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Abstract—The thermal structure of a 2.2 km thick mylonite zone from the Kumaon Lesser Himalaya (India) is
interpreted based on deformation mechanisms and microstructures. The mylonite zone lies along the North
Almora Thrust (NAT), a S-dipping thrust that marks the northern flank of a large synformal crystalline klippe
(Almora klippe), approximately 17 km north of the town of Almora. The mylonite zone evolved during the upper
Eocene emplacement of the Almora klippe (part of a larger Munsiari thrust sheet), following the collision of
India and Eurasia in lower-middle Eocene.

Mylonitic rocks near the top of the zone show dynamic recrystallization of both feldspar and quartz, indicating
deformation at amphibolite grade (500-600°C). Near the center of the mylonite zone, the feldspars are fractured
and quartz is dynamically recrystallized though to a lesser degree than near the top of the zone. This evidence,
combined with the occurrence of secondary epidote + chlorite, biotite and calcite in these rocks, suggests that
mylonitization occurred at greenschist grade (500-400°C). Near the base of the mylonite zone, biotite is present,
feldspars are fractured and altered to sericite, and quartz shows limited plastic deformation in the form of
undulose extinction and subgrain formation, indicating that temperatures of 400°C or less were reached during
deformation. Deformation mechanisms and metamorphic reactions in the mylonite zone rocks thus point to a
decrease in the temperature of deformation from 500-600°C near the top of the thrust zone to about 400°C near
its base, suggesting an inverted thermal profile. We interpret this inverted thermal profile in the mylonite zone to

have resulted from gradual cooling of the zone by heat transfer to a cold footwall at the time of thrusting.

INTRODUCTION

Descriptions of deformation mechanisms and micro-
structures of greenschist to amphibolite grade granitic
mylonites are abundant in the literature. A wide variety
of criteria are used for deducing the temperatures of
mylonitization, thus establishing the link between tem-
perature and deformation mechanisms operating in indi-
vidual minerals. These criteria include: mineral assem-
blages in the mylonites and surrounding rocks (Mitra
1978, Debat er al. 1978, Vidal et al. 1980, Brown et al.
1980, Beach 1980, Hanmer 1982, Simpson 1985, Bell &
Johnson 1989), oxygen isotope geochemistry (Kerrich et
al. 1984, Kerrich & Hyndman 1986), feldspar geother-
mometry (LaTour & Barnett 1987), and experimental
data (Tullis 1983, Tullis & Yund 1985). Deformation
mechanisms and textures of feldspar and quartz are
especially well known under greenschist to amphibolite
grade conditions. In this study, we use deformation
mechanisms and microstructures of feldspar and quartz
as tools to deduce the temperatures of deformation and
describe the thermal structure of a 2.2 km thick mylonite
zone from the Kumaon Lesser Himalaya, India.

The mylonite zone lies in the hanging wall of the
North Almora Thrust (NAT) which forms the northern
S dipping margin of the synformal Almora klippe. The
Almora klippe is the largest of a series of klippen that
occur in the Lesser Himalaya of Kumaon. The NAT
mylonite zone evolved during the emplacement of the
Munsiari thrust sheet, the parent thrust sheet of the
Almora klippe, in the upper Eocene, following the
India-Eurasia collision in lower-middie Eocene (Mol-
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nar & Tapponier 1975, Powell 1979, Searle et al. 1987).
The NAT zone is well exposed in a NE-SW transect near
Takula, approximately 17 km north of Almora. We have
mapped the mylonite zone in detail and have investi-
gated mineralogical and grain size variations, shear
sense indicators, and deformation mechanisms across
the entire zone. We have also mapped the deformed
sedimentary footwall of the NAT and examined defor-
mation mechanisms.

Deformation mechanisms and microstructures of the
hanging wall mylonites are described in this paper.
Mylonitization temperatures are estimated from defor-
mation mechanisms and metamorphic reactions. Evi-
dence from these criteria suggests an inverted thermal
profile in the NAT mylonite zone. Implications of this
inverted thermal profile are discussed and a model
leading to its development is suggested.

GEOLOGIC SETTING

In the Lesser Himalaya of Kumaon, several crystal-
line klippen tectonically overlie sedimentary rocks be-
longing to the Precambrian Damta and Deoban Groups
and the Precambrian—-Cambrian Jaunsar and Mussoorie
Groups (Fig. 1; Valdiya 1980, Srivastava & Mitra 1994).
At some places in the southern part of the area, the
Paleocene—Eocene Subathu Formation (not shown in
Fig. 1) lies unconformably over the Mussoorie Group
and tectonically under the klippen, thus constraining the
age of emplacement of the klippen (Munsiari thrust
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Fig. 1. Geologic map of the Kumaon Himalaya, India. Modified after Valdiya (1980).

sheet) as upper Eocene or younger (Srivastava 1992).
The klippen consist of amphibolite grade metapelites,
quartzites and augen gneisses belonging to the Precam-
brian Almora Group. At places, the greenschist grade
metapelites of the Precambrian Ramgarh Group occur
underneath the Almora Group, forming a series of
lower klippen (Fig. 1).

The Almora klippe has apparently formed by erosion
of a large synclinal fold in the crystalline Munsiari sheet,
tectonically underlying the Main Central thrust sheet of
the Higher Himalaya (Valdiya 1980, Srivastava & Mitra
1994). The NAT marks the northern boundary of the
Almora klippe; its southern margin is bound by the
South Almora thrust (SAT, Fig. 1). The klippe consists
of a sequence of garnet-muscovite-biotite—quartz
schist, muscovite-biotite—quartz schist, graphite—

muscovite—quartz schist, quartzite and augen gneiss
(Valdiya 1980). These mineral assemblages suggest an
amphibolite grade metamorphism (Ghose et al. 1974).
Preliminary geothermobarometric investigations of the
metapelites have yielded temperatures of 475-575°C
and pressures of 6-8 kb (Srivastava 1992). A number of
granite bodies of regional extent intrude the metasedi-
mentary rocks. One such granite body occurs near the
town of Almora and has yielded a Rb/Sr whole rock
crystallization age of 560 + 20 Ma (Trivedi et al. 1984),
suggesting that the metasedimentary rocks are at least
Late Precambrian in age.

The study area is located approximately 17 km north-
east of the town of Almora (Fig. 1). In this area, an
excellent section of the NAT zone is exposed near the
village of Takula, along the Almora-Bageshwar road
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Fig. 2. Detailed geologic and structural map of the mylonite zone along the North Almora Thrust (NAT). The NAT is
shown in the northern part of the map as the contact between the mylonitic rocks of the hanging wall and sedimentary units
of the footwall. The thrust dips to the SW.

(Fig. 2). The NAT dips about 50° toward the southwest,

line metamorphic rocks of the hanging wall (south of the

with the hanging wall transported towards the south- fault), and overlies a 300 m thick zone of deformed
west. The southwestward direction of transport along sedimentary rocks of the footwall (north of the fault)

the entire NAT zone is shown by detailed outcrop and

(Fig. 2). The mylonites are granitic in composition and

microscopic shear sense studies (Srivastava 1992). The occur very consistently in the NAT zone along most of its

thrust zone is defined in the Takula area by a 2.2 km

strike length. Rb/Sr whole rock analysis of the mylonites

thick mylonite zone that grades upward into the crystal- has yielded dates in the range 1865 + 60 Ma (Trivedi et
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Fig. 3. The M-plane projection (M-pole = 0°, 146°) of the NAT mylonite zone. Dotted lines represent approximate
locations of boundaries between protomylonite, mylonite, and ultramylonite zones shown in Fig. 2. The thin line across the
mylonite zone reflects the approximate position of the current erosion profile.

al. 1984), probably reflecting the age of crystallization of
the granitic protolith. Qur field observations suggest
that the mylonites originated from granites that were not
intrusive into the hanging wall metasediments but rather
represent the basement of the metasedimentary rocks.
The footwall of the NAT in the study area consists of a
quartzite-shale sequence of the Precambrian Damta
Group (Fig. 2).

MYLONITE ZONE

The mylonites are a prominent feature of the NAT
with a total outcrop width of about 6 km. A strong
mylonitic foliation and a stretching lineation persist
throughout the mylonite zone. The foliation dips toward
the S or SW at 18-73° and the lineation plunges down the
dip of the foliation at 15-60° (Fig. 2). An M-plane
(Arthaud 1969, Angelier 1979, Aleksandrowski 1985,
Marshak & Mitra 1988) projection of foliation orien-
tation data shows that the mylonite zone is gently folded
and is at least 2.2 km thick (Fig. 3). A detailed shear
sense study across the mylonite zone has yielded a
consistent top toward SW sense of shear (Srivastava
1992), suggesting that the entire zone probably devel-
oped during the episode of southward thrusting along
the NAT.

Even though no undeformed protolith of the myloni-
tic rocks is present in the study area, mineral compo-
sition of some very coarse protomylonites, the least
deformed rocks in the area, point to a granitic protolith.
These protomylonites consists of quartz, K-feldspar,
plagioclase, muscovite and biotite, with accessory zircon
and apatite. Within the mylonite zone there are several
alternating zones of protomylonites, mylonites and
ultramylonites. Mineral assemblages found in each zone

Table 1. Mineral assemblages encountered in the mylonite zone.
Mineral symbols after Kretz (1983): Qtz—quartz, Bt—biotite, Kfs—

K-feldspar, Pl—plagioclase, Ep—epidote, Chl—chlorite, Ca—
calcite, Tur—tourmaline
Thermal

Assemblage Zones subzones
Protomylonites

1 Qtz + Ms + Bt + Kfs + Pl + Ep + Chl PM-1 1

2 Qtz + Ms + Bt + Kfs + Pl + Ep + Chl PM-2 2
Mylonites

1 Qtz + Ms + Bt + Kfs + Pl MY-1,2 1

2 Qtz + Ms + Bt + Kfs + P1 MY-3,4 2

3 Qtz+ Ms + Bt + Kfs + Pl + Ep MY-3,4 2

4 Qtz + Ms + Bt + Kfs MY-3 2

5 Qtz + Ms + Bt + Kfs + Pl + Ep + Chl MY-3 2

6 Qtz + Ms + Bt + Kfs + Pl + Ca MY-4 2

7 Qtz + Ms + Bt + Kfs + Ep + Chl MY-4 2
Ultramylonites

1 Qtz + Ms + Bt + Kfs + Pl + Chl UM-1 1

2 Qtz + Ms + Kfs + Pl + Ep + Chl UM-2 2

3 Qtz + Ms + Chl + Kfs UM-3 2

6 Qtz + Ms £ Bt UM-4 3

7 Qtz + Ms + Bt + Kfs + Pi UM-4 3

9 Qtz + Ms * Bt + Kfs + Tur UM-4 3
10 Qtz + Ms + Bt + Ch! + Tur UM-4 3

are listed in Table 1. For clarity of description, we have
divided the mylonite zone into three thermal subzones
that show evidence for successively lower temperatures
of deformation towards the base of the mylonite zone
(towards the north). Each of the thermal subzones is
described below, beginning at the top (southern margin)
of the mylonite zone. While interpreting the defor-
mation mechanisms, we assumed that the average strain
rate was approximately constant across the mylonite
zone and that the effect of fluids on deformation mech-
anisms of minerals was mostly limited to areas close to
the base (i.e. near the thrust) of the mylonite zone where
the presence of fluids is indicated by abundant alteration
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of feldspars to white mica. Even if fluids infiltrated
farther into the hanging wall (as indicated by some
feldspar alteration away from the fault), this would only
lower the absolute temperature estimates in each zone
but not change the relative temperature of one thermal
subzone with respect to another. In our interpretation of
the microstructures, we have assumed temperature to be
the main factor controlling the deformation mechanisms
of minerals. This point is further elaborated below.

Thermal subzone 1

This subzone includes the protomylonites PM-1,
mylonites MY-1 and MY-2, and ultramylonites UM-1

(Fig. 2).

Feldspar. Feldspar is plastically deformed throughout
the subzone (Fig. 4a). In the protomylonites (PM-1), K-
feldspar and plagioclase porphyroclasts smaller than
0.5-1.0 mm in diameter are plastically deformed but
larger porphyroclasts (up to 5 mm diameter) are primar-
ily fractured. A similar phenomenon was described by
Mitra (1978) from Blue Ridge mylonites in the Appala-
chians and by Tullis & Yund (1985) from experimentally
deformed K-feldspar. Some plastically deformed feld-
spar porphyroclasts have recrystallized grains (0.15-
0.25 mm) at their boundaries, while others are com-
pletely recrystallized. Most recrystallized grains show
either cross-hatched or polysynthetic albite twinning
(similar to Fig. 4a). Some of the recrystallized grains
exhibit strong undulose extinction, suggesting that they
have been further deformed. Aggregates of recrystal-
lized K-feldspar and plagioclase grains occur in the
matrix along with recrystallized quartz.

In the mylonites (MY-1 and MY-2), feldspar grains in
the size range 0.8-1.2 mm are plastically deformed,
while larger feldspar grains are fractured. The plastically
deformed porphyroclasts are dynamically recrystallized
(into 0.1 mm grains), either completely or show a core—
mantle structure (Fig. 4a; Debat et al. 1978, Vidal et al.
1980). Recrystallized K-feldspar grains have straight or
curved boundaries and form equilibrium triple junctions
(Fig. 4a). Plagioclase porphyroclasts (< 0.6 mm) are
typically smaller than K-feldspar porphyroclasts in the
same sample, and show evidence of plastic deformation
by way of deformation twins (White 1975).

In both the protomylonites and mylonites, feldspar
porphyroclasts larger than ~1.0 mm have undergone
two phases of fracturing. The first phase fractures (Fig.
4b) are similar to the high temperature albite filled
fractures described by Debat ez al. (1978). The second
phase fractures are widely spaced (1-2 mm), may occur
in single or conjugate sets, and are filled with equant
recrystallized quartz grains (Fig. 4b).

The ultramylonites (UM-1) are relatively coarse
grained compared to the ultramylonites of other thermal
subzones (UM-2, 3 and 4). Feldspar porphyroclasts (~1
mm diameter) in these rocks show dynamic recrystalliza-
tion, weak undulose extinction and minor fracturing.

Retrogressive alterations of K-feldspar and plagio-

clase to muscovite + quartz (sericitization) is common in
all these rocks, evidently associated with the cooling of
the mylonite zone.

Quartz. Quartz has undergone extensive dynamic
recrystallization in the protomylonites (PM-1) and
mylonites (MY-1 and MY-2) and no quartz porphyro-
clasts remain. In PM-1, quartz ribbons are up to 0.8 mm
wide and lensoid in shape (Fig. 4c) with bulbous middle
portions often consisting entirely of recrystallized
grains. The bulbous portions represent original quartz
porphyroclasts, as indicated by the local presence of
unrecrystallized cores. In the mylonites (MY-1 and MY-
2), quartz occurs as recrystallized grains (0.15 mm) in
ribbons and in asymmetric tails of feldspar porphyro-
clasts. A few quartz porphyroclasts, up to 1.5 mm in
diameter, do remain in the ultramylonites UM-1. Small
porphyroclasts show little deformation, while large ones
(~1 mm) display strong undulose extinction and recrys-
tallization. Lensoid quartz ribbons consisting of recrys-
tallized grains (~0.15 mm) are also common.

Phyllosilicates. Muscovite and biotite are newly crys-
tallized in the protomylonites (PM-1) and mylonites
(MY-1and MY-2) (cf. Etheridge & Hobbs 1974, Wilson
& Bell 1979) and define the mylonitic foliation. How-
ever, the two minerals are coarser in the protomylonites
(average size: 0.25 x 0.10 mm) than in the mylonites
(average size: 0.12 X 0.02 mm). In the ultramylonites
(UM-1), biotite and muscovite are approximately 0.15
X 0.05 mm in size. A few biotite grains in PM-1 show
retrogression to chlorite (Fig. 4d). There is substantial
retrogression of biotite to chlorite in the UM-1 ultramy-
lonites. Retrogression of biotite to chlorite is evident
from the fact that chlorite is almost always either sur-
rounded by or intergrown with biotite (Fig. 4d) and the
boundaries between the two minerals are at times indis-
tinct. Biotite grains in such cases are cloudy and show a
gradation from the brown colour of biotite to the green
colour of chlorite under plane polarized light. A few
small chlorite grains occur in the matrix independent of
biotite; these chlorite grains probably formed from com-
plete retrogression of biotite into chlorite.

Plastic deformation of feldspar and quartz, and for-
mation of biotite along the main mylonitic foliation, are
considered syntectonic processes with respect to the
main phase of deformation in the thermal subzone 1.
Formation of chlorite in this thermal subzone appears to
be a late phenomenon (post-tectonic) with respect to
both the plastic deformation of feldspar and formation
of biotite. Chlorite grains are, however, not seen to
cross-cut the mylonitic foliation probably because chlor-
ite grew in the same orientation as the parent biotite and
at lower temperatures but under the same overall move-
ment direction and strain field along the NAT.

Temperature of deformation. Dynamic recrystalliza-
tion of K-feldspar is usually seen in amphibolite grade
(500-600°C) mylonites (Debat er al. 1978, Vidal et al.
1980, Hanmer 1982, Tullis 1983 and references therein,
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Bell & Johnson 1989). Under the same conditions,
plagioclase deforms mainly by fracturing (Debat et al.
1978). White (1975), however, described limited recrys-
tallization in oligoclase by nucleation mechanisms at
lower amphibolite grade. Recrystallization by progres-
sive subgrain rotation is found in intermediate plagio-
clases at upper amphibolite to granulite grade conditions
(cf. Vernon 1975, Voll 1976, Brown et al. 1980, Hanmer
1982, Tullis 1983, Bell & Johnson 1989). Thus it appears
that recrystallization in plagioclase takes place at a
higher temperature than K-feldspar. We infer that the
temperature of mylonitization in thermal subzone 1
must have been 500-600°C or higher near the southern
margin of the NAT zone because both K-feldspar and
plagioclase have recrystallized in this area. These are the
highest temperatures of mylonitization encountered in
the NAT mylonite zone. The presence of chlorite in PM-
1 and UM-1 as a retrogressive mineral after biotite
records the cooling history of thermal subzone 1 through
lower temperatures. As discussed later, the cooling of
the subzone may be a result of the transfer of heat to the
footwall under an inverted thermal gradient.

Thermal subzone 2

This subzone consists of protomylonites PM-2, mylo-
nites MY-3 and MY-4, and ultramylonites UM-2 and
UM-3 (Fig. 2).

Feldspar. In PM-2 protomylonites, plagioclase por-
phyroclasts are smaller in size (2-3 mm diameter) and
less abundant than K-feldspar porphyroclasts (5-6 mm
diameter). A similar relation between the two feldspars
is also seen in the mylonites (MY-3 and MY-4), though
the overall size of plagioclase and K-feldspar is smaller,
1.0-1.25 mm and 2.0-3.0 mm diameter, respectively.
The dominant mechanism of feldspar deformation in the
protomylonites and mylonites is fracturing. However, a
few feldspars show limited plastic deformation in the
form of weak to strong undulose extinction (K-feldspar)
or deformation twinning (plagioclase). Fractures in feld-
spars are either parallel to the cleavage planes or occur
in conjugate sets independent of the cleavage; a large
number of fractures are at high angle (70-90°) to the
main foliation. In the mylonites (MY-3 and MY-4),
fracturing of feldspars is more common in samples
containing a large number of porphyroclasts and a
coarse matrix (cf. Debat et al. 1978, Vidal et al. 1980).
Although both feldspars show retrogressive alteration
throughout the subzone, plagioclase has undergone
more alteration than K-feldspar and has completely
disappeared in some cases. Alteration is most pro-
nounced in mylonites from the northern half of MY-4,
where fracturing becomes a minor deformation process.
Chemically, feldspar alteration involves sericitization of
both the feldspars, and formation of epidote + musco-
vite or calcite + muscovite + biotite from the plagio-
clase.

Feldspar porphyroclasts are rare in the ultramylonites
(UM-2 and UM-3). Where found, the feldspar

porphyroclasts are 0.1-0.2 in diameter and are relatively
undeformed, although some may show a weak undulose
extinction. Sericitization of the feldspars is common in
the ultramylonites.

Quartz. Quartz porphyroclasts in PM-2 protomylo-
nites show strong undulose extinction and dynamic re-
crystallization (Fig. 5a). Recrystallized grains occur in
irregular patches and along linear zones within large
porphyroclasts (~5 mm diameter), and along their
boundaries, especially where asymmetric tails join the
porphyroclasts. Recrystallized grains are equiaxed
(0.25-0.30 mm) with straight or slightly wavy bound-
aries and form equilibrium triple junctions (Fig. 5a).

Quartz porphyroclasts (0.45-2.0 mm diameter) are
very common in the mylonites of MY-3 and southern
half of MY-4. The porphyroclasts show strong undulose
extinction, formation of crude deformation bands
(Hobbs et al. 1976), and core-mantle structure (White
1976). Quartz porphyroclasts are less common in the
northern half of MY-4 and show undulose extinction,
subgrain formation, and dynamic recrystallization.

No quartz porphyroclasts occur in the ultramylonites
of UM-2. Quartz occurs in lensoid 0.1-0.5 mm thick
layers consisting of recrystallized grains (0.02-0.05 mm)
and the quartz layers alternate with 0.2 mm thick layers
of muscovite. In the uitramylonites of zone UM-3,
quartz layers, ~1.0 mm thick and consisting of recrystal-
lized porphyroclasts (up to 1 mm diameter) and recrys-
tallized grains (0.05-0.1 mm), alternate with layers of
muscovite and chlorite (see below). Rarely, isolated
quartz porphyroclasts (0.1 mm) showing weak undulose
extinction also occur.

Phyllosilicates. Muscovite and biotite are 0.25 x 0.10
mm (average) in size in the protomylonites (PM-2),
whereas in the mylonites they are much finer (0.16 X
0.02-0.03 x 0.01 mm). Both the minerals are unde-
formed throughout subzone 2 and appear to be newly
crystallized, except where biotite has partially altered to
post-tectonic chlorite (northern part of MY-4). In the
UM-2 ultramylonites, which consist of mostly muscovite
and quartz, 0.2 mm thick layers of muscovite alternate
with 0.1-0.5 mm thick layers of recrystallized quartz.
Muscovite also defines a crenulation cleavage in UM-2,
which is more pronounced than the older isoclinally
folded foliation. The UM-3 ultramylonites consist of
mostly muscovite and chlorite, and the several mm thick
layers of the two minerals alternate with ~1.0 mm thick
layers of quartz. Syntectonic chlorite is found through-
out thermal subzone 2, occurring in porphyroclast tails
(Fig. 5b), in the matrix, and within feldspar porphyro-
clasts. Post-tectonic chlorite occurs in the northern part
of MY-4, having formed from retrogression of biotite,
and in a few samples of UM-2 and UM-3, occurring in
lensoid aggregates with fibers growing almost perpen-
dicular to the main foliation.

Temperature of deformation. In the protomylonites
(PM-2) and mylonites (MY-3 and MY-4), both K-
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feldspar and plagioclase lack any signs of recrystalliz-
ation and mainly deform by fracturing, indicating tem-
peratures below 500°C. There are many quartz
porphyroclasts in these rocks, which show only moder-
ate recrystallization perhaps reflecting lower defor-
mation temperatures than thermal subzone 1 where
quartz is extensively recrystallized. Plastic deformation
of quartz implies greenschist grade conditions
(>350°C); however, even lower temperatures are poss-
ible in the presence of fluids (Tullis & Yund 1980,
Zadins & Mitra 1986). The presence of biotite suggests
temperatures of about 400°C or higher, and provides a
lower limit for the temperature of deformation. Second-
ary epidote found in these rocks probably formed by the
following reaction, modified after Bryant (1966) to in-
clude Fe-rich epidote and albite (An,) as reactants.

2NayCaAl,;;SineOg
albite (Anyg)

+ 4KAIlSi;Og + 4K™ + 3H,0 + 11H* + Fe**
K-feldspar

= Ca2FeAlzsi3O lZ(OH)
epidote

+ 8KALSi;0,o(OH), + 43Si0, + 18Na* (1)

muscovite quartz

Syntectonic chlorite is found throughout the subzone.
The association of epidote and chlorite in these granitic
mylonites suggests conditions of lowest greenschist
grade, as in the case of pelites and graywackes (Winkler
1974). Further, the assemblage muscovite + biotite +
quartz + calcite is also characteristic of greenschist
grade conditions and probably formed by the following
reaction (Drury 1974, Beach 1980).

K-feldspar albite (An,g)

+3(Mg, Fe)’* +3K" +CO, + 5Hy0
= 4K Al,Si;0,4(OH),

muscovite

+ K,(Mg, Fe);AlSi;044(OH),

biotite

+ CaCO; + 20Si0, + 9Na* )

calcite quartz

Evidently, the temperatures of mylonitization in the
protomylonites and mylonites of thermal subzone 2
remained within the range of 400-500°C (greenschist
grade). The ultramylonites UM-2 and UM-3 consist of
very few quartz and feldspar porphyroclasts, and their
temperatures of deformation are difficult to assess.
These ultramylonites may have formed either at the
same time (and thus temperature) as the adjacent mylo-
nites, or during a later reactivation of the mylonite zone
(and thus possibly at a lower temperature).

Thermal subzone 3

This subzone consists of ultramylonites (UM-4) which
contain more porphyroclasts and a finer matrix than the
adjacent mylonites (MY-4) of thermal subzone 2. Por-
phyroclasts of quartz are most common, K-feldspar
porphyroclasts occasionally also occur, but no plagio-
clase is found probably because of complete sericitiza-
tion. Potassium-feldspar porphyroclasts (0.15-1.0 mm)
show no evidence of plastic deformation and exhibit
only minor fracturing, and have been extensively altered
to muscovite and quartz. Where K-feldspar is absent,
augen shaped areas (1.0-1.5 mm diameter) consisting of
fine intergrowths of randomly oriented muscovite and
quartz are found, probably representing original feld-
spar porphyroclasts (Fig. 5c). Deformation of quartz
porphyroclasts (2.0-0.50 mm) varies from weak undu-
lose extinction to development of deformation bands
and zones of recrystallized grains (0.02-0.05 mm);
occasionally an entire porphyroclast is recrystallized.
However, in general, the quartz porphyroclasts of this
subzone are less deformed (Fig. 5d) than those of the
adjacent mylonites (MY-4) of thermal subzone 2.
Quartz ribbons consist of recrystallized grains 0.15 mm
in diameter. The matrix quartz grains are 0.01-0.05 mm
in size. Biotite and muscovite are newly crystallized and
occur in distinct separate ribbons. Chlorite is found in
one ultramylonite sample within 50 m of the thrust
contact. It is intergrown with muscovite and occurs
mostly as newly crystallized grains formed during mylo-
nitization, but a small fraction may have formed later by
retrogression of biotite.

Temperature of deformation. The temperature of
mylonitization for thermal subzone 3 (ultramylonite of
UM-4) is more difficult to assess than in the other
subzones. Feldspars are rare and are extensively altered,
suggesting an abundance of aqueous fluids. As de-
scribed above, quartz porphyroclasts are more abun-
dant, and relatively less plastically deformed than those
in the immediately adjacent mylonites (MY-4) of ther-
mal subzone 2; thus the ultramylonites of UM-4 could
not have formed from the mylonites of MY-4. Also, the
weaker deformation of quartz cannot be attributed to
the absence of aqueous fluids because evidence exists of
the presence of fluids in this subzone. We suggest that
UM-4 ultramylonites represent a lower temperature
deformation than MY-4 mylonites and may have
evolved separately from the protolith along a path that
included extensive fracturing and alteration of the feld-
spars resulting in reaction softening (Gilotti 1989) in the
zone; the development of a fine grained, weak matrix
may partially explain the relatively weak plastic defor-
mation of quartz. Although no specific temperature can
be assigned to this deformation, it appears that the
temperatures were close to the brittle—plastic transition
in quartz (> 350°C). The presence of biotite in the
ultramylonites suggests temperatures of at least 400°C.
This interpretation is further supported by the defor-
mation observed in the tectonic slices lying immediately
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below UM-4 ultramylonites, and the underlying foot-
wall rocks (Srivastava 1992). Deformation at the brittle—
plastic transition is observed in the upper tectonic slice
where quartz grains show brittle fractures. Progressively
lower temperatures of deformation are encountered
farther down into the footwall.

DISCUSSION

Conventional geothermobarometric methods are not
suitable for obtaining accurate estimates of tempera-
tures of deformation in the NAT zone mylonites for two
reasons. Firstly, the chemical processes operating dur-
ing mylonitization are very complex, and because mylo-
nitization in the case of the NAT zone involved retro-
gression, it is more difficult to show that assemblages in
these mylonites are in equilibrium than in prograde
assemblages of metamorphic rocks. Secondly, mineral
assemblages found in the NAT zone mylonites are not
suitable for using established geothermobarometers.
Nevertheless, it is possible to obtain a range of possible
mylonitization temperatures from deformation mechan-
isms of individual minerals and mineral reactions in
representative samples from different parts of the NAT
zone. It appears that the temperature of deformation
decreased continuously from 500-600°C at the top of the
mylonite zone to about 400°C near its base. Even lower
temperatures of about 350°C were attained in the foot-
wall not far from the thrust. It is assumed that the NAT
mylonite zone was uplifted rapidly after its formation, so
that the microstructures were frozen in (Knipe 1989),
thus reflecting the original range of deformation tem-
peratures.

It follows from the power law equations governing
dislocation creep (Elliott 1973, Ashby & Verrall 1978,
Schmid 1983) that, for the same grain size and differen-
tial stress, an increase in strain rate may have the same
effect on deformation mechanisms as a decrease in
temperature, and vice versa. For example, a lower
temperature deformation seen in feldspars of thermal
subzone 2 as compared to the high temperature defor-
mation in feldspars of thermal subzone 1 may also be
explained by a higher strain rate in thermal subzone 2.
However, the lower temperature deformation in the
protomylonites (PM-2) and mylonites (MY-3, MY-4) of
the thermal subzone 2 is evident not only from defor-
mation mechanisms but also from mineral assemblages.
We have, therefore, assumed that strain rate is approxi-
mately constant across the mylonite zone and that tem-
perature is the main factor controlling deformation
mechanisms of minerals.

Deformation mechanisms of quartz and feldspar, and
various mineral reactions indicate a decrease in the
temperature of deformation towards the base of the
mylonite zone. Within the mylonite zone, three main
zones yielding significantly different temperatures can
be identified. The first zone (thermal subzone 1), far-
thest away from the fault, shows deformation tempera-
tures of 500—-600°C. The second zone (thermal subzone

2), closer to the fault, yields deformation temperatures
in the range 400-500°C. The third zone (thermal sub-
zone 3), consisting of ultramylonites, indicates defor-
mation temperatures at the brittle—ductile transition for
quartz (~400°C). Similar temperatures of deformation
are observed in the immediate footwall, and even lower
temperatures are encountered farther down into the
footwall. The difference in the temperature of defor-
mation between the top and the bottom of the mylonite
zone is 100-200°C. Microstructural evidence suggests
that each of the three zones evolved separately, each
starting with an undeformed protolith and following a
slightly different P-T—-strain path, rather than by con-
tinued deformation of rocks similar to those in an
adjoining zone.

We attribute the lower temperatures of deformation
towards the base of the NAT mylonite zone to a thermal
gradient established due to cooling, as suggested by
thermal models of hor thrust sheets emplaced on cold
rocks (Oxburgh & Turcotte 1974, England & Thompson
1984). Active operation of this process in regions of
thrust tectonics has been demonstrated by petrologic
studies and P-T-t path modeling of rocks (Karabinos
1984, Selverstone et al. 1984, Chamberlain & Zeitler
1986, Spear et al. 1990). Most thermal models (Oxburgh
& Turcotte 1974, England & Thompson 1984), how-
ever, assume instantaneous thrusting and consider re-
equilibration of perturbed isotherms after thrust sheet
emplacement, over intervals on the order of 100 Ma.
Thermal effects of conductive heat transfer between the
hanging wall and footwall rocks during thrusting have
been modeled by Karabinos & Ketcham (1988). These
authors showed that, during thrusting and for geologi-
cally relevant parameters, temperatures in the hanging
wall may be significantly lowered and those in the
footwall raised, over distances of several kilometers
from a thrust surface. Because the inverse metamorphic
gradient in the NAT mylonite zone is established on the
basis of development of deformation textures and
mineral reactions accompanying mylonitization, clearly
associated with thrusting along the NAT, the heat trans-
fer and associated cooling must have occurred at the
time of thrusting. The assumption of conduction as the
primary mode of heat transfer (Karabinos & Ketcham
1988) may, however, be unrealistic. There is evidence
for abundant fluids in the lower (northern) part of the
NAT zone and convective heat transfer by circulating
fluids may have played an important role. Convective
heat transfer by fluids increases the effective diffusivity
of the rocks (Oxburgh & Turcotte 1974), and would
serve to enhance the heat transfer during thrusting.

Initially, due to the normal geothermal gradient, the
temperatures at the base of the mylonite zone (closest to
the thrust) must have been somewhat higher than the
temperatures at its top (500-600°C). Therefore, the
mylonitic deformation at the base must have started at
temperatures in excess of 500-600°C. However, feld-
spars in the mylonites (MY-3 and MY-4) and ultramylo-
nites (UM-4) near the base of the mylonite zone do not
show any evidence of high temperature deformation
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(e.g. dynamic recrystallization). We envision two end-
member models (Fig. 6) for the formation of the NAT
mylonite zone to explain this lack of high temperature
deformation near the base of the mylonite zone.
According to the first model (Model I, Fig. 6), the initial
high temperature deformation due to thrusting may
have taken place over a fairly thick zone that included
the present mylonite and ultramylonite zones near the
base of the mylonite zone. During this deformation,
some of the feldspars may have been completely recrys-
tallized while others developed core-mantle structures
(Stage 1, Model 1, Fig. 6). At this stage, quartz
porphyroclasts existed throughout the mylonite zone
(Stage 1, Model I, Fig. 6). With further motion along the
thrust, the mylonitic rocks were carried to shallower
levels, an inverted thermal gradient was set up, and
fluids probably entered the mylonite zone from the
footwall (Stage 2, Model 1, Fig. 6). Recrystallized
grains are especially prone to chemical alteration be-
cause the larger surface area provides a greater contact
with fluids. Recrystallization combined with enhanced
alteration probably caused the complete disappearance
of feldspars in some cases, while in other cases unrecrys-
tallized cores showing only minor plastic deformation
remained (Stage 2, Model I, Fig. 6). This process prob-
ably took place selectively near the base of the mylonite
zone due to abundance of fluids driven off the footwall.
Also, the deformation leading to Stage 2 caused com-
plete recrystallization of quartz porphyroclasts in the
upper parts of the mylonite zone, where high tempera-
tures prevailed, but quartz porphyroclasts survived near
the base of the mylonite zone, where the temperatures
were lower (Stage 2, Model I, Fig. 6). Continued motion
along the thrust caused further cooling of the mylonite
zone, so that feldspars deformed by fracturing and
underwent alteration in the lower part of the mylonite
zone, while they continued to deform plastically in the
upper part (Stage 3, Model I, Fig. 6).

Alternatively, the initial thrusting related high tem-
perature deformation may have been restricted to a thin
zone at the base of the present mylonite zone (Stage 1,
Model 11, Fig. 6). With continued motion, the hanging
wall was brought to shallower levels and cooled, leading
to the development of an inverted thermal gradient.
Deformation siowly spread upward from the basal mylo-
nite zone and initial deformation in the present mylonite
zone, located above the basal zone, probably began at
this time (Stage 2, Model I1, Fig. 6). The basal mylonite
zone which developed at high temperature during the
initial stages of deformation probably continued to de-
form at lower temperatures (Stage 2, Model I, Fig. 6).
However, the rocks currently present at the base of the
mylonite zone do not show any evidence of overprinting
of high temperature deformation by low temperature
deformation. It is possible that the basal mylonite zone
was left behind as a passive slice because the locus of
motion shifted to a higher level (Stage 3, Model 11, Fig.
6). The present mylonite zone evolved during motion
along this higher thrust, under a pronounced inverted
thermal gradient, with lower temperature mylonites and

ultramylonites forming close to the thrust and higher
temperature mylonites and protomylonites forming far-
ther up into the hanging wall as the deformation spread
upward. During this phase of deformation, feldspars
underwent fracturing and chemical alteration close to
the base of the mylonite zone but deformed by dynamic
recrystallization in the upper parts (Stage 3, Model II,
Fig. 6).

Both of our models imply that deformation along the
fault zone continued and considerable displacement
occurred after an inverted thermal gradient had devel-
oped along the thrust zone. The actual evolution of the
zone may have occurred by a combination of the two
models.

CONCLUSIONS

Deformation mechanism and microstructures of
mylonites along the North Almora Thrust suggest an
inverted thermal profile in the mylonite zone. We inter-
pret the inverted profile to have developed due to
syntectonic cooling of the hanging wall during thrusting.
This study provides evidence that heat transfer may
occur effectively by conduction and convection during
thrusting and may leave its signatures in the rocks
deformed in the process.
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