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THESIS ABSTRACT

In this thesis, | have investigated the geometry and tectonic significance of
porphyroblast inclusion trails in 61 oriented samples from the Swat region of north
Pakistan (NW Himalaya). The studied samples represent the Indian plate cover
sequence, deformed and metamorphosed to medium- and high-grade during the
Himalayan orogeny. Two complementary techniques were applied to measure the
orientation of Foliation Intersection/Inflection Axes (FIA) in porphyroblasts in the
studied samples and reveal the existence of three principal FIA sets in the study area
(measuring approximately 60x30 km). Each FIA set is characterized by a distinctive,
regionally consistent trend and relative timing, from old to young: ESE-WNW (FIA
setl), E-W (FIA set 2), and broadly NNE-SSW (FIA set 3). This sequence is inferred
to record an anticlockwise rotation of the direction of tectonic transport or bulk crustal
shortening (perpendicular to FIA) through time, either progressively or in a stepwise
fashion, consistent with previous kinematic- and geochronological data regarding
collisions between the Indian plate, Kohistan—Ladakh Island Arc (KLIA) and Eurasia
between ca. 55 and 40 Ma. FIA set 1 and 2 correlate well with early-formed ESE-
WNW and E-W trending thrust-related structures in the study area, respectively,
whereas the trend of FIA 3 matches that of relatively young regional-scale folds and
shear zones with a conspicuous N-S trend. Hence, the FIA succession has
successfully resolved the relative timing of formation between the E-Wversus N-S
trending structures in the region, which was a longstanding question in the tectonics
of the NW Himalaya.

A comparison of orientation data for (symmetrical) ‘millipede’ inclusion trails
versus (asymmetrical) ‘rotational’ trails indicates that porphyroblasts experienced
very limited differential rotations in the study area, despite the complex, polyphase
deformation history recorded. This kinematic reconstruction is supported further with
a numerical simulation using finite difference code of millipede formation in a
spherical porphyroblast subjected to a superposition of two orthogonal shortening
directions. Perhaps the most fascinating aspect of this study is the direct relationship
that is suggested between FIA trends and successive vectors of relative Indian plate-
motion since collision with the KLIA.

In order to estimate P-T conditions during this tectonic history, representative
samples preserving different geometric types of inclusion trails are modelled in the
chemical system MnNCKFMASH using THERMOCALC 3.33. Intersection of
compositional isopleths (Xwn, Xre, Xca) are used to calculate P-T conditions of garnet
core, median and rim regions using the ‘Raleigh’ fractionation method for mineral
growth with effective bulk-rock composition. A sophisticated clockwise P-T-t-d path
is obtained that brackets metamorphic conditions during the N-S shortening (M1
metamorphism) between 4.0-8.7 kbars and 495-565°C. During subsequent E-W
shortening M2 metamorphism peaked at 9.2+1.4 to 10+0.8 kbar and 595+19 to



618+28°C followed by high-temperature/low-pressure conditions of 8.0+2.0 kbars at
747+32°C during crustal north-side-down decompression (M3 metamorphism) and
emplacement of late leucogranites aroung 38 Ma. The M3 phase is characterized by:
1) breakdown of garnet, 2) pseudomorphism of kyanite to sillimanite, and 3)
production of K-feldspar with asymmetric tails showing north-side-down
(extensional) shearing.
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Fig. 6. (a-h) Spiral garnets in differently striking vertical sections of sample Z53
showing FIA at N0O80".




Fig. 7. Microphotographs of millipede microstructures in samples Z8 and Z12. (a)
Garnets with consistent steeply dipping inclusion trails (~70°) forming millipede
geometries at the rim that developed early during the event that produced Sz in
the matrix. Symmetrical microfolds in the matrix suggest a major component of
subvertical shortening. (b-d) Garnet porphyroblasts showing shallowly pitching
trails that form millipede and microfolds at the rim. (d) The rim of the garnet is
partially replaced by staurolite (st) and kyanite (ky) suggesting prograde
metamorphic path.
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4.1.Mangluar Formation

Based on its stratigraphic position, the Mangluar Formation has been tentatively
assigned a Proterozoic age (DiPietro and Isachsen, 2001). Samples Z21, Z23 and Z58
from this unit all host garnets with complex spiral inclusion trails (Fig. 2), whereas
sample Z61 only contains fragmented (broken) garnets with poorly developed inclusion
trails (Fig. 3a). Garnets in these samples range in size (diameter) from 0.2 to 0.5 cm and
generally have rounded crystal faces. Sample Z21 and Z58 preserve WNW-ESE (N120)
trending FIA, whereas sample Z23 has an E-W trending FIA (N090). The inclusion trails
are relatively fine-grained and consistently sharply truncated by the matrix foliation.

Sample Z61 was collected just south of the MMT and hosts o-type K-feldspar
porphyroclasts/blasts indicating a north-side-down (normal) shear sense (Fig. 3). Some
less altered crystals preserve asymmetric inclusion trails that prove a metamorphic origin,
but most crystals appear partially to completely pseudomorphed to muscovite and
fibrolitic sillimanite (Dr. Mike Rubenach, pers. com.). The same sample also contains
relict kyanite replaced by fibrolite (Fig. 3) and broken-up garnet porphyroblasts.
4.2.Jobra Formation

The Jobra Formation stratigraphically overlies the Mangluar Formation and is also
considered of Proterozoic age (DiPeitro et al., 1999). Two samples (Z31, Z32) were
studied from this formation that both contain euhedral to subhedral garnets with
sigmoidal to spiral-shaped inclusion trails (Fig. 4a) sized (diameter) 0.1-1 cm. Inclusion
trails in these samples are finer grained as the matrix and mainly composed of calcic
inclusions in addition to quartz, mica and opaque phases. Sample Z31 preserves a NE-

SW (N060) FIA, and sample Z32 an WNW-ESE (N115) FIA.
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Fig. 3. (a and b) Microphoto graphs of oriented (345) vertical section from sample Z61.
Optically, felsic porphyroclasts can be divided into unaltered K-feldspar crystals and altered
(pseudomorphed) K-feldspar to muscovite and sillimanite. Kyanite is partially replaced by
fibrolite indicating decompression. PPL: plane polars in this and subsequent
microphotograhs. The sample also contains relict (fragmented) garnets, which are roughly
aligned in the direction of shear (dashed red line), suggesting that the garnets were pre-
existing. (c) Close-up of fibrolite with distinct shear sense. Abbreviations after Kretz (1983)
in this and subsequent microphotographs.
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4.3.Marghazar Formation

Based on its stratigraphic position and dated intrusive granitic gneisses, a Permian
age has been established for the Marghazar Formation (DiPietro and Isachsen, 2001).
Garnet sizes typically range from 0.1 to 1.2 cm in this unit. In samples Z6 and Z7, garnets
are anhedral and hosts different development stages of differentiated crenulation
cleavages in their cores, whereas at the rim the trails curve asymmetrically outward in
continuity with the matrix foliation (Fig. 4b). In both samples, these microstructures
results from two different FIA trends preserved in porphyrblast cores (N095) versus rims
(N355). Similarly, inclusion trails in sample Z26 preserve different FIA with WNW-ESE
(N125) trend in porphyroblast cores and N-S trend (NOO5) in rims (Fig. 5), well matched
by the strike of inclusion trails as observed in horizontal thin sections (cf. Fig. 5a,b).

Garnets in sample Z18 have sigmoidal inclusion trails partially continuous with

the matrix foliation that define a NE-SW trending FIA (NO55). Samples Z24, Z30 and
Z53 host garnets showing spiral-shaped inclusion trails (Fig. 6) with E-W (N095, N090)
and ENE-WSW (NO080) FIAs, respectively, that generally appear truncated by the matrix
foliation. Sample Z25 hosts sigmoidal inclusion trails with a NNW-SSE FIA trend
(N165), whereas similar microstructures in samples Z54 and Z59 preserve a NNE-SSW
(N015) FIA defined by trails that are continuous with the matrix foliation. Z60 contains
garnets with straight inclusion trails and was therefore not suitable for the ‘asymmetry
switch’ method. However, it yielded two FIA (N-S and E-W) using the ‘FitPitch’ method
(see section 7).

4.4 Kashala Formation
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Fig. 5. (a and b) Garnets in horizontal thin section of sample Z26 hosting E-W striking inclusion
trails curving towards the about N-S striking axial planes (dashed lines). Inclusion trails are
truncated with the matrix foliation. The larger garnet on the right includes zoisite laths. Strike

of the matrix foliation is NNE-SSW (008°). (c-f) Inclusion trails in differently striking vertical
sections of sample Z26 from which an older core FIA (125%) and a younger rim FIA (005°)

can be deduced.

27



A Triassic age of the Kashala Formation has been established from conodont fossils
(DiPietro and Isachsen, 2001). It is the most widely outcropping lithological unit in the
Swat region (Fig. 1b) and consequently offers an opportunity to compare FIA data from a
large number of samples from the same unit. Garnets in this unit generally range in size
(diameter) from 0.2 to 1.5 cm, but in samples Z16 and Z17 reach up to 3 cm. In samples
Z8, Z9 and Z12 they contain well developed millipede inclusion trails (Fig. 7), whereas
sample Z5 only contains straight inclusion trails that were not suitable for the ‘asymmetry
switch’ method (see section 7). Other samples from this unit contain simple (Z10, Z17,
Z38) to complex spirals (Z11, Z20, Z29, Z37, Z42, Z43, Z44, Z45, Z49) or sigmoidal
inclusion trails (Z2, Z3, Z4, Z13, Z14, Z16, Z27, 7228, Z34, Z35, Z36, Z39, Z40, Z41,
Z46, Z48). Samples with spiral garnets appeared to have either WNW-ESE or E-W
trending FIA (Table 2), whereas samples with sigmoidal inclusion trails preserve either
N-S or NNE-SSW FIA (Table 2; Fig. 8). However, sigmoidal trails in samples Z14 and
Z39 define a NE-SW (N065) and WNW-ESE (120°) FIA, respectively. Sample Z19 hosts
garnets showing inconsistent curvature asymmetries in every thin sections and was only
analyzed with ‘FitPitch’.

The following samples preserving multiple FIA provided valuable relative-age
controls on FIA with different trends: Sample Z20 preserves a NW-SE (N140) FIA in the
core and an ENE-WSW (NO080) FIA at the rim. Sample Z37 hosts NW-SE (N140) FIA in
the core and NNE-SSW (NO035) at the rim. N140 consistently was found to be the oldest
FIA trend in all the entire sample collection from the study area.

4.5.Saidu Formation
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