movement 
within the wedge may follow paths similar to 
those predicted by corner flow models (i.e. Platt 
1993, 2000). However, kinematic indicators and 
flow vortices in the crystalline slab of the High 
Himalaya in Nepal and NW India (Vannay & 
Grasemann 2001) are not readily reconcilable 
with such a model. Instead, they may be consis- 
tent with a channel flow model (Grujic et al. 
1996; Beaumont et  al. 2001, 2004; Jamieson et  al. 
2004) in which ductile material is forced through 
a narrow channel with a thrust sense below and 
an apparent extensional sense above. 

Synconvergent extension is capable of bring- 
ing rocks metamorphosed at medium pressures 
back toward the surface during later stages 
of continuing convergence. However, the 
exhumation of UHP metamorphic rocks, meta- 
morphosed early in an orogenic cycle, poses a 
different problem. UHP rocks probably return to 
surface through more than one phase of exhuma- 
tion, with initial stages of exhumation of many 
high-pressure (HP) to UHP terranes occurring 
before thermal relaxation of the thickened crust 
(e.g. Chemenda et al. 1996, 2000). Data from 
both the western Alps and the western Himalaya 
show that exhumation of UHP rocks was coeval 
with early stages of crustal shortening. In these 
regions, exhumation from depths of c. 100 km to 
within 15-20 km of the surface occurred within a 
few million years (Desmons et  al. 1999; Gebauer 
1999; Rubatto & Hermann 2001; Treloar et  al. 
2003). The rapid loss of > 80 km of vertical sec- 
tion requires some form of extensional tectonics, 
which was clearly synorogenic as it was followed 
by further crustal stacking. In contrast to late 
orogenic extension, modelling by Chemenda 
et  al. (1996) suggested that early orogenic exten- 
sion implies bulk horizontal shortening of the 
lithosphere and the incorporation of the UHP 

rocks into a developing thrust stack. 'Extension' 
is probably the wrong term to use here as rapid 
unroofing of a UHP sequence cannot be due 
solely to orogenic collapse but, instead, requires 
buoyant, upward transport of a segment of crust. 
UHP rocks unroofed in this way should be 
bounded by stacks of fault and shear zones, each 
marked by metamorphic breaks, with a normal 
sense above and a reverse, or thrust, sense 
below. The distinction of shears associated with 
deep-level differential uplift of UHP rocks from 
shallow-level faults associated with orogenic 
collapse is a major problem in collisional 
orogens. 

Geochronological and structural data from 
the Indian Plate in North Pakistan (Fig. 1), to the 
west of the Nanga Parbat Syntaxis, as well as 
from the structurally overlying Kohistan Arc, 
permit construction of a model for Indian Plate 
exhumation that demands two discrete, short- 
lived phases of rapid exhumation separated by 
a long period of erosive exhumation with low 
unroofing rates. Evidence for this is summarized 
below and mechanical implications are assessed. 

Deformation and metamorphism in the 
internal zones of the Indian Plate to the west 
of the Nanga Parbat Syntaxis 

Collision in the NW Himalaya was between 
the leading edge of continental India and the 
Kohistan Arc (Fig. 1). During collision the arc 
was thrust onto continental India along the Main 
Mantle Thrust (MMT). The best constraints on 
the timing of collision are from palaeomagnetic 
(Patriat & Achache 1984) and sedimentological 
(Garzanti et  al. 1996; Pivnik & Wells 1996; 
Rowley 1996; Najman et  al. 2001; Zhu et  al. 
2005) data. These data indicate collision at 
c. 50 Ma or shortly thereafter. The structurally 
highest Indian Plate rocks contain strongly trans- 
posed, planar shear fabrics that show evidence, 
marked by L-S to L-tectonites (Fig. 2a), for high 
constrictional strains. Thrusting rather than 
recumbent folding was the dominant mechanism 
of crustal thickening. Planar foliations parallel 
the major thrust surfaces. Linear fabrics (Fig. 3) 
indicate a southward transport direction, varying 
from SW-directed, in the Kaghan Valley, to 
SSE-directed in the Hazara region (Treloar et  al. 
1991). 

Much of the metamorphism in the internal 
zones of the Indian Plate in northern Pakistan 
was along a chlorite- to sillimanite-grade 
Barrovian-type metamorphic gradient at 
9 _ 2 kbar (Treloar et  al. 1989a,b;  DiPietro 1991; 
DiPietro & Lawrence 1991; Treloar 1997; Foster 
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Fig. 1. Geological map of North Pakistan showing the separation of the Indian and Asian plates by the Kohistan 
Island Arc, the position of the Main Mantle Thrust and the locations of Figures 4 and 7. 
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et al. 2002). Peak temperatures barely reached 
those of anatexis, with a probable maximum 
of 650 ~ (Treloar et  al. 1989a; DiPietro & 
Lawrence 1991; Treloar 1997; Foster et  al. 2002). 
Although Treloar (1997) suggested that tempera- 
tures of 750 ~ were attained in sillimanite-grade, 
garnet-bearing migmatitic gneisses of the Upper 
Kaghan Valley, re-examination of these rocks 
shows them to be poly-metamorphic with 
anatectic fabrics being pre-Tertiary, probably 
Proterozoic, in age. Only those Indian Plate 
rocks that remained at depth until recently, as 
at Nanga Parbat, had a sufficiently long time 
scale over which to attain temperatures high 
enough for anatexis (Winslow et  al. 1995). 
Porphyroblast-matrix relationships and P - T - t  
modelling suggest that metamorphism followed 
a path of increasing pressure and temperature 
and was synchronous with tectonic burial of the 
leading edge of continental India beneath the 
Kohistan arc (Treloar et  al. 1989c; Treloar 1997: 
Foster et  al. 2002). Peak Barrovian metamor- 
phism is dated at c. 47 _+ 3 Ma (Smith et  al. 1994; 
Foster et al. 2002). Hornblende Ar-Ar  data 
date post peak metamorphic cooling at c. 41 Ma 
(42.6-t- 1.6Ma, Chamberlain et  al. 1991: 
41_+2Ma, Smith et  al. 1994; 39.8_1.6Ma,  
Hubbard et  al. 1995; 40+ 1 Ma, Treloar & Rex 
1990a,b). 

UHP coesite-bearing eclogites, metamor- 
phosed at > 20 kbar, crop out in the most inter- 
nal zones of the Indian Plate metamorphic stack 
in the Kaghan Valley (Fig. 4; O'Brien et  al. 2001; 
Kaneko et al. 2003; Treloar et al. 2003). A 
number of thermochronometers date peak UHP 
metamorphism at about 47 Ma (Tonarini et  al. 
1993: Kaneko et  al. 2003; Parrish et  al. 2003) and 
show that post-peak metamorphic cooling was 
well advanced by 44 Ma (Treloar et  al. 2003). As 
initial India-Asia collision was at c. 50 Ma, 
burial of upper crustal Indian Plate rocks to 
c. 100 km must have been rapid, residence time 
there short, and exhumation to mid-crustal 
regions at rates as high as c. 20 km per million 
years. 

Late Eocene exhumation and related 
deformation 

There are three main lines of evidence for a 
mid- to Late Eocene exhumation event. These 
relate to the timing of events, the structures that 

accommodated rapid exhumation of the UHP 
coesite-bearing eclogites and the structures that 
accommodated metamorphic inversion in the 
Barrovian rocks within the MMT footwall. 

Age data from the Pakistan Himalaya suggest 
that both Barrovian facies and UHP metamor- 
phism were rapid. A combination of initial 
India-Asia collision at c. 50 Ma, peak meta- 
morphism at c. 47 Ma and cooling back through 
500 ~ by 40 Ma suggest rapid post-peak meta- 
morphic cooling. These data constrain the 
amphibolite- to greenschist-facies transition to 
about 40 Ma, and suggest that residence times 
at peak metamorphic conditions were short and 
that post-peak cooling was rapid and accommo- 
dated by Eocene unroofing and exhumation. 

During the Eocene the UHP coesite-bearing 
eclogites were brought back to mid-crustal levels 
and thrust on top of the Barrovian sequences of 
the Kaghan Valley. Field relationships sum- 
marized by Treloar et  al. (2003) show the UHP 
eclogite-bearing sequence to be flanked by 
south-vergent thrusts below and extensional, 
top-side-north shears above, and that thrusting, 
extension and the transition from amphibolite- 
to greenschist-facies metamorphism were syn- 
chronous. Part of the exhumation was 
accommodated by uplift along a south-vergent 
thrust, mapped near Besal (Fig. 4), which places 
UHP rocks on top of Permo-Triassic cover rocks 
metamorphosed to eclogite facies. Rather than 
being south-vergent, the dominant micro- 
structures on the hanging wall of the thrust are 
penetratively developed S-C' shear bands with 
top-side-north displacement sense, which docu- 
ment a phase of pervasive top-side-north exten- 
sional shearing (Treloar et  al. 2003). Hornblendic 
amphiboles parallel a down-dip stretching 
lineation, which plunges at 32 ~ toward 180 ~ 

Initial exhumation of the Barrovian rocks was 
synchronous with that of the UHP rocks. Meta- 
morphic grade within the Barrovian sequence 
decreases structurally downward (Treloar et al. 
1989a; Treloar 1997). Rather than resulting from 
an originally inverted metamorphic gradient, 
inversion is due to imbrication by post- 
metamorphic ductile shear zones, each of which 
have higher grade rocks on the hanging wall than 
on the footwall. The ductile shear zones are S-L 
tectonites (Fig. 2b) with shear fabrics that anas- 
tomose around garnet, kyanite and K-feldspar 
porphyroclasts. Kinematic criteria indicate 
transport toward the SSE. Hornblendes from the 

Fig. 2. Field photographs of: (a) strongly transposed shear fabrics developed in the uppermost part of the Indian 
Plate footwall of the MMT (photography taken on the Thakot to Besham road near Thakot (see Fig. 7 for 
location); (b) x - y  section through S-L tectonites in shear zones that stack the Barrovian metamorphic sequence 
(photograph taken from just south of Batagram); (e) sheath fold developed in Indian Plate basement gneisses on 
the immediate footwall of the MMT, south of Jijal in the Indus Valley. 
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shear zones have Ar-Ar  ages of c. 40 Ma, similar 
to those outside the shear zones, suggesting 
that stacking predated cooling through 500 ~ 
(Treloar & Rex 1990a,b). Imbrication occurred 
on the footwall of the major south-vergent 
thrusts that brought the UHP rocks rapidly from 
depth to mid-crustal levels and placed them on 
top of the Barrovian rocks. The UHP rocks in the 
Kaghan Valley carry pervasive top-side-north 
shear bands suggesting that they are flanked 
above by major extensional zones (Treloar et al. 
2003). They are thus flanked by top-side-north 
extensional shears above and south-vergent 
thrusts below, both of which operated together. 
Cooling through the amphibolite-greenschist 
facies transition in both the UHP and Barrovian 
sequences was synchronous with thrusting. This 
suggests that the Barrovian rocks were them- 
selves being uplifted on the hanging wall struc- 
turally lower south-vergent thrusts at the same 
time as they were being overthrust by the UHP 
rocks. 

Although the Eocene shear zones that lie 
structurally above the UHP rocks have a top- 
side-north extensional geometry, they did not 
develop within an extensional regime. Lithos- 
pheric and crustal shortening was continuing and 
the apparently extensional structures are a result 
of buoyancy driven uplift of the UHP rocks, 
which contributed to continuing thickening of 
the developing orogenic pile. 

Early Miocene upper crustal stretching 

The second top-side-north stretching event that 
affected the metamorphic rocks of the internal 
zones of the Pakistan Himalaya was Miocene in 
age and is defined by structural data, major meta- 
morphic breaks and cooling histories. Vince & 
Treloar (1996) showed that amphibolite-facies 
Indian Plate rocks on the immediate footwall of 
both the MMT and the Banna Fault carry ductile 
S-C' fabrics with a top-side-north displacement 
sense. The ductile fabrics are locally cut by brittle 
fractures with a top-side-north displacement 
sense. Both fabrics are related to the same event 
(Vince & Treloar 1996). That the structures 
spanned the ductile to brittle transition implies 
that the sequence cooled during exhumation. 
This argument is supported by age data as well as 
metamorphic discontinuities within the upper 

Fig. 3. Map of mineral and stretching lineations 
developed in the approximately south-vergent shear 
zones of the internal, crystalline zones of the Indian 
Plate. Linear fabrics vary from SW-directed in the 
Kaghan Valley to SSE-directed in the Indus Valley. 

part of the Indian Plate and across the MMT. A 
period of slow cooling from 500 ~ to > 400 ~ 
in the upper Indian Plate (Fig. 5) followed the 
Eocene until c. 22 Ma when a period of rapid 
cooling started. MMT hanging wall rocks have a 
very different cooling history from the footwall 
rocks. The two sequences share a common cool- 
ing history only after both cooled through the 
apatite fission-track annealing temperature. 
These data are consistent with the MMT acting 
as a top-side-north normal fault zone during the 
Early Miocene. Major metamorphic breaks are 
recognized within the upper Indian Plate and 
along the MMT (Fig. 6). The MMT zone itself is 
marked by blueschist- and greenschist-facies 
rocks, which lie structurally above mid- to upper 
amphibolite-facies, sillimanite- to kyanite-grade 
Indian Plate rocks. These data suggest reactiva- 
tion of the MMT as an extensional fault zone 
during both the Eocene and the Miocene. 

This paper documents new data for the 
Miocene event from three sections through the 
MMT footwall (Fig. 7) and from the Kaghan 
Valley (Fig. 4). Two of the sections through the 
MMT footwall traverse muscovite-flee, biotite- 
bearing gneisses of the Besham Group. The third 
traverses hanging-wall and footwall rocks of the 
Banna Fault. 

Traverses through the Besham Group 

gneisses on the M M T  foo twa l l  

Indian Plate Besham Group gneisses are biotite- 
bearing quartzo-feldspathic gneisses with a 
Palaeo- to Meso-Proterozoic deformational and 
metamorphic history but little evidence for a 
Tertiary thermal overprint (Baig et al. 1989; 
Treloar et al. 1989d; Treloar & Rex 1990a: 
DiPietro & Isachsen 2001). The sequence 
includes amphibolite-facies metabasic layers 
with hornblende Ar-Ar  ages of c. 1850 Ma (Baig 
et al. 1989; Treloar et al. 1989d). Fabrics are cut 
by undeformed granitoids with Proterozoic ages. 
The Shang Granite is dated at 1864_+4 Ma 
(DiPietro & Isachsen 2001) and the Dubhair 
Granite at 1858 + 7.2 Ma (Zeilinger 2002). 

The dominant meso- and micro-structures 
present in the intensely deformed Besham Group 
gneisses on the immediate footwall of the MMT 
date from emplacement of the Kohistan Arc onto 
the Indian Plate during early stages of orogeny. 
On the Karakoram Highway, south of Jijal, the 
mylonitic fabrics are folded by recumbent, isocli- 
nal folds with apparent SE vergence (Fig. 2c). 
These folds, described as sheath folds by Will- 
iams (1989), plunge at 040~ ~ subparallel to 
the locally developed stretching lineation (Fig. 8). 
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Fig. 5. Temperature-time path for post-metamorphic cooling in both the internal zones of the Indian Plate and 
the Kohistan Arc. Modified from Treloar & Rex (1990a,b) and Vince & Treloar (1996). 
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Fig. 6. Schematic illustration (modified from Vince & Treloar 1996) showing the main metamorphic breaks across 
the margin between the northern part of the Indian Plate and the Kohistan Arc, together with relevant age data 
(Zeitler 1985; Treloar & Rex 1990a,b). 

The mylonites are strongly foliated and moder- 
ately lineated, with a foliation defined by planar, 
quartz-rich domains and elongate trails on feld- 
spar grains. Matrix quartz grains are intensely 
flattened and quartz ribbons display preferred 
alignment of elongate recrystallized grains (Sb) 
oblique to foliation (S,). A top-side-SW or WSW 
shear sense is indicated by deformation features 
in samples KV.29 and KV.30 (Fig. 9). These 
features include strongly asymmetric quartz 

c-axis fabrics, obliquity between macroscopic 
foliation and elongate dynamically recrystallized 
quartz grains, shear bands and delta-shaped tails 
on feldspar porphyroblasts. Quartz grains were 
deformed and recrystallized under regime II, 
possibly regime III, conditions of Hirth & Tullis 
(1992). Quartz c-axis opening angles for samples 
KV.29 and 30 are 54 ~ and 57 ~ respectively. By 
correlation with the data of Kruhl (1998, fig. 2), 
combined with additional data reported by Law 

Fig. 4. Geological map of the Kaghan Valley (from Treloar et  al. 2003) showing the location of the Besal and 
Batal thrusts and of the UHP rocks, sample locations mentioned in the text, and the line of section (A-B) shown 
in Figure 22. BF, Batal Thrust; BT, Besal Thrust; BA, Besal Antiform; LS, Lalusar Synform; LL, Lalusar Lake; 
S, Saleh-de-Baihk coesite eclogite locality; MMT, Main Mantle Thrust. 
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Fig. 7. Geological map of the northernmost part of the Indian Plate in the Indus valley section (from Vince 1997). 
The locations of Fig. 12 and of the Dubair Khwar and Karakoram Highway traverses through the MMT 
footwall are shown. 

et al. (2004, fig. 7) and Morgan & Law (2004), 
these fabric opening angles suggest deformation 
temperatures of 415~60_50~  These tem- 
perature estimates are in good agreement with 
deformation temperatures inferred from the well- 
developed quartz subgrain rotation microstruc- 
tures (regime II recrystallization) and weakly 
developed grain boundary migration microstruc- 
tures (see Stipp et  al. 2002, figs 2 and 4). 

Subsequent top-side-north deformation of 
the Besham Group gneisses along the Dubhair 

Khwar traverse (Fig. 7) was accommodated by 
a variety of ductile to brittle structures. Although 
some top-side-north structures are common 
throughout the traverse, others are developed 
locally at discrete levels within the MMT foot- 
walt. Immediately beneath the MMT, the 
gneisses contain abundant, NNE-dipping ductile 
shear surfaces that extensionally displace the 
Tertiary mylonites down to the north. The shear 
surfaces dip c. 20 ~ more steeply toward the NNE 
than the mylonite fabrics that they displace. 
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Fig. 8. Stereographic projection of linear fabrics 
developed in the Indian Plate basement gneisses on the 
immediate footwall of the MMT south of Jijal in the 
Indus valley. 

Most shears are < 5 cm long and curve onto, and 
crenulate, the mylonitic surfaces that date from 
the earlier SW-vergent shearing. Other than the 
ductile shears, the majority of the top-side-north 
structures along the Dubair  Khwar traverse are 
brittle. Small-scale, north- to NE-dipping brittle 
shear fractures, between 4 and 20 cm long, crop 
out along the entire length of the traverse. Steeply 
north-dipping, brittle normal faults are common 
and are associated with secondary shears that dip 
steeply to either north or south. Synthetic Reidel 
shears form repetitive, north-dipping secondary 
fractures developed at angles of 21-35 ~ to the 
main extensional fault planes. Infrequent, 
south-dipping extensional faults and associated 
synthetic Reidel shears may be conjugate to the 
dominant north-dipping shear zones. Small-scale 
synthetic and antithetic Reidel shears, < 10 cm 
long with displacement of < 1 cm, which devel- 
oped in response to north-directed normal 
displacements along brittle shear surfaces, 
are oriented parallel or subparalM to the 
mylonitic fabric and occur dominantly within 
phyllosilicate-rich layers. About 100 m south of 
the MMT, south-vergent mylonitic fabrics within 
the basement gneiss are cut by tension gashes 
c. 5 cm long, which dip to the north or NE at 
an angle of 35-40 ~ to the plane of the mylonitic 
fabric. The tension gashes are occasionally 
filled by quartz fibres that grew parallel to the 
minimum principal stress direction and indicate 

Fig. 9. Quartz c-axis fabrics from intensely deformed 
Indian Plate granitic basement rocks on the immediate 
footwall to the Main Mantle Thrust, south of Jijal (see 
Fig. 7 for location). Equal area projections on x z  
surfaces viewed towards the NW and NNW. Sa, 
macroscopic foliation; Sb, alignment of elongate 
recrystallized grains in quartz-rich domains. Plunge 
and trend of lineation are indicated. Data were derived 
using optical universal stage analysis. 

formation during a late, brittle stage of top-side- 
north to-NE shearing. Between 400 and 700 m 
south of the MMT, the mylonitized Indian Plate 
rocks contain a few north-dipping brittle shear 
surfaces up to 1 m in length, which offset the 
mylonitic fabrics by up to 8 cm. Both these shears 
and the ductile shears, seen at structurally higher 
levels, resemble C' shear planes (Berthe e t  al. 

1979). 
Immediately below the MMT at Jijal (Fig. 7), 

and generally within the upper 30-35 m of the 
MMT footwall, Besham Group gneisses along 
the Karakoram Highway contain abundant 
north-dipping ductile normal shear planes. 
The shear planes are predominantly defined by 
biotite, are generally < 5 cm long and curve onto, 
and crenulate, the mylonitic surfaces, which they 
extensionally displace down to the north. They 
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Fig. 10. Field photograph and sketch of a NW-vergent small-scale thrust duplex in the Besham basement gneisses 
on the KKH section through the MMT footwall. 

have an S-C geometry and dip 22 ~ more steeply 
to the NE than the mylonitic fabrics. Their 
frequency decreases abruptly downward with 
few present more than 60 m below the MMT. 
Mylonitic fabrics in the uppermost 5 m of the 
MMT footwall are deformed within a zone of 
north- to NNW-vergent thrust duplexes and 
NW-vergent folds with wavelengths of 5-10 cm. 
South-vergent, sheath folds that date from the 
thrusting of Kohistan onto India crop out above 
and below this zone of northerly-directed defor- 
mation (Fig. 10). North-dipping, top-side-north 
fractures, c. 30cm long, and smaller north- 
vergent thrust duplexes occur within the imbri- 
cates (Fig. 10). Mineral lineations and chrysotile 
slickenfibres occur on 20-30% of the NE- to 
east-dipping mylonitic fabric surfaces in the 
uppermost 10 m of the MMT footwall. After 

removing the effects of later folding, these 
indicate reactivation of the fabric planes as 
north-vergent brittle normal faults with dip-slip 
displacement toward the north. At greater 
depths, ENE-striking NNW-dipping tension 
fractures 1-4 cm long are abundant. The major- 
ity of these opened within quartzo-feldspathic 
domains. The walls of some of the fractures are 
lined by biotite and, locally, chlorite and fracture 
tips coincide with the termination of north- 
dipping normal shear planes. This may indicate 
progression from ductile to semi-brittle condi- 
tions of deformation during late-stage, top-side- 
north stretching. At depths of >95 m into the 
MMT footwall north- and NNE-striking, planar 
and curviplanar faults, which dip at c. 60 ~ to the 
north, cut the mylonitic fabrics. Striae on several 
of the fault planes indicate oblique, NE-directed 
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displacements along the faults. There is a clear 
similarity between the orientation and movement 
direction of these faults and the reactivated 
mylonitic fabric surfaces that crop out within the 
top 10 m of the MMT footwall. Gouge fabrics 
within some of the fault zones show that the 
faults accommodated north-directed normal 
displacements (Zeilinger et al. 2000). 

Extensional microstructures from the M M T  
footwall. Basement gneisses from the Dubhair 
Khwar and MMT traverses contain identical 
microstructures. Mylonitic fabrics associated 
with Early Tertiary SSW-vergent thrusting are 
characterized by feldspar-rich, quartz-rich and 

biotite-rich domains. Feldspar domains are 
composed of c. 18% antiperthitic feldspar por- 
phyroclasts (0 .54  mm) set in a matrix of albite 
and orthoclase with minor amounts of mica, 
quartz, epidote and titanite. Quartz domains are 
composed of c. 95% quartz and < 5% white mica. 
The micas typically occur as fine-grained, intra- 
domainal zones with rare grains of sodic plagio- 
clase typically aligned in the bulk foliation plane. 
Biotite domains are < 100 gm thick and contain 
biotite grains <500gm long with remnant 
amphibole and epidote set in a fine-grained 
biotite-rich matrix. 

Top-side-north fabrics that displace the main 
top-side-SSW fabrics down to the north to NE 

Fig. 11. Micrographs of top-side-north structures in the Besham basement gneisses on the immediate footwall of 
the MMT: (a) extensional biotite-rich shear bands displace the main top-to-the-SSW fabrics down to the north; 
(b) plagioclase porphryoblasts deformed by cataclastic micro-cracking and micro-faulting during extension 
produced disaggregated feldspar clasts with rotated domino fault blocks, jagged grain boundaries and extensional 
cleavage fractures. 
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are defined by phyllosilicate-rich shear bands, 
quartz c-axis fabrics and shear fractures within 
feldspar porphyroclasts (Fig. l la). The shear 
bands are biotite-rich, < l m m  long and 
< 100 ~tm wide and dip 20 ~ more steeply to the 
north than the main mylonitic fabrics. They 
contain very fine-grained biotite together with 
chlorite and transect and extend the older folia- 
tion. Asymmetry across the shear bands gives 
a top-side-north sense of displacement. Chlorite 
nucleation and growth occurred within the shear 
bands as a result of breakdown of amphibole 
and biotite. Plagioclase porphryoblasts were 
deformed by cataclastic micro-cracking and 
micro-faulting during extension. This produced 
disaggregated feldspar clasts with rotated 
domino fault blocks, indicating top-side-NE 
sense of shear, jagged grain boundaries and 
extensional cleavage fractures (Fig. 1 lb). Aggre- 
gates of small elongate quartz grains within 

Q-domains define a shape fabric oblique to the 
main SSW-vergent foliation, the sense of obliq- 
uity on which is consistent with a top-side-north 
to -NE sense of shear. Quartz fabrics are ductile 
and suggest deformation temperatures > 350 ~ 

Traverses across the Banna Shear 

The Banna Shear (Fig. 12) is a low-angle, north- 
dipping fault developed within Indian Plate 
rocks on the MMT footwall. The shear zone 
carries sillimanite-grade gneisses on its footwall 
and chlorite-grade metasediments on its hanging 
wall. Early fabrics on both footwall and hanging 
wall of the Banna Shear are consistent with 
south-directed shearing. Later north-vergent 
structures cut, and deform, the south-vergent 
fabrics on both the hanging wall and the 
footwall. 

Fig. 12. Geological map of the MMT zone east of the Indus Valley, showing the location of the Banna Shear and 
the traverses described in the text. 
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Along the road section from Thakot to Banna 
(Fig. 12), the hanging wall of the Banna Shear is 
characterized by fine-grained, greenschist-facies, 
graphitic and non-graphitic pelites, calc-pelites 
and marbles of the Banna Formation. Quartz 
and muscovite are ubiquitous and biotite is 
locally present in small amounts, often with 
chlorite. Microstructural relationships imply 
that both biotite and chlorite were stable during 
greenschist-facies development of the main 
south-vergent tectonic fabrics. The S1 fabric is 
a weakly developed, ENE-striking cleavage 
oriented subparallel to bedding. S~ was crenu- 
lated during D 2 producing an $2 fabric co-planar 
to $1. Both F~ and F2 folds are south-vergent and 
relate to south-vergent deformation during the 
Early Tertiary. A series of folds and faults dis- 
rupt the greenschist-facies fabrics. Within the 
lowest 30 m of the hanging wall, chlorite-rich 
meta-sediments are crenulated by tight, north- 
vergent folds with axial planes that strike at 
c. 100 ~ and dip at 45-50 ~ towards the south. 
Between 10 and 80 m above the Banna Shear, 
10-100cm long, north-dipping normal faults 
displace layering in graphitic phyllites (Fig. 13a), 
typically by a few centimentres, or reactivate 
earlier fabrics as brittle extensional surfaces. 
Between 90 and 130 m into the hanging wall, a 
series of south-dipping, north-vergent back- 
thrusts deform the metasediments (Fig. 13b). 
These brittle faults displace graphitic phyllite 
layers northwards by < 3 cm. At 130 m into the 
hanging wall, marble layers are folded by north- 
vergent folds with amplitudes of < 15 cm and 
axial planes that dip at c. 45 ~ to the south. At 
145 m above the Banna Shear marble layers 
exhibit ductile deformation across minor north- 
vergent extensional shear zones (Fig. 13c). Adja- 
cent phyllite layers show brittle failure across 
similar north-dipping faults. A few metres struc- 
turally higher in the sequence, conjugate sets of 
north- and south-dipping faults displace marble 
horizons by about 1 cm. Of the two, the north- 
dipping faults are dominant suggesting evolution 
during top-side-north shearing. 

A second traverse across the hanging wall of 
the Banna Shear follows the Rupkani khwar. 
Within this section, quartz-filled, brittle shear 
surfaces < 1 m long cut the pelites of the Banna 
Formation. The shear surfaces dip at c. 30 ~ to the 
NW and carry striae that plunge at 20 ~ to the 
NNE, consistent with oblique, dip-slip normal 
faulting towards the NNE. 

The footwall of the Banna Shear is formed 
of medium- to coarse-grained quartz-feldspar- 
biotite-muscovite-bearing gneisses of the 
deformed Mansehra Granite. A strong, sub- 
horizontal S-C fabric is defined by aligned mica 

Fig. 13. Field sketches drawn from photographs of 
meso-scale north-vergent extensional structures 
developed in low-grade, chlorite-bearing 
metasediments on the hanging wall of the Banna 
Fault: (a) 10-100 cm long, north-dipping normal faults 
displace layering in graphitic phyllites typically by 
1-2 cm; (b) south-dipping, north-vergent back-thrusts 
up to 100 cm long displace graphitic phyllite layers 
northwards by < 3 cm; (c) marble layers exhibit ductile 
shearing across minor north-vergent extensional shear 
zones. 

grains, elongate ribbon-like quartz domains and 
the aligned growth of recrystallized tails to feld- 
spar megacrysts. Mineral lineations trend north- 
south. Muscovite S-C fabrics and asymmetry of 
feldspar tails both indicate a top-side-south shear 
sense for this fabric. Along the Banna-Thakot 
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Fig. 14. (a, b) Field photographs of north-vergent ductile shears that cut earlier south-vergent shear fabrics in 
sillimanite-grade gneisses on the footwall of the Banna Shear. 

traverse (Fig. 12), the granite gneiss on the imme- 
diate footwall of the Banna Shear contains abun- 
dant ductile north-vergent normal shears that cut 
the south-vergent fabrics (Fig. 14). As a conse- 
quence of its mica content, the shears developed 
within the gneiss are more prominent and numer- 
ous than those developed in the mica-poor base- 
ment gneisses on the MMT footwall. The ductile 
shears have an S-C'  geometry. Common within 
the top 30 m of the footwall their abundance 
decreases downwards. Few north-dipping shears 
are preserved within the granite gneiss at > 80 m 
into the footwall. Along the Banna to Besham 

road section (Fig. 12) ductile, north-vergent 
shears are concentrated within the upper 100 m 
of the footwall. They measure a few centimetres 
long and displace the older fabrics by a few 
millimetres. With increasing depth the north- 
vergent extensional features become more brittle. 
Phyllosilicate-rich bands within the granite 
gneiss exhibit brittle failure across normal 
shears. 

Along both traverses a variety of shear criteria 
and crystallographic fabrics within the gneiss 
document late-stage top-side-north- to NE- 
vergent stretching. Phyllosilicate-rich domains, 
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less than 4 mm long and 300 ~tm wide, carry fine- 
grained biotite and chlorite with minor musco- 
vite and cross-cut the primary gneissic foliation. 
They define a shear band fabric with a top-side- 
north or -NE displacement sense. Within the 
granite gneiss extensional shear deformation was 
partitioned heterogeneously into zones of vary- 
ing deformation intensity. Within many of these 
zones the early south-vergent fabrics are largely 
overprinted by an S-C fabric defined by oblique 
fine-grained biotite domains. Trails of aligned 
mica fish, < 4 mm long, occur within zones of 
intense shearing (Fig. 15a). In places cataclasis 
and boudinage of muscovite, with subsequent 
migration recrystallization, resulted in formation 
of neoblastic biotite and chlorite (Fig. 15b). Else- 
where, intense cataclasis of muscovite, originally 
aligned parallel to south-vergent thrust fabrics, 
followed by migration recrystallization was 
accompanied by growth of fine-grained biotite 
and chlorite in north-dipping extensional C' 
shear bands (Fig. 15c). 

The  Upper  K a g h a n  Val ley  

The Upper Kaghan Valley (Fig. 4) lies north of 
Naran. The rocks crop out on the hanging wall 
of the north-dipping Batal Fault (Chaudhry & 
Ghazanfar 1987), which separates greenschist- 
facies rocks on its footwall from kyanite- and 
sillimanite-grade amphibolite-facies rocks on 
its hanging wall. Further north, the Barrovian 
sequence is structurally overlain by coesite- 
bearing UHP eclogites (O'Brien et al. 2001; 
Treloar et al. 2003). 

The Batal Fault is a south-vergent thrust 
zone (Chaudhry & Ghazanfar 1987; Greco 1989; 
Greco & Spencer 1993) operative during early 
stages of India-Asia collision. Our data show the 
thrust zone to be a steeply dipping sequence of 
mylonitic to sub-mylonitic rocks. The fault has 
been folded around a NNE-trending antiformal 
structure. Near Naran, the mylonitic fabrics 
strike NW, have a steep NE dip and carry a 
down-dip stretching lineation with an average 
trend and plunge of 054~ ~ (Fig. 16). Although 
Greco & Spencer (1993) described the mylonitic 
protoliths as granitic, their mineral content 
(quartz-feldspar-biotite-muscovite _ chlorite _+ 
garnet _+ sillimanite or kyanite) suggests that they 
had a metasedimentary protolith. 

Six samples have been analysed from the 
Batal Fault zone. KV.01 and KV.02 are dynami- 
cally recrystallized quartz veins that lie parallel 
to foliation in the quartz mica schists. KV.03, 
KV.04 and KV.05 are mylonitic quartz- 
feldspar-biotite-muscovite pelites and psam- 
mites with skeletal garnet grains. KV.06 is a 

quartz-chlorite-muscovite rock with much of the 
quartz in ribbons. Quartz microstructures in all 
six samples indicate high-temperature regime 
3 crystallization conditions (Hirth & Tullis 1992) 
with ubiquitous evidence for quartz grain bound- 
ary migration. This is also indicated in KV.04 by 
plastic deformation of plagioclase grains and 
grain boundary bulging of feldspars. On the basis 
of feldspar plasticity an absolute minimum 
deformation temperature of 450 ~ is indicated. 
All quartz c-axis fabrics from samples KV.01- 
KV.06 are Type II (Lister 1977) cross-girdle 
fabrics (Fig. 17) indicating approximately plane 
strain conditions (see review by Schmid & Casey 
1986). Similar quartz c-axis fabrics, also mea- 
sured by standard universal stage techniques, 
have previously been described by Greco (1989, 
fig. 4.26) 45 km along strike to the south of the 
Naran section in traverses across what could be 
regarded as the mapped extension of the Batal 
Fault zone (Greco 1989, fig. 4.24). Sense of fabric 
asymmetry in all our samples from the Naran 
section indicates top-side-SW sense of displace- 
ment during mylonite formation. Quartz c-axis 
fabric opening angles measured in the x - z  plane 
range from 58 to 71 ~ . By correlation with the 
quartz c-axis thermometry data of Kruhl (1998, 
fig. 2), combined with additional data reported 
by Law et al. (2004, fig. 7) and Morgan & Law 
(2004), this would indicate deformation tempera- 
tures of 460-560~ 50 ~ The highest opening 
angles, and hence highest deformation tempera- 
ture, are from sample KV.04, which also shows 
the most abundant microstructural evidence for 
plastic deformation of feldspar. These tempera- 
ture estimates are in good agreement with defor- 
mation temperatures inferred from the quartz 
grain boundary migration microstructures (see 
Stipp et al. 2002, figs 2 and 4). 

NE-dipping fabrics within the Batal Fault 
zone are deformed by centimetre-scale folds with 
SE-trending axes and SW-dipping axial planes. 
These NE-vergent folds are consistent with a 
top-side-NE shear sense and are interpreted 
as representing reactivation of the SW-vergent 
thrust-related shear surfaces of the Batal Fault. 
In this respect they are similar to the cascading 
top-to-the-NE folds described by Burg et al. 
(1996) on the footwall of the MMT to the NW of 
Naran. Burg et al. (1996) suggested the cascading 
folds to be located not just in the suture zone 
sequence that separates the Indian Plate rocks 
from the Kohistan arc sequence (their Bimbhal 
Valley traverse), but also in Indian Plate rocks on 
the hanging wall of the Batal Fault. They also 
identified NW-vergent folds within the Batal 
Fault Zone and stated that these could be traced 
downward to structural levels below that of the 
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Fig. 16. Stereographic projections of S- and L-fabric 
orientations in the Batal Fault zone, SE of Naran in 
the Kaghan valley (see Fig. 4 for location). 

fault. Our field data support the presence of a 
zone of distributed, late-stage, top-side-NE 
deformation throughout the area between the 
Batal Fault and the structurally overlying 
MMT and suggest that the early south-vergent 
structures were reactivated as top-side-north 
structures at greenschist-facies conditions. 

The northernmost part of the Kaghan Valley 
contains evidence for both Eocene and Miocene 
top-side-north stretching. A field photograph 
from a road cut south of Besal (Treloar et  al. 
2003, fig. 2F) shows macroscopic evidence for 
top-side-north displacement. Treloar et al. (2003) 
argued that this top-side-north stretching 
occurred during mid- to Late Eocene cooling 
from UHP to greenschist-facies conditions and 
is related to the earliest stages of UHP eclogite 
exhumation during the Early Eocene. 

The geology between Besal and the Babusar 
Pass has been described by Chaudhry & 
Ghazanfar (1987), Greco (1989) and Greco et  al. 
(1989). The dominant structures are large- 
wavelength and -amplitude, approximately east- 
west-trending, folds (here termed Fn+l), folded by 
north- to NNE-trending folds (here termed Fn+2). 

Fold interference yields Ramsay Type One 
patterns characterized by domal features as 
around Besal. The Fn+l folds deform the exten- 
sionally reactivated, south-vergent Early Eocene 
thrusts. Hornblende chronometers date cooling 
through the amphibolite-greenschist facies tran- 
sition here at c. 41 Ma. The F,+~ deformation 
thus postdates 41 Ma. Numerous macro- and 
microscopic parasitic folds are co-planar and 
co-axial to the macroscopic F,+~ folds. Mineral 
lineations and quartz rods parallel the fold axes 
(Fig. 18). Originally oblate albite porphyroblasts 
near Lake Lalusar, which grew during break- 
down of UHP phengite crystals at greenschist- 
facies conditions (Treloar et  al. 2003), are folded 
around mesoscopic Fn+ ~ fold hinges that plunge 
to the WNW. 

Sample KV.10 is from a dynamically recrys- 
tallized, 1 m wide quartz vein aligned parallel to 
foliation in a marble layer 3.5 km south of Besal 
(Fig. 4). Lineations on the vein margins plunge at 
55 ~ toward 170 ~ Although the plunge is a func- 
tion of later folding, the azimuthal direction, 
which is close to that of hornblende stretching 
lineations (Fig. 18) described by Treloar et  al. 
(2003), documents the primary south-vergent 
thrust sense. Quartz vein microstructures indi- 
cate Regime 3 recrystallization conditions of 
Hirth & Tullis (1992). However, highly lobate 
grain boundaries and deformation bands within 
quartz grains may indicate later deformation 
under lower-temperature Regime 1 conditions. 
Temperature of deformation was probably lower 
than that along the Batal Thrust. No convincing 
microstructural shear-sense indicators are pre- 
served within the plastically deformed quartz 
vein. Quartz c-axes define a partially developed 
cross-girdle fabric (Fig. 19a). Although the fabric 
asymmetry could indicate a top-side-north shear 
sense, all that can be safely deduced from the 
c-axis fabric is that the fabric indicates approxi- 
mately plane strain conditions and that the min- 
eral lineation is a principal extension direction 
and may document the primary south-vergent 
shear sense. 

Sample KV. 15, from a quartzite layer within 
crenulated garnet-mica-kyanite schists, was 
collected from crags 150 m above the valley floor, 
4.5 km WNW of Besal (Fig. 4). Lineations on the 
margins of the layer plunge at 26 ~ towards 115 ~ 

Fig. 15. Micrographs of north-vergent shear fabrics developed in the Mansehra granite gneiss on the footwall of 
the Banna Shear. (a, b) S-C fabric defined by oblique foliations within quartz aggregates, fine-grained biotite 
domains and mica 'fish' domains. (c) Cataclasis and boudinage of muscovite in mica fish, which, with subsequent 
migration recrystallization, resulted in formation of neoblastic biotite and chlorite. (d) Intense cataclasis of 
muscovite, followed by migration recrystallization, led to growth of fine-grained biotite and chlorite in 
north-dipping extensional C' shear bands. Scale bars represent 1 mm. 
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Fig. 17. Quartz c-axis fabrics from roadside exposures of plastically deformed and dynamically recrystallized 
metasedimentary rocks in the Batal Thrust Zone (see Fig. 4 for location). All fabrics are equal area projections on 
x z  surfaces cut perpendicular to foliation and parallel to lineation. All fabrics are viewed towards the NW. Plunge 
and trend of lineation are indicated. Data were derived using optical universal stage analysis. 

parallel to the crenulation lineation in the envel- 
oping schists. Muscovite laths define a banding 
parallel to the compositional layering. There are 
no convincing microstructural shear-sense indi- 
cators in either the quartzite or the schist. Quartz 
microstructures indicate Regime 3 recrystalliza- 
tion conditions (Hirth & Tullis 1992), but with 
superposition of deformation bands at a very 
high angle to foliation. The sample shows a very 
strong crystallographic preferred orientation. 
Quartz c-axes define a fabric transitional 
between a Type II cross girdle fabric intersecting 
in the sample y direction and a small circle fabric 

of large opening angle centred about the linea- 
tion (Fig. 19b). This fabric pattern indicates 
plane strain with a slightly constrictional defor- 
mation (Schmid & Casey 1986). There is no 
fabric asymmetry that can be used as a shear- 
sense indicator, although the fabric pattern 
shows that both the mineral lineation and the 
crenulation hinges parallel the principle exten- 
sion direction of 115 ~ This is parallel to the 
plunge direction of refolded, oblate albite por- 
phyroblasts from near Lalusar Lake. These 
directions parallel the axial trends of the Fn+l 
folds and are probably related to their evolution. 
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Fig. 18. Stereographic projections of linear fabrics 
from the northern Kaghan Valley. �9 mineral stretching 
lineations from S of Besal; x mineral stretching 
lineations and axes from between Besal and Babusar 
Pass; [] mineral stretching lineations associated with 
late stage N-directed slip on calcite veins. 

The Babusar Pass marks the north end of the 
Kaghan Valley. The MMT crops out just north 
of the Pass. A sequence of strongly foliated 
Indian Plate quartz-feldspar-mica-graphite 
schists and marbles are exposed at the Pass and 
along the ridge crest to the west. Marble units are 
intercalated with garnet-chlorite-bearing schists 
and metamorphosed mafic volcanic tufts that 
contain hornblende, retrogressed to actinolite, 
and garnet. An early foliation is preserved in 
mafic boudins within marbles. The foliation in 
the schists and marbles is folded about ENE-  
WSW-trending subhorizontal fold hinges. Perva- 
sive mineral lineations on foliation surfaces in 
schists and marble parallel the local fold hinges. 
Two sets of co-axial folds and crenulations are 
present. The first set has steep, NNW-dipping 
axial planes and is probably synchronous with 
the folds described from near Besal further south. 
The second has hinge planes that dip at 20-30 ~ to 
the SSE. Inter-limb angles for the latter are typi- 
cally 45-90 ~ Folds verge toward the NNW with 
long limbs dipping gently (20-30 ~ to the NNW, 
and short limbs dipping more steeply (40-70 ~ ) to 
the SSE. The geometry of the second set of folds 
is similar to that of the cascading folds described 
near Naran by Burg e t  al. (1996) and is consistent 
with top-side-north stretching. Calcite veins 
separate foliation surfaces on the NNW-dipping 
fold limbs. Mineral lineations on these plunge 

Fig. 19. Quartz c-axis fabrics from the Besal area, 
northern Kagan Valley (see Fig. 4 for location details): 
(a) c-axis fabric from coarse-grained dynamically 
recrystallized quartz vein (KV. 10) in road cut south of 
Besal; equal area projection on xz surface viewed 
towards the west; (b) c-axis fabric from quartzite 
(KV. 15) located c. 4.5 km WNW of'Highway Lodge' 
at Besal; equal area projection on x z  face viewed 
towards the NNE. Plunge and trend of lineation for 
each sample are indicated. Data were derived using 
optical universal stage analysis. 

at 26 ~ towards 350 ~ and post-date the pervasive 
subhorizontal ENE-WSW-trending lineation 
developed in the schists. A top-down-to-NNW 
shear sense is indicated in the calcite veins by: 
obliquity between elongate calcite grains and 
vein margins; bending of calcite grains lamellae 
adjacent to planar zones of fine-grained calcite 
(<  5 gm), which presumably represent zones of 
localized shear within veins; asymmetric trails 
of fine-grained calcite and graphite surrounding 
quartz clasts in fine-grained zones; and shear 
bands in fine-grained zones. 

Samples KV. 18 to KV.24 were collected from 
folded schists along the ridge crest at Babusar 
Pass. Axial planes dip shallowly to the SSE. 
Quartz c-axis fabrics from KV.23 and KV.24 
(Fig. 20) confirm the subhorizontal ENE-WSW- 
trending lineation to be a true stretching linea- 
tion oriented parallel to the principal extension 
direction associated with penetrative deforma- 
tion. Few unequivocal microstructural shear- 
sense indicators were found within the schists. 
Weakly developed shear bands in KV.23 (S: 052~ 
44~ L: 246~ ~ indicate a dextral sense of 
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Fig. 20. Quartz c-axis fabrics from Babusar Pass area. 
Samples KV.23 and KV.24 were collected from the 
ridge crest due west of the summit of Babusar Pass; 
samples KV.26 and KV.27 were collected 2 km due 
north of Babusar Pass (see Fig. 4 for location details). 
All fabrics are equal area projections viewed 
geographically downwards onto x z  surfaces. S~, 
macroscopic foliation; Sb, alignment of elongate 
recrystallized grains in quartz-rich domains. Plunge 
and trend of lineation are indicated for each sample. 
Data were derived using optical universal stage 
analysis. 

relative motion between the Indian Plate and 
Kohistan rocks when viewed geographically 
downward. This shear sense is compatible with 
the asymmetry in the quartz c-axis fabric data for 
KV.23, but the degree of fabric asymmetry is 
small. The skeletal asymmetry of the c-axis fabric 
from KV.24 (S: 060~176 L 068o/06 ~ also 
indicates a dextral sense of relative motion 
between the Indian Plate and Kohistan viewed 
geographically downward. Weakly developed 
shear bands in KV.24 locally indicate both 
dextral and sinistral shear senses. Weakly devel- 
oped shear bands and asymmetric amphibole 
tails on garnet grains in KV.19 (a mafic boudin 
within a marble unit; S: 070~176 L: 070~ 
00 ~ also indicate a dominant dextral shear sense, 
although some asymmetric tails indicate the 
opposite shear sense. 

Hubbard & Spencer (1990) and Hubbard 
e t  al. (1995) suggested that meso- and micro-scale 
structures in rocks of both the Indian Plate and 
the Kohistan arc at Babusar Pass, together with 
the preferred crystallographic orientation of 
quartz, indicate a top-side-WSW shear sense 
associated with the pervasive WSW-ENE-trend- 
ing mineral lineation. These structures include 
asymmetric pressure shadows, shear bands and 
preferred quartz grain shape orientations. The 
quartz c-axis fabric data described here (Fig. 20) 
are not consistent with the data of Hubbard & 
Spencer (1990). There are two possible reasons 
for this. First is a reference frame problem with 
reporting shear senses at Babusar Pass. This is 
because the main fabrics are folded about the 
WSW-ENE-trending co-axial stretching linea- 
tion, and may thus dip to the NNW, the SSE or 
be vertical. Descriptions of shear senses in terms 
of top-to-the-ENE or -WSW thus become mean- 
ingless when traced across a fold axis. When 
traced from one limb to an adjacent one, and 
always viewed from above onto the x z  plane, a 
single original shear sense (Fig. 21 a) after folding 
of foliation about a gently dipping hinge surface 
may appear to be sinistral (top-side-WSW) on 
the NNW-dipping limb, sinistral where foliation 
is vertical, and sinistral (but now top-side-ESE) 
on the SSE-dipping limb (Fig. 21b). At Babusar 
Pass, where folding has occurred about gently 
to moderately, SSE-dipping hinge surfaces, it is 
more useful to express shear senses in terms of 
either a dextral or sinistral sense of relative 
motion between the Indian Plate and Kohistan 
rocks when viewed geographically downward. 
That the primary fabrics are refolded around the 
meso-scale late folds at Babusar Pass suggests 
a further complication. The regional-scale, 
upright, large-amplitude ENE-WSW-trending 
F~+~ folds described above have fold axes and 
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Fig. 21. Schematic diagrams illustrating the effects of 
folding about WSW-ENE-trending lineation on shear 
senses reported on x z  surfaces. (a) Original planar 
foliation with top-to-the-WSW sense of shear on 
lineation as reported by Hubbard & Spencer (1990) 
and Hubbard et  al. (1995) for the Babusar Pass area. 
(b) Folding about a hinge surface dipping gently to the 
SSE results in change in top-to-the-WSW 'upper over 
lower' shear sense (Hubbard & Spencer 1990; 
Hubbard et  al. 1995) from top-to-the-WSW on 
NW-dipping fold limb (case 1) to top-to-the-ENE on 
the SE-dipping limb (case 3). Viewed geographically 
downwards onto the xz surface, however, a constant 
sinistral shear sense is observed. (c) Isoclinal folding 
about a hinge surface dipping steeply to the NNW 
results in opposite shear senses being observed on 
x z  surfaces from adjacent fold limbs when viewed 
geographically downwards. However, results from our 
study (Fig. 20, sample KV.27) indicate the same 
(dextral) shear sense on both limbs, indicating that 
penetrative shearing outlasted isoclinal folding. 

axis-parallel lineations subparallel to those of 
the late-stage, cascading folds at Babusar Pass. 
Quartz c-axis data reviewed above show that the 
Fn+l folds were not plane strain structures, as 
there was significant extension along their axes. 
The Hubbard & Spencer data would suggest that 
these major folds, which postdate the Eocene but 
predate extension along the MMT, had a sinistral 
sense of transpressive shear. 

Samples KV.26 and KV.27 were collected 
200 m east of the road, 2 km north of Babusar 
Pass. According to Chamberlain e t  al.  (1991~ 
fig. 2) these samples should be part of the 
Kohistan sequence. However, the samples are 
quartz-biotite-muscovite schists with euhedral 
garnet and are instead retrogressed, greenschist- 
facies Indian Plate rocks. Both samples are 
strongly foliated and lineated. Foliation is tightly 
to isoclinally folded on a centimetre to millimetre 
scale about gently plunging WSW-ENE- 
trending fold hinges with hinge surfaces dipping 
steeply to the NNW. A strong linear fabric is 

produced by quartz rods oriented parallel to fold 
hinges. A spaced (c. 10 cm) crenulation cleavage, 
oriented parallel to hinge surfaces, locally over- 
prints the main foliation. Both the vergence of 
the folded main foliation and the sense of down- 
dip offset along spaced crenulation cleavage 
planes indicate a top-down-to-NNW shear sense. 
The presence of chlorite on the cleavage planes 
indicates a low metamorphic grade during crenu- 
lation development. The main foliation and the 
crenulation cleavage are locally cross-cut by 
NNE-dipping listric faults or shear bands which 
can be traced for over 1 m down dip and have a 
typical spacing of 10-30 cm. The sense of folia- 
tion deflection into these structures indicates a 
top-down-to-NNE shear sense. Mean strike and 
dip of five of these metre-scale extensional struc- 
tures is 117~176 These structures, together 
with the lineated calcite veins described above, 
document a phase of north-directed extension 
that post-dates development of the crenulation 
cleavage and its associated WSW-ENE-trending 
lineation. 

Sections from samples KV.26 and KV.27 
were cut perpendicular to the main foliation and 
parallel to a lineation defined by quartz rods (i.e. 
the x z  section). The section from KV.26 is from 
a domain of NNW-dipping foliation. That from 
KV.27 cuts across both limbs of an isoclinal, 
centimetre-scale antiform. The lineation devel- 
oped on a foliation surface on KV.26 that dips 
056~176 is horizontal and trends towards 
056 ~ The lineation on KV.27 plunges at 14 ~ 
towards 056 ~ on a vertical foliation surface that 
strikes 056 ~ When viewed downward onto xz 
surfaces, both shear bands and recrystallized 
quartz grain shape alignment (Sb) oriented 
oblique to main foliation (Sa) indicate an 
unequivocal dextral shear sense (Fig. 20). This is 
the same as that recorded in samples KV.23 and 
KV.24 to the west of Babusar Pass. Quartz c-axis 
fabrics from KV.26 and KV.27 are fairly sym- 
metric in terms of skeletal outline, although the 
asymmetry of density distribution in both these 
fabrics could be interpreted to indicate a sinistral 
shear sense (Fig. 20). The difference in shear 
sense between the microstructures and the c-axis 
fabrics is unusual but could indicate a flip in 
shear sense with the c-axis fabric asymmetry 
probably recording the most recent motion. 
Quartz c-axis fabrics from samples KV.26 and 
KV.27 (Fig. 20) confirm the subhorizontal 
ENE-WSW-trending rodding lineation to be 
a true stretching lineation oriented parallel to 
the principal extension direction associated with 
penetrative deformation. As at Babusar Pass, 
and further south at Besal and Lake Lalusar, 
fold hinges are oriented parallel to this extension 
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direction. To the north of the Pass folding is 
much tighter and generally associated with 
steeply dipping hinge surfaces. If isoclinal folding 
about subhorizontal hinges and steeply dipping 
hinge surfaces post-dated penetrative deforma- 
tion, then opposite shear senses should be 
observed in x z  sections on adjacent fold limbs 
(Fig. 21c). However, the same shear sense is 
indicated by both shear bands and oblique 
recrystallized grain shape alignment on adjacent 
fold limbs in KV.27, suggesting that along fold 
hinge straining outlasted isoclinal folding. The 
microstructural and c-axis data from small-scale 
east-west-trending structures implies that the 
large-wavelength and -amplitude east-west- 
trending folds are characterized by along-axis 
stretching. This is an important observation as 
it implies that regionally developed large- 
wavelength and -amplitude folds that deform 
the Early Eocene fabrics are not plane strain 
structures but exhibit evidence for pre-Miocene 
orogen-parallel stretching. 

In the Upper Kaghan Valley the MMT zone 
crops out just north of Babusar Pass as a moder- 
ately north-dipping structure. Here, it separates 
two distinct sets of structures. On the footwall 
the main structures in the Indian Plate are a series 
of approximately east-west-trending upright 
folds with wavelength and amplitudes measur- 
able in terms of tens of kilometres. These upright 
folds deform early Eocene thrusts and shear 
fabrics that accommodated exhumation to mid- 
crustal levels of the coesite eclogites (O'Brien 
et  al. 2001; Treloar et  al. 2003). The crenulations 
described from Besal and the Babusar Pass are 
co-planar to, and co-axial with, these large-scale 
structures and probably developed synchro- 
nously with them. The upright Eocene folds 
are characterized by along-axis stretching. Such 
folds are not found in the rocks of the Kohistan 

Arc that crop out on the hanging wall of the 
MMT. Large-amplitude folds in the Indian Plate 
rocks are truncated by the MMT north of Saleh 
de Bainkh (Fig. 22). Here Indian Plate rocks 
and bedding parallel fabrics dip steeply south 
and are cut by the north-dipping MMT (Treloar 
et  al. 2003). In contrast, the MMT hanging wall 
just north of Babusar Pass carries hillside-sized, 
mesoscopic to macroscopic flat-lying northward- 
cascading folds (Fig. 23). These folds have sub- 
horizontal axial planes that dip gently towards 
the SE or SSE and axes that trend approximately 
east-west. 

Summary of the structural and thermal 
evolution of the internal zones of the Indian 
Plate of North Pakistan 

Data presented here, and elsewhere, allow con- 
struction of a structural history for the northern 
part of the Indian Plate during Eocene to 
Miocene collision with the Kohistan Island 
Arc. (1) South-vergent thrusts accommodated 
subduction of the leading edge of the Indian 
Plate beneath Kohistan along the Main Mantle 
Thrust. This was accompanied by prograde 
metamorphism along a path of increasing pres- 
sure. Both the UHP coesite-bearing eclogites and 
the Barrovian sequences reached metamorphic 
peaks at about 47 Ma. (2) Buoyancy forces 
caused rebound of the UHP rocks, bringing them 
back to mid-crustal levels, where they are flanked 
by normal faults above and thrust faults below. 
Imbrication of the Barrovian sequence occurred 
on the footwall of the thrusts that accommodated 
uplift of the UHP rocks. (3) Eocene fabrics were 
folded about large-wavelength and -amplitude, 
WSW-ENE-trending folds characterized by 
along-axis stretching. (4) Early Miocene upper 

B A  
. . . . . . .  /__ 

Fig. 22. Structural section, viewed towards the WNW, across the northern part of the Indian Plate and the MMT 
in the upper Kaghan Valley; line of section is indicated in Figure 4. 
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Fig. 23. Large-scale cascading folds developed on the MMT hanging wall at Babusar Pass. (Sketch drawn from a 
mosaic of field photographs.) 

crustal stretching caused reactivation of the 
MMT zone as a top-side-north ductile to brittle 
shear zone. This brought rocks metamorphosed 
at UHP and mid-crustal conditions back to near 
the surface. In the Indus Valley, Early Miocene 
stretching is documented by a range of north- 
vergent ductile structures overprinted by north- 
vergent brittle structures. In the Kaghan Valley 
it is documented dominantly by north-vergent 
cascading folds and by excision of upright, large- 
wavelength folds in the Indian Plate by reactiva- 
tion of the MMT. Thermo-chronological data 
show that cooling on the MMT footwall was 
much more rapid than that on the hanging wall, 
suggesting that differential uplift across the 
MMT zone during the early Miocene can be 
measured in terms of up to 10 km. The MMT 
zone is thus best described as a complicated, 
long-lived structure (originally with a thrust 
sense and latterly with a top-side-north exten- 
sional sense) that separates the Kohistan arc to 
the north, on its hanging wall, from the Indian 
Plate to the south on its footwall. 

Principal stretch direction parallel to 
east-west trending fold hinges 

The Upper Kaghan Valley (Fig. 4) is marked by 
a series of gently plunging east-west trending 
folds (with amplitudes varying from metre to 
kilometre scale) in which quartz petrofabric 
analysis indicates the principal stretching direc- 
tion to be oriented parallel to fold hinges (Figs 19 
and 20). This parallelism between east-west 
trending fold hinges and the principal extension 
direction is recorded only at relatively high struc- 
tural levels of the Indian Plate sequence, above 
the Batal Thrust and below the MMT. In the 
Batal Thrust zone itself, the principal stretching 

direction plunges down-dip towards the NNE, 
and is perpendicular to the hinges of the cascad- 
ing folds. This suggests that the relationship 
between the principal stretching direction and 
fold hinges is likely to be due to structural 
position within the orogenic wedge. Similar 
relationships between structural position and the 
orientation of principal stretching directions 
relative to orogenic strike have been identified 
in other collisional orogens, and have also been 
predicted on the basis of analogue and numerical 
modelling studies. For example, in the European 
Alps Ramsay (1981) identified a vertical dis- 
tribution between stretching perpendicular to 
the orogenic strike at deeper structural levels 
and stretching parallel to orogenic strike at 
higher structural level. A similar geometry was 
reported from analogue models by Merle (1998, 
pp. 96-102). 

One potential explanation for this domainal 
distribution of principal stretching directions 
was suggested by Platt (2000, fig. 10), who argued 
that during oblique plate convergence involving 
a viscous wedge, strike-parallel motion is con- 
centrated near the rear of the wedge, or adjacent 
to the backstop, whereas motion in the frontal 
part of the wedge is essentially perpendicular to 
orogenic strike. In this numerical model, the 
strike-parallel component of flow increases 
upward from the base of the wedge. In the case of 
the Himalayan arc, it is clear from earthquake 
first motion fault-plane data, GPS-derived veloc- 
ity fields and stretching lineations in the frontal 
parts of the arc that transport directions are per- 
pendicular to strike (e.g. Bouchez & P~cher 1981; 
Baranowski et  al. 1984; Brunel 1986; Molnar & 
Lyon-Caen 1989; Grasemann et  al. 1999; Larson 
et al. 1999; Bendick & Bilham 2001; Jade et al. 
2004). However, within the orogenic hinterland 
of the Himalaya there is much evidence for the 
presence of along-arc strike-parallel extension 
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(e.g. P6cher 1991; P6cher et al. 1991; Coleman 
1996; McCaffrey & Nabelek 1998; Seeber & 
P6cher 1999; Murphy & Copeland 2005). This 
close geometric relationship between arc 
curvature and the observed distribution of arc- 
perpendicular (radial) and arc-parallel stretching 
suggests a more direct relationship between 
degree of orogenic curvature and local stretching 
directions than that implied in models involving 
oblique plate convergence. Murphy & Copeland 
(2005, fig. 10) have suggested a mechanism for 
western Nepal that explains arc-normal contrac- 
tion in the foreland and arc-parallel extension 
in the hinterland that is directly linked to degree 
of orogenic curvature. Their model predicts that 
with foreland-directed growth of the orogenic 
wedge, parts of the orogen pass with time from 
being located in domains undergoing arc-normal 
contraction to domains undergoing arc-parallel 
extension. Together, the two work to maintain 
the arcuate shape of the orogen. 

By analogy, for northern Pakistan we can 
identify a temporal sequence from thrust- 
directed crustal thickening in the Early Eocene in 
what is now the hinterland, to a period, probably 
during the Oligocene, when the hinterland was 
being internally deformed by upright east-west 
trending folds with along-axis stretching, while 
simultaneously being carried southward along 
underlying south- to SW-vergent thrusts charac- 
terized by strike-normal (i.e. thrust transport- 
parallel) stretching. Our kinematic data (Fig. 20) 
suggest a dextral sense of shear along these fold 
axes. This period of crustal thickening came to an 
end during the early Miocene, when the upper 
part of the system went into overall extension 
and the upright folds were truncated by normal 
faults developed within the Main Mantle Thrust 
zone. 

Exhumation: causes and mechanisms 

Two phases of exhumation, separated by a long 
standstill with minimal apparent exhumation, 
are indicated for the metamorphic rocks, includ- 
ing the UHP rocks, of the northern part of the 
Indian Plate in Pakistan. Although both the Late 
Eocene and Early Miocene phases of extension 
are synchronous with continued convergence, 
the driving force for each is different although 
there are similarities in the structures that accom- 
modate extension. Eocene exhumation was the 
result of buoyancy driven uplift of felsic UHP 
rocks. Structures that accommodated this uplift 
have been described by Treloar et  al. (2003) and 
a mechanism for it by Chemenda et  al. (1996, 
2000). Although the north-dipping Eocene struc- 
tures that structurally overlie the UHP rocks 

have a top-side-north extensional geometry, they 
did not develop within a regime of lithospheric 
extension. Lithospheric shortening was continu- 
ing and the structures with extensional senses are 
the result of vertical thickening driven by buoy- 
ant uplift of the UHP rocks which contributed to 
thickening of the developing orogenic pile. 

Here we assess potential causes and mecha- 
nisms of Miocene upper crustal, orogen- 
perpendicular stretching. In the NW Himalaya 
such stretching could be a function of one of 
three possible processes: (1) over-steepening 
of the thrust wedge driven by changes in rate of 
accumulation to the base of the wedge; (2) slab 
break-off, which could cause over-steepening of 
the thrust wedge; (3) extrusion driven by channel 
flow. Because top-side-north stretching in the 
NW Himalaya occurred at the same time in the 
main Himalayan chain, there is no reason to 
invoke driving mechanisms in the central 
Himalaya that are different from those proposed 
for the NW Himalaya. For instance, if channel 
flow models that apparently explain upper 
crustal extension in the central Himalaya 
(Beaumont et  al. 2001, 2004; Jamieson et  al. 
2004) do not obviously work for the rest of the 
Himalaya they are probably fundamentally 
flawed. Some models are assessed below 
although the assessment is based on the assump- 
tion that processes in the NW Himalaya are at 
least as important as those in the main Himalaya. 

A large amount of published data relate to the 
concept of the thrust wedge. The Coulomb wedge 
model, outlined by Platt (1993), is a scenario that 
may be applicable to the Himalaya. In this model 
the taper of the wedge is a function of the angle of 
internal friction of the material within the wedge 
and the coefficient of friction along the base of 
the wedge. Features that affect the internal angle 
of friction include changes in pore pressure and 
the presence of melt. A stable orogenic wedge will 
not deform unless the balance between tractional 
forces at its base and gravitational forces related 
to wedge thickening is disturbed for some reason. 
The underplating of material to the base of the 
wedge is a consequence of continental collision 
and, unless compensated for elsewhere, will cause 
an increase in the angle of taper of the wedge. 
One way of maintaining the taper in such a situa- 
tion would be by initiating extension at the rear 
of the wedge. The Coulomb model thus provides 
a mechanism through which underplating can 
occur synchonously with exhumation at higher 
structural levels. Harris & Massey (1994) sug- 
gested that weakening of the wedge through 
crustal anatexis might yield a similar result. The 
Coulomb wedge model is an attractive one to use 
to explain Early Miocene extension along the 
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entire Himalayan chain. England & Molnar 
(1993) explored various scenarios in which 
extension along the Himalayan chain might be 
explained by changes within the wedge or along 
its base. The main problem with this analysis is 
that there is no real continuity along the length 
of the chain from Nepal to Pakistan. Hence, 
changes in the internal constitutive force in the 
Nepalese Himalaya, largely driven by melting, 
are not apparent in the NW Himalaya. Similarly, 
although abrupt reductions in the tractive 
strength of the basal detachment can be docu- 
mented in the NW Himalaya where the basal 
thrusts cut down into salt horizons (Coward et al. 
1988), the same cannot be shown in the central 
Himalayan chain. Hence, it is unlikely that 
simple thickening of the thrust wedge along the 
entire length of the Himalayan chain could have 
driven extension that was synchronous from 
Bhutan to Pakistan. 

The second possibility is that exhumation 
of high-grade metamorphic rocks occurred as 
a result of channel flow. Beaumont et al. (2001, 
2004) used numerical modelling to show that 
synconvergent extension in the main Himalayan 
chain could be the result of a form of toothpaste 
tectonics in which a ductile, melt-rich layer is 
squeezed out to the south. The South Tibetan 
Detachment Zone, with high-grade rocks 
below and low-grade rocks above, has a north- 
side down sense of normal displacement. Key 
elements of the model are a high plateau in the 
hinterland, a steep mountain front and elevated 
mid-crustal temperatures with rocks in the chan- 
nel rheologically weakened by the presence of 
melt. Although the requirements might be met in 
the central Himalaya they are not in the NW 
Himalaya in North Pakistan. None of the key 
elements used to model channel flow in the 
central Himalaya are recognized in the NW 
Himalaya, where there is no evidence that a high 
plateau existed in the hinterland or that a steep 
mountain front was present during the early 
Miocene and where, unlike in the central 
Himalaya, no Himalayan age migmatites have 
been brought to surface. As synconvergent exten- 
sion was operative synchronously in both the 
NW Himalaya and the central Himalayan, this 
suggests that the channel flow model may not be 
the ultimate solution. We note that the high 
Moho temperatures of 704 ~ used in the models 
of Beaumont et al. (2001, 2004) are unreasonable 
and probably imply the model to be invalid even 
in the central Himalaya. 

A third possibility is that upper crustal 
stretching at the top of the Himalayan thrust 
stack in Pakistan was driven by slab delamina- 
tion and associated rollback. Maheo et al. (2001) 

argued the case for slab break-off north of the 
Indus suture on the basis of enhanced heat flows 
recorded in metamorphic rocks and the emplace- 
ment of alkaline mafic rocks and lamprophyres 
into the Asian crust. They suggested that slab 
break-off commenced at 25 Ma, or just before 
initiation of Miocene exhumation along the 
length of the Himalayan chain. Royden's (1993a) 
analysis of the mechanics of retreating and 
advancing subduction boundaries is relevant 
here. Orogenic belts that form at retreating 
boundaries are generally characterized by low 
mountains and the development of extensional 
back-arc basins. However, as subduction bound- 
aries may switch from retreating to advancing 
and back again the characters of their supra- 
structure may change with time. In the case of the 
Himalaya, it is clear that the partitioning 
of shortening between thrusting in the main 
Himalayan chain, thickening of Tibet and lateral 
extrusion of Tibet has not been constant. The 
main effect of slab break-off will be to change the 
balance between slab pull and overall plate con- 
vergence. High slab pull will encourage retreating 
subduction boundaries and upper plate exten- 
sion (Royden 1993a,b). In contrast, slab break- 
off will decrease the negative buoyancy, and 
hence tractive force, of the subducting slab, thus 
reducing the force exerted by the slab, and 
encourage subduction advance and hence 
increase shortening in the upper plate. Theoreti- 
cally, this should lead an increase in the height of 
the mountain chain. However, feedbacks within 
the system are obvious. If the Late Oligocene- 
Early Miocene Himalayan mountain front can 
be viewed as a Coulomb wedge, increasing the 
shortening across the wedge would have a 
dramatic effect, regardless of the presence or 
otherwise of melt within it. Initiating addition of 
material to the base of the wedge, as a result of 
instigating activity along new, foreland-directed 
thrusts on the wedge base, will cause over- 
steepening of the wedge, which will drive exten- 
sion in its upper parts. Hence, reducing the 
tractive force on the base of the system as a result 
of slab break-off may initiate wedge collapse 
simply as a result of the increased compression 
that results. 

Since the Miocene the Pakistani Himalayan 
topographic high has been reduced by erosion 
rather than extension. Although thrusting has 
continued at the base of the wedge, growth of 
high mountains has been stopped by the presence 
of the Eocambrian salt layer within which the 
basal thrusts are now located. As a result, critical 
taper of the wedge is now maintained by out-of- 
sequence thrusting at the rear of the wedge, 
rather than thickening at its frontal base. 
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Conclusions 

Two main phases (Eocene and Miocene) of exhu- 
mation of U H P  and medium-pressure rocks are 
evident in the Pakistan Himalaya. The Eocene 
event is the function of buoyant uplift of upper 
crustal material rapidly buried to >100 km 
depth. Although flanked above by top-side- 
north ductile shears this uplift involved no real 
extension but instead contributed to the overall 
thickening of the subducting Indian Plate. 

Top-side-north shear zones, developed in the 
upper part of the Indian Plate in North Pakistan 
during the Early Miocene, document a major 
phase of upper crustal, orogen-perpendicular, 
stretching. This occurred synchronously with 
upper crustal stretching in the central Himalaya. 
The structures described here are documented 
by clear metamorphic breaks (greenschist- or 
blueschist-facies rocks structurally overlying 
sillimanite-grade rocks) and by distinct breaks 
in cooling history across the major structures. 
In addition, they cause significant structural 
discontinuities best documented by the way 
that upright large-amplitude and -wavelength 
folds are cut by the north-dipping MMT. 
The combination of macro-, meso- and micro- 
scopic structures with a general top-side-north 
(hinterland-directed) sense of motion, metamor- 
phic breaks and P - T - t  data suggest that the 
top-side-north shear zones within the Pakistan 
Himalaya have a true extensional sense and sup- 
port the notion that the thrust wedge was collaps- 
ing northward. They are not hinterland-directed 
back-thrusts. 

It is unlikely that channel flow, as described 
from the central Himalaya, caused Early 
Miocene upper crustal stretching, as the bound- 
ary conditions for channel flow are not present 
in the NW Himalaya. The structures present 
would, however, be consistent with upper crustal 
stretching caused by collapse of the south- 
vergent Pakistani thrust wedge. Collapse would 
be encouraged by overthickening of the wedge 
as a result of the Indian Plate going into overall 
compression as the tractive force on the base of 
the wedge reduced during slab break-off. 
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