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ABSTRACT

An integrated petrologic, thermochrono-
logic, and numerical modeling study con-
strains the thermal evolution of the Lesser
Himalayan Sequence in the Kumaun and
Garwhal regions of India. South of the Tons
thrust, peak metamorphic temperatures do
not exceed 330 °C. On the northern side, a
transition toward higher temperatures adja-
cent to the Main Central thrust hanging wall
is documented. In the immediate footwall of
the Main Central thrust, peak temperatures
average ~550 °C. An inverted thermal field
gradient of ~30 °C/km beneath the Vaikrita
thrust is calculated. An inverted thermal field
gradient of ~20 °C/km is also documented
beneath a klippe of the Main Central thrust
hanging wall ~25 km south of the Vaikrita
thrust, and a peak footwall temperature of
530 °C is recorded close to the shear zone at
the base of the klippe. The mechanism for
thermal metamorphism in the Lesser Hima-
layan Sequence is interpreted to be conduc-
tion of heat from the Main Central thrust
fault and/or hanging wall to the footwall. A
localized thermal field gradient is also asso-
ciated with the Tons thrust. The “Ar/*Ar
thermochronology reveals that the exposed
rock in the Kumaun and Garwhal Lesser
Himalaya underwent cooling below the clo-
sure temperature (7,) for white mica at dif-
ferent times in the late Tertiary. The proximal
footwall of the Munsiari thrust experienced
cooling below the white mica 7, at ca. 8.5 Ma.
South of the Munsiari thrust, in the proxi-
mal footwalls of the Chaukori and Askot
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klippen, muscovites ages are ca. 11.5 Ma,
~3 Ma older than samples to the north. The
age differences in samples from northern and
southern exposures are interpreted to docu-
ment cooling related to thermal relaxation
following passage of the Main Central thrust
hanging wall atop the Lesser Himalayan
Sequence. Results of thermal modeling
achieve good fits to the data when scenarios
involve an early Miocene phase of overthrust-
ing of a hot hanging wall over a downgoing
footwall, followed by the initiation of a duplex
within Lesser Himalayan Sequence rocks.

INTRODUCTION

Classical methods of investigating orogenic
histories have focused largely on the sedi-
mentary products of uplift and erosion (e.g.,
Dickinson, 1971) rather than on residual bed-
rock exposures. These approaches have more
recently been supplemented by the recogni-
tion that bedrock outcrops preserve isotopic
and petrological thermal history records of the
deformation and exhumation processes that
shaped their evolution in the mountain belt
(Ernst, 1971; England and Thompson, 1984;
Copeland et al., 1987; Braun, 2003). These
developments have largely been pioneered in
context of the Alpine-Himalayan belt, with par-
ticular emphasis on the India-Asian collision
zone. However, coverage of thermochronologic
investigations within the Himalaya is very un-
even. The vast majority have been undertaken
within the Greater Himalayan Crystalline Com-
plex, a narrow belt of amphibolite-grade schists
and gneisses that typically make up no more
than a quarter of the Himalayan mountain belt.
Owing to difficulties quantifying the petro-

genesis of rocks at low metamorphic grade,
our understanding of the rest of the chain is
poor. This is especially true of the rocks that lie
structurally below the broad ductile shear zone
known as the Main Central thrust—the Lesser
Himalayan Sequence (Fig. 1). The few stud-
ies to have quantified the thermal evolution of
these rocks (south of the lower bounding fault
of the Main Central thrust shear zone [Munsiari
thrust]) have tended to focus on Nepal (Beyssac
et al., 2004). In this study, we use an integrated
petrologic, thermometric, and thermochrono-
logic approach to quantify the thermal evolu-
tion of the Lesser Himalayan Sequence in the
Kumaun and Garwhal regions of northwest-
ern India. We then use these results to evalu-
ate a range of tectonic scenarios using forward
thermo-kinematic models.

Review of Structural Framework

In this study, we adopt the structural frame-
work of LeFort (1996), who divided the
Himalayan orogen into four major tectono-
metamorphic units: (1) the Siwalik Group,
consisting of Neogene to Quaternary fluvial
sediments of the Himalayan foreland basin
(Auden, 1935); (2) the Proterozoic to Paleo-
zoic Lesser Himalayan Sequence (LHS); (3) the
Proterozoic to Ordovician Greater Himalayan
Complex (GHC); and (4) the Proterozoic to
Eocene Tethyan Himalayan Sequence (THS).
Each of these units is delimited by a series of
north-dipping fault systems. From south to
north, these are the thrust-sense Main Frontal
thrust (MFT), the thrust-sense Main Bound-
ary thrust (MBT), the thrust-sense Main
Central thrust (MCT), and the normal-sense
South Tibetan detachment (STD). The Lesser
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Figure 1. Simplified geological map of the Himalaya.

Himalayan Sequence has been further divided
into a southern Neoproterozoic—Cambrian Outer
sedimentary zone and a northern Meso- to Neo-
proterozoic Inner sedimentary zone separated
by the south-dipping Tons thrust (Ahmad et al.,
2000; Richards et al., 2005; Valdiya, 1980).
The internal structural geology of the Lesser
Himalayan Sequence is largely governed by the
Ramgarh and Berinag thrusts (Fig. 2; Célérier
et al., 2009). Defining the top of the Lesser
Himalayan Sequence in the Uttaranchal region,
the Main Central thrust has been further sub-
divided into upper and lower zones, the bound-
ing faults of which are termed the Vaikrita and
Munsiari thrusts, respectively (Valdiya, 1980).
These two structures are equivalent to the Main
Central thrust I and Main Central thrust II
(Hashimoto et al., 1973) of Nepal. The reader is
referred to the companion paper (Célérier et al.,
2009) for a detailed description of the structural
geology and stratigraphy of Uttaranchal. Table 1
provides a summary of the structural and strati-
graphic terms referred to in the text.

Previous Studies of the Thermal Structure
of the Lesser Himalaya

Metamorphic conditions in the Himalaya
have largely been documented within the Greater
Himalayan Complex, which record peak tem-
peratures from ~550 °C to 750 °C along with an
accompanying decrease in pressure upsection
from 7-8 kbar to 3—4 kbar between the Main
Central thrust and South Tibetan detachment
(see reviews in Catlos et al., 2001; Harrison
et al., 1999). Equally, much work has focused
on understanding the thermal history of units
within the Main Central thrust zone, i.e., be-
tween the Munsiari (MCT I) and Vaikrita thrusts
(MCT II) (Catlos et al., 2001, 2007; Kohn et al.,
2001, Vannay and Grasemann, 1998; Vannay
et al., 2004). These studies have used various
thermobarometric techniques based on cation
partitioning (e.g., Ferry and Spear, 1978) to
quantify pressure-temperature (P-7') condi-
tions of metamorphism in the Main Central
thrust zone of 520-650 °C and 6-10 kbar. How-
ever, south of the Munsiari thrust (structurally
below the Main Central thrust ductile shear
zone, within units of the Lesser Himalayan
Sequence), where appropriate mineral assem-
blages for the application of thermobarometric
techniques are lacking, metamorphic conditions
have only been described qualitatively in terms
of mineral isograds (Pécher, 1989; Paudel and
Arita, 2000). Recently, however, peak metamor-
phic temperatures in proximity to the Munsiari
thrust and steep (20-50 °C/km) inverted ther-
mal field gradients south of the Munsiari thrust
have been documented in western and central
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Figure 2. Structural architecture of the Kumaun and Garwhal Himalaya. (A) The first-
order structure of the region showing a two-tiered stratigraphic sequence juxtaposed
along the south-dipping Tons thrust. These metasediments are overlain by several klippen
of the Main Central thrust hanging wall. Also shown are the major drainages and towns
in the region. (B) Structure of the region as proposed by Valdiya (1980): a series of stacked

thrust sheets.

Nepal using a method based on the struc-
tural state of carbonaceous material (Beyssac
et al., 2004; Bollinger et al., 2004, 2006).
These studies are of note because they were the
first studies to quantitatively describe the con-
ditions of metamorphism, and accompanying
inverted thermal field gradients, in the Lesser
Himalayan Sequence south of the Munsiari
thrust. In this study, when referring to inverted
thermal field gradients, we refer specifically to
paleo-inverted thermal field gradients where peak

Geological Society of America Bulletin, September/October 2009

metamorphic temperatures decrease with dis-
tance structurally below the Main Central thrust.

The “Ar/*Ar thermochronology method
has been often applied to Himalayan samples
to constrain cooling and denudation histories,
with particular focus on the Greater Himalayan
Complex and rocks adjacent to the Main Cen-
tral thrust. In central Nepal, biotite “°Ar/*Ar
ages (Copeland et al., 1991; Edwards, 1995)
decrease from ca. 16 Ma in the upper Greater
Himalayan Complex to as young as 2-3 Ma

within the Main Central thrust zone. Below the
Munsiari thrust (MCT 1), biotite ages increase
rapidly to pre-Tertiary ages as old as 900 Ma
(Copeland et al., 1991). Samples within the
Main Central thrust zone yield scattered ages,
and older samples generally exhibit age spectra
suggestive of excess radiogenic **Ar*. Within
the Kathmandu nappe (an eroded remnant of the
Main Central thrust sheet preserved as a klippe
in central Nepal), Arita et al. (1997) found a
range of “’Ar/*°Ar ages between 14 and 44 Ma
for muscovites separated from granites and
metasedimentary rocks. In eastern (Hubbard
and Harrison, 1989) and western (Bollinger
et al., 2004; Robinson et al., 2006) Nepal,
similar “’Ar/*Ar age patterns have been docu-
mented. We are unaware of any “°Ar/*’Ar data
for the Lesser Himalayan Sequence sensu stricto
in this area, i.e., south of the Munsiari thrust and
structurally below the various klippen overlying
the Lesser Himalayan Sequence.

THERMOMETRY AND
THERMOCHRONOLOGY

We have characterized the thermal structure
of the Lesser Himalayan Sequence by consid-
ering peak temperatures attained in metasedi-
mentary rocks using Raman spectroscopy of
carbonaceous material (RSCM) and thermo-
chronological analysis of white micas. Before
describing these results, we first note the pres-
ence of lineation-forming white mica, chlorite,
and kyanite. White mica and chlorite become
abundant in all Lesser Himalayan Sequence
lithologies with proximity to the Munsiari
thrust, as well as beneath the klippen to the
north of the Tons thrust. Along the Alaknanda
River (Fig. 3), kyanite is abundant in quartzites
of the Berinag thrust’s hanging wall, occurring
within the quartzite matrix as well as on the mar-
gins of 5-30-cm-wide quartz veins cutting the
northwest-dipping quartzites. Kyanite occurs
as slightly elongate needles (<5 mm) parallel to
the regional northwest-dipping foliation (shown
in Fig. 3 partially replaced by lineation-forming
muscovite). To the east, in the town of Munsiari,
kyanite was observed within the matrices of
quartzites in the proximal footwall of the Mun-
siari thrust (Célérier, 2007). Again, lineation-
forming muscovite appears to have partially
replaced the kyanite.

Raman Spectroscopy of
Carbonaceous Material

Beyssac et al. (2002) calibrated a technique
for the quantification of peak metamorphic
temperatures without the limiting need in clas-
sical thermobarometric studies for specific
mineral assemblages. The technique, Raman
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TABLE 1. SUMMARY OF STRUCTURES AND
STRATIGRAPHIC INTERVALS COMMONLY REFERRED TO IN THE TEXT

Structure/Unit Definition

Lesser Himalayan
Sequence (LHS)
Greater Himalayan
Complex (GHC)

Proterozoic—-Paleozoic low- to high-grade metasedimentary rocks including the Inner
(northerly) and Outer (southerly) LHS.

Proterozoic—Ordovician high-grade metasedimentary and meta-igneous rocks.
Equivalent to Greater Himalayan Crystalline Series or Tibetan slab; sometimes

subdivided into Formations I-1I (structurally lowest to highest; Le Fort, 1975).

Main Himalayan
thrust (MHT)

Main Boundary
thrust (MBT)

Main Central thrust
(MCT)

MCT zone

Master décollement beneath Himalayan wedge (Zhao et al., 1993; Hauck et al.,
1998; Schulte-Pelkum et al., 2005), into which all thrusts are thought to sole.
Thrust separating Proterozoic—Paleozoic rocks of the LHS from Tertiary foreland
basin deposits of the Siwaliks.

Collective term used to describe the broad fault zone separating the LHS and GHC.

Ductile shear zone bounded at its base by the Munsiari thrust and at its top by the

Vaikrita thrust. It is within the MCT zone that much of the slip along the MCT has

been accommodated.
Munsiari thrust

Thrust at the base of the MCT zone shown to have been active in the late Miocene—

Pliocene by Harrison et al. (1997) and Catlos et al. (2004). Equivalent to the MCT |
of Nepal (Hashimoto et al., 1973).

Vaikrita thrust

Thrust at the top of the MCT zone shown to have been active in the early Miocene

(LeFort, 1975). Equivalent to the MCT Il of Nepal (Hashimoto et al., 1973).

Berinag thrust

The Berinag thrust carries basal units of the Inner Lesser Himalaya over younger

strata of the Inner Lesser Himalaya—typically Deoban Formation dolomites.

Ramgarh thrust

The Ramgarh thrust carries basal units of the Outer Lesser Himalaya over younger

strata of the Outer Lesser Himalaya—typically Nagthat quartzites.

Tons thrust

Roughly halfway between the MBT and the Munsiari thrust, the Tons thrust (Valdiya,

1980) demarcates the boundary between the Inner and Outer Lesser Himalayan
sequences of Ahmad et al. (2000).

spectroscopy of carbonaceous material (RSCM),
is based upon the observation that sedimen-
tary carbonaceous material is progressively
transformed to graphite with increasing meta-
morphism. Beyssac et al. (2002) found a linear
relationship between temperature and structural
state quantified by Raman microspectroscopy in
the range 330-640 °C, ranging from disordered
carbonaceous material in low-metamorphic-
grade samples to crystalline graphite in high-
metamorphic-grade rocks (see GSA Data Re-
pository for analytical details').

Although the Kumaun and Garwhal Lesser
Himalayan Sequence, south of the Munsiari
thrust, are largely devoid of mineral assem-
blages suitable for conventional thermobarom-
etry, graphitic schists are widespread. In total,
60 samples were analyzed from across Utta-
ranchal following the procedures detailed in
Beyssac et al. (2002, 2003). Samples were ana-
lyzed using a Renishaw RM1000 at the Cali-
fornia Institute of Technology and Renishaw
Invia at the Ecole Normale Supérieure, Paris
(analytical methods are described in GSA Data
Repository [see footnote 1]).

The results of the RSCM thermometric
study (Fig. 4) show three clusters of data from
the Kumaun and Garwhal Lesser Himalaya
samples. Sample coverage is densest in the east
where graphitic schists are abundant. Another

!GSA Data Repository item 2009074, data tables
presenting results of the Raman Spectroscopy of Car-
bonaeous Material and *°’Ar/**Ar dating and details of
the analytical methods used to generate Geochemical
data, is available at http://www.geosociety.org/pubs/
ft2008.htm or by request to editing @ geosociety.org.
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cluster of data is centered in proximity to the
Munsiari thrust along the Alaknanda River,
where a window through the Berinag thrust
hanging wall has exposed underlying dolomites
and black schists of the Deoban and Mandhali
Formations (Valdiya, 1980). In the west, expo-
sure in the Inner Lesser Himalayan Sequence
is dominated by Berinag quartzite, and so only
sparse carbonaceous materials were available
for sampling; to the south, several samples were
analyzed from the Mussoorie syncline (Fig. 4).

In the east, relatively dense sampling of the
Lesser Himalayan Sequence, north of the Tons
thrust and between the Saryu and Kali Rivers,
revealed a range of peak metamorphic tem-
peratures between 340 °C and 580 °C (Fig. 4).
Adjacent to the Munsiari thrust, peak metamor-
phic temperatures between 571 °C and 540 °C
are recorded. Moving south along the Saryu
River, a decrease of ~130 °C (549 °C to 416 °C)
is recorded in the Lesser Himalayan Sequence
over a map distance of 5.85 km. Further east,
between the town of Munsiari and the north-
west corner of the Chipplakot klippe, a cluster
of samples was collected along the Gori Ganga
River (Fig. 4). In this area, samples in the im-
mediate proximity of the Munsiari thrust record
peak temperatures of ~550 °C. Moving south
again, temperature is essentially isothermal over
a map distance of 11.30 km but increases to
580 °C within a distance of 1.30 km beneath the
base of the Chipplakot klippe. Between these
two transects, a southerly traverse from the town
of Tejam toward the Askot klippe (along the
Ram Ganga River) reveals an apparent inverted
thermal field gradient to the south, away from

Figure 3. Kyanite development in Berinag
quartzites of the Lesser Himalayan Sequence
along the Alaknanda River (GPS position:
30°31°05.1N, 79°29’48.8E). Kyanite within
the recrystallized quartzite matrix is replaced
by muscovite. Ky—Kkyanite, Qtz—quartz,
Mu—muscovite.

the Munsiari thrust but toward the sole thrust of
the klippe (Fig. 4). Graphitic schists near Tejam
(10.10 km map distance south of the Munsiari
thrust) yielded peak metamorphic temperatures
of ~370 °C, which provides a lower bound on
the conditions of thermal metamorphism in this
region of the Inner Lesser Himalayan Sequence.
Between Tejam and the base of the Askot klippe,
five samples record an increase in temperature
of ~160 °C (373 °C to 531 °C) over 11.40 km
map distance, defining an inverted thermal field
gradient beneath the klippe. Approximately
25 km south of the Askot klippe (around the
town of Pithoragarh), five data points include
a maximum of ~395 °C decreasing to ~345 °C
further south (Fig. 4).

The second cluster of samples is from along
the upper reaches of the Alaknanda River, where
a window through the Berinag thrust hanging
wall exposes graphitic schists between the towns
of Helang and Chamoli (Fig. 4). Within the win-
dow, peak metamorphic temperatures are essen-
tially isothermal at ~510 °C. South of Chamoli,
the northwest corner of the Baijnath klippe is
exposed along the Alaknanda River. Analysis
of graphitic schists within the Main Central
thrust upper plate at this location yielded peak
temperatures of ~575 °C. Further downstream,
two exposures between Chamoli and the Tons
thrust provided suitable material for RSCM, and
both indicated temperatures of ~370 °C. Two
samples of retrogressed, graphitic, schistose
gneiss from within the Almora klippe yielded
temperatures of 346 °C and 367 °C.

In the western sector, exposure of the Inner
Lesser Himalayan Sequence is dominated by
the hanging wall of the Berinag thrust sheet
(Fig. 4), which does not contain suitable

Geological Society of America Bulletin, September/October 2009
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lithologies for application of RSCM. However,
two small windows along the Bhagirathi River
(near the towns of Uttarkashi and Dunda) ex-
pose graphitic schists in the footwall of the
Berinag thrust. In the more northerly window,
two samples yielded temperatures of 360 °C and
390 °C (Fig. 4). Three samples from the south-
erly window were of low metamorphic grade;
one sample yielded a temperature of 346 °C,
and the other two samples were below the cur-
rent calibration range of RSCM (i.e., <330 °C).
In the Outer Lesser Himalayan Sequence, a suite
of seven samples was taken across the axis of
the Mussoorie syncline, and all yielded RSCM
temperatures <330 °C. Between the Inner and
Outer Lesser Himalayan Sequence, rocks in the
vicinity of the Tons thrust were specifically tar-
geted to determine whether a thermal signature
is associated with the structure. Three graphitic
schists were sampled, and all showed tempera-
tures well above (387 °C to 459 °C) those away
from the immediate vicinity of the Tons thrust
(i.e., <330 °C; Fig. 4).

“Ar/*Ar Thermochronology

In the preceding section, we documented
temperatures in the Kumaun and Garwhal
Lesser Himalayan Sequence up to ~560 °C.
The cooling paths that these rocks have taken
following metamorphism have the potential to
provide additional insights into the tectonic de-
velopment of the region. White micas associated
with Himalayan metamorphism are particularly
abundant near the Munsiari thrust and basal
thrusts of the four klippen exposed to the north
of the Tons thrust. Methods for these analyses
are described in the GSA Data Repository (see
footnote 1).

Figure 5 summarizes results of the “Ar/*Ar
study (see GSA Data Repository for full details
[see footnote 1]). Calculated total fusion ages
range between ca. 4 Ma and ca. 500 Ma. As with
the pattern of the RSCM thermometric results,
data are clustered across the study area, coincid-
ing with areas where white mica is abundant.
Lineation-forming white micas are most plenti-
ful in the quartzites of the Berinag thrust hang-
ing wall, and, as such, results are largely derived
from this unit. South of the Tons thrust, rocks of
the Main Boundary thrust and Ramgarh thrust
hanging walls have metamorphic grades below
those required to grow foliation-forming white
mica, hence the lack of data from the Outer
Lesser Himalayan Sequence.

In total, 33 white micas were analyzed by the
YOAr/*Ar step-heating method (Fig. 6). A wide
range of gas release patterns is observed, which
requires some interpretation. Within the some-
what chaotic range of age spectra (Fig. 6A),
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three broad patterns emerge. The age spectra
colored in blue are characterized by apparent
ages younger than 20 Ma throughout more than
99% of gas release and small age gradients
(typically ~3 Ma) over the gas release (typi-
cally 15 steps). This group of samples is re-
ferred to as mode 1 gas release pattern. Given
the shape of gas release patterns for mode 1
samples, in combination with the observation
that graphitic rocks adjacent to many of these
samples have experienced peak temperatures
>400 °C, mode 1 sample ages are interpreted
as recording cooling through the closure tem-
perature (7)) for Ar diffusion in white mica of
~400 °C (Harrison et al., 2008).

Red age spectra (Fig. 6A) are typified by in-
creasing apparent ages at each step, where the
final 10% of gas release is yielded by older than
50 Ma ages. Gas release patterns typically yield
Tertiary ages over ~70% of the gas release. This
group of age spectra is referred to as mode 2.
The rapid increases in age over the final 30%
of gas release, in combination with incremental
increases in age over the first 70%, suggest that
mode 2 ages represent incomplete outgassing
of detrital white micas rather than cooling ages.
Evidence for this interpretation is provided
by RSCM on rocks in proximity to mode 2
samples, which suggests that these rocks did not
experience temperatures >350 °C.

A third group of samples (mode 3 gas release
pattern) shown in green (Fig. 6A) consists of six
samples with large analytical errors reflecting
their low (0.2%-3%) potassium contents (i.e.,
the analyzed material is not pure muscovite).
Because of the large errors associated with this
group of analyses, samples displaying mode 3
gas release patterns are not considered further.

Figure 6B shows the combined age spectra
of 16 samples characterized by mode 1 gas re-
lease. The range of calculated total fusion ages
for these 16 samples varies between 13.5 Ma and
4.3 Ma (Fig. 6B). A broad pattern of younger
total fusion ages with increasing proximity to
the Munsiari thrust is observed. The oldest mode
1 age (GW168-04) is from a penetratively foli-
ated Berinag quartzite in the southern footwall
of the Askot klippe (Fig. 5), and the youngest
age is from a kyanite-bearing Berinag quartzite
(GW121-03A) of the Munsiari thrust’s footwall,
near the town of Munsiari. Along the length of
the Munsiari thrust, mode 1 ages vary between
4.4 Ma and 10.4 Ma. In the central portion of
the study area, apparent ages adjacent to the
Munsiari thrust vary between 6 Ma and 10.4 Ma,
averaging ca. 8.5 Ma. Along the Bhagirathi
River, a single sample yielded a mode 1 release
pattern with a total fusion age of 8.2 Ma, 3.2 km
southwest of the Munsiari thrust. Four mode 1
ages from Lesser Himalayan Sequence rocks

in the footwall of the Main Central thrust sheet
have been documented up to ~30 km south of the
Munsiari thrust. Figure 5 shows that white micas
separated from Berinag quartzites in the foot-
walls of the Chaukori and Askot klippen yield
total fusion ages between 9.8 Ma and 13.6 Ma.

Figure 5 shows 12 mode 2 ages distributed
across the Kumaun and Garwhal Lesser Hima-
layan Sequence. In the region’s eastern and
central parts, mode 2 release patterns have
been documented from quartzites up to ~50 km
south of the Munsiari thrust within the Berinag
thrust’s hanging wall. South of the Askot klippe,
three samples were collected and analyzed with
increasing distance from the klippe contact. The
first two samples are characterized by mode 1
release, while the third (furthest from the klippe
contact; GW170-04) shows mode 2 behavior.
In the Garwhal region, eight mode 2 ages were
recorded from the Berinag thrust’s hanging wall
in the vicinity of the Bhagirathi River. Calcu-
lated total fusion ages for these samples are in-
terpreted to represent incomplete outgassing of
detrital white mica at or below ~400 °C and not
cooling through the white mica 7.

Discussion of Thermal Data Sets

Results of the thermal study detailed here
allow us to characterize and quantify the ther-
mal structure of the Kumaun and Garwhal
Lesser Himalaya along three broad transects.
The distribution of thermal data is spatially vari-
able and highly clustered in some areas, a reflec-
tion of the location and accessibility of suitable
material for sampling.

In the case of the RSCM study (Fig. 4),
note that south of the Tons thrust, all analyzed
samples yield peak temperatures below the cur-
rent limit of the technique of ~330 °C. On the
northern side of the Tons thrust, 49 samples
record a range of temperatures from <330 °C
to 583 °C. Peak metamorphic temperatures
immediately adjacent to the Munsiari thrust
are typically ~550 °C, with a high of 571 °C
recorded in far-east Kumaun. These results are
consistent with those of Beyssac et al. (2004),
who documented similar temperatures through-
out the Lesser Himalayan Sequence of western
and central Nepal at similar structural positions.
Based on the aluminosilicate phase diagram
(Holdaway, 1971; Kerrick, 1990), the pres-
ence of kyanite in quartzites (Fig. 3) adjacent
to graphitic rocks that record peak metamorphic
temperatures of ~550 °C constrains pressure in
the quartzites to be =5 kbar.

The RSCM data detailed here point toward a
spatial association between peak metamorphic
temperatures and proximity to the hanging wall
of the Main Central thrust (Fig. 4). Figure 4
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Figure 6. “*Ar/*Ar age spectra for samples examined in the present study. (A) Combined
age spectra of 33 samples analyzed for this study. Mode 1 age spectra are blue, mode 2 age
spectra red, and mode 3 age spectra green. Lower portion of figure shows the age spectra
separated into mode 1 (B) and mode 2 (C) behavior. For mode 1 samples, note the shallowly
increasing age gradients between early and late steps of gas release. For the case of the mode

2 samples, note the roughly exponential increases in age in the final ~30% of gas release.

shows that Inner Lesser Himalayan rocks on
the northern side of the Tons thrust display an
increase in metamorphic temperatures as the
Main Central thrust is approached (i.e., with
higher structural position or shallower depth).
This increase in metamorphic grade has long
been recognized in Uttaranchal (Medicott,
1864; Middlemiss, 1887; Oldham, 1883), but it
has not been previously quantified, nor has the
magnitude of the inverted thermal field gradient
beneath the Main Central thrust been estimated.
In the previous results section, we qualitatively
described the inverted metamorphic field gra-
dient and RSCM thermometric data relative to
the map distance to the Munsiari thrust. While
it is a useful approximation, calculation of an
inverted thermal field gradient based on map
distance alone is potentially a gross oversimpli-
fication because it ignores the interplay between
the complex structural geometry and differential
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erosion responsible for current exposure of the
Lesser Himalayan Sequence.

Given that analyzed samples were not taken
from a single section of common elevation, all
data need to be collapsed to a common reference
frame in order to compare results from differ-
ent areas and accurately calculate thermal field
gradients in the Lesser Himalayan Sequence. As
the Main Central thrust is the boundary between
the Lesser Himalayan Sequence and the Greater
Himalayan Complex, it is the natural choice.
However, the position of the Main Central
thrust has been a matter of intense debate, and
it reflects the varied criteria used to define its
position: structural, lithologic, and chronostrati-
graphic (see discussion in Célerier et al., 2009).

The Main Central thrust has experienced an
episodic history of displacement, and the cur-
rent structural architecture in proximity to the
fault reflects this extended sequence of fault-

ing. LeFort (1996) showed that the large-scale
displacements (hundreds of kilometers) re-
sponsible for juxtaposition of the Main Central
thrust hanging wall atop the Lesser Himalayan
Sequence occurred in the early Miocene and
were associated with the MCT II (i.e., Vaikrita
thrust). Collective displacements attributed to
the Miocene-Pliocene, out-of-sequence phase
of Main Central thrust thrusting are probably
of significantly lower magnitude than the early
Miocene phase of Main Central thrust activity
(Harrison et al., 1997). So, the Main Central
thrust-related structure of greatest tectonic sig-
nificance appears to be the Vaikrita thrust (i.e.,
MCT II of Nepal), and therefore thermal field
gradient calculations beneath the Main Central
thrust have been referenced to it (i.e., perpendic-
ular distance beneath the projected thrust plane).
Figure 7 schematically represents the method
for calculation of gradients. This approach con-
siders the effect of differential elevations be-
tween analyzed samples and also approximates
the first-order structural trends of the region.

Given the observation that metamorphic
temperature peaks are spatially associated with
proximity to klippen north of the Tons thrust,
only samples unaffected by this relationship
(i.e., distal to the klippen) are considered in
the characterization of inverted metamorphism
south of the Vaikrita thrust. Specifically, the suite
of samples from the Gori Ganga River in far-
eastern Kumaun and several samples from the
Alaknanda River (Fig. 4) were excluded from
the gradient calculation on this basis. This is to
ensure that we are measuring the inverted ther-
mal field gradient at the position of the Vaikrita
thrust, and not including data from below more
leading-edge positions of the Main Central thrust
hanging wall. Eight samples were considered in
the calculation, and these yield an inverted ther-
mal field gradient of ~30 °C/km perpendicular to
the Vaikrita thrust within the Lesser Himalayan
Sequence (Fig. 7). This is consistent with the
range of gradients documented by Beyssac et al.
(2004) and Bollinger et al. (2004) beneath the
Main Central thrust in Nepal.

In addition to the inverted thermal field
gradients under the Vaikrita thrust, RSCM
has revealed an inverted thermal field gra-
dient in Lesser Himalayan Sequence rocks
in the footwall of the Askot klippe in east-
ern Kumaun. This klippe sits atop the Lesser
Himalayan Sequence ~25 km south of the trace
of the Vaikrita thrust. On a southerly traverse
from the Vaikrita thrust toward the klippe, re-
corded peak metamorphic temperatures fall to
~370 °C (near Tejam; see Fig. 4) before reach-
ing a maximum of ~530 °C close to the fault
at the base of the klippen (widely considered to
be the southerly extension of the Vaikrita thrust).

Geological Society of America Bulletin, September/October 2009


http://gsabulletin.gsapubs.org/

Downloaded from gsabulletin.gsapubs.org on 30 July 2009

Kumaun and Garwhal Lesser Himalaya: Thermal and deformation histories

A

Vaikrita thrust

North

[ ]
~ ~
baSa/,; ~ ~ o Kklippe 400 1 °
rustofk; ~ [ )
e 350 |
North South

topographic
surface

600
°

550 Se o ©
G 500} ¢
=
s 450}
.7
o

°
400
350
Inverted thermal gradient ~30 °C/km
1000 2000 3000 4000 5000 6000
Structural distance beneath
Vaikrita thrust (m)
600
550
o0

(%]
o
(s}
T
L)

Peak T (°C)
N
w
o

Inverted thermal gradient ~20 °C/km

2000 4000 6000
Structural distance beneath
Askot klippe (m)

Figure 7. Details of thermal field gradient calculation for samples in the footwall of the Main
Central thrust hanging wall. (A) The approach under the Vaikrita thrust. (B) The approach
under the Askot klippe. Sketches on the left schematically represent the approach, while
plots on the right show the calculated inverted thermal field gradients. GHC—Greater
Himalayan Complex, LHS—Lesser Himalayan Sequence.

Uncertainties in identification of the structure to
which inverted thermal field gradients may be
referenced are avoided for the case beneath the
Askot klippe because the boundary between the
Main Central thrust hanging wall and footwall
is sharp and readily identified on the basis of
lithology (gneiss in the hanging wall and quartz-
ite in the footwall). The inverted thermal field
gradient (~20 °C/km) is lower than that beneath
the Vaikrita thrust (Fig. 7).

Carbonaceous material was not found be-
neath the Almora klippe, precluding RSCM.
However, turbidites immediately beneath the
Almora klippe (Fig. 2) retain their sedimentary
character. Spherical detrital quartz grains are
preserved in the rock matrix, as are cross-beds
in 10-20 cm sandstone horizons of the turbidite
succession, indicating that rocks in the footwall
of the Almora klippe did not experience tem-
peratures >350 °C (Dunlap et al., 1997; Hirth
and Tullis, 1992).

The spatial association between recorded
temperature maxima in Lesser Himalayan Se-
quence rocks and proximity to the Main Central
thrust hanging wall suggests a causal relation-

Geological Society of America Bulletin, September/October 2009

ship, as does the inverted thermal field gradient
beneath the Askot klippe, ~25 km south of the
Munsiari thrust. The RSCM study also reveals
a thermal field gradient in the footwall perpen-
dicular to the strike of the Main Central thrust
hanging wall, i.e., to the south. Peak meta-
morphic temperatures, and apparent inverted
thermal field gradients, are highest beneath the
Vaikrita thrust (550-560 °C, ~30 °C/km). How-
ever ~25 km south, at the position of the Askot
klippe, peak temperatures are ~40 °C lower, and
the inverted thermal field gradient is ~20 °C/km.
Further south again, immediately below the
Almora klippe, there does not appear to be any
appreciable inverted thermal field gradient. If
thermal excursions in the Lesser Himalayan
Sequence are due to heat flow from the Main
Central thrust hanging wall, then the southward
decrease in the degree of Lesser Himalayan Se-
quence metamorphism, and associated inverted
thermal field gradients, implies that the Greater
Himalayan Crystalline unit cooled as it propa-
gated south. At the position of the Askot klippe,
sufficient heat was still available in the Main
Central thrust hanging wall to heat the graphitic

schists of the Lesser Himalayan Sequence to
530 °C. However, by the time the leading edge
of the sheet reached approximately halfway be-
tween the traces of the Main Boundary thrust
and the Vaikrita thrust, it had cooled below
~330 °C (i.e., quartz recrystallization and the
lower limit of RSCM thermometry).

Three samples adjacent the Tons thrust
record temperature excursions above that
documented in rocks distal to the fault. These
thermal anomalies support models for the
assembly of the Himalaya that require a sig-
nificant role for the Tons thrust (Ahmad et al.,
2000; Richards et al., 2005).

The “Ar/*Ar thermochronological results
also point toward a spatial association between
modes of sample degassing and proximity to
the hanging wall of the Main Central thrust.
Figure 5 shows that with increasing distance
from the Main Central thrust hanging wall, age
spectra shift from mode 1 to mode 2 behavior.
Mode 1 cooling ages approach a minimum of
4.4 Ma near the type locality of the Munsiari
thrust and a maximum of 13.6 Ma to the south,
in the footwall of the Askot klippe. In the case
of the four mode 1 ages recorded in the foot-
wall of the Askot and Chaukori klippen (~50 km
south of the Munsiari thrust, where Lesser
Himalayan Sequence samples away from the
klippen are characterized by mode 2 release
patterns), the proximity of these cooling ages to
the Main Central thrust hanging wall suggests
that the elevated temperatures required to outgas
detrital white micas and crystallize new grains
were derived from the hot hanging wall of the
Main Central thrust. This is consistent with
the RSCM results, which also record increases
in temperature approaching the Main Central
thrust hanging wall. The cooling in the Main
Central thrust footwall, recorded by “Ar/*Ar
white mica ages, also appears to be related to
proximity to this fault. Thus, we interpret the
“OAr/¥Ar ages of Lesser Himalayan Sequence
white micas to reflect cooling below ~400 °C
in the footwall of the Main Central thrust fol-
lowing emplacement of the Greater Himalayan
Complex. Both data sets yield evidence to sup-
port this interpretation and indicate temperature
excursions (spatially related to the Main Central
thrust hanging wall) above the ambient tempera-
ture (<330 °C) of regional metamorphism in the
Lesser Himalayan Sequence.

This interpretation implies that mode 1 ages
are derived from rocks that were more proxi-
mal to the heat source of the Greater Himalayan
Complex, and therefore experienced greater
heating, than mode 2 samples. The partial reset-
ting of mode 2 white micas suggests that they
record a Tertiary thermal event at conditions
close to the white mica 7, but insufficient to fully
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outgas accumulated *°Ar* from the Proterozoic-
age detrital white micas. Thus, Tertiary ages in
the early steps of gas release from these samples
may not be related to cooling through 7, but,
rather, they may relate to the time of crystal-
lization of low-retentivity white mica during
Himalayan tectonism (Dunlap, 1997). If so, an
estimate of the minimum age of crystallization
of the mode 2 samples, and thus the timing of
passage of the Main Central thrust hanging wall
over the Lesser Himalayan Sequence, can be
obtained by considering the calculated age for
a given sample at the first step of gas release.

Our interpretation of mode 1 “Ar/*Ar ages is
that they represent cooling through the closure
temperature for muscovite. We estimate the bulk
muscovite 7, to be 400 °C based on the Arrhenius
parameters of Harrison et al. (2009) and an effec-
tive diffusion length scale of 0.005 cm.

Mode 1 cooling ages are characterized by
gas release patterns exhibiting an age gradient
between the early and late stages of step heat-
ing, typically ~3 Ma (Fig. 6). An implication
of our ability to reveal intracrystalline diffusion
gradients in white micas during in vacuo step
heating is that “Ar/*Ar age spectra of natural
materials can reveal cooling-related age gra-
dients. This observation is consistent with many
other studies documented in the literature (see
McDougall and Harrison, 1999). If so, we can
obtain an estimate of cooling rate from the ex-
pression for 7, as a function of position in a crys-
tal of infinite cylinder geometry (Dodson, 1986).
For the muscovite parameters described here, the
T, at the center of the cylinder (i.e., r = 0.0) is
410 °C. The same calculation for r = 0.99 yields
an expected lower 7, of 320 °C. Given that the
age difference across the release patterns aver-
ages ~3 Ma (Fig. 6), this 90 °C difference cor-
responds to a cooling rate of ~30 °C/Ma.

The difference of ~3 Ma between the first
and last steps in an age spectra means that sam-
ples that record total fusion ages that are differ-
ent by millions of years may actually have gas
release steps that overlap in age. For example,
calculated total fusion for samples GW114—
03A and GW64-03A (see Data Repository
material [see footnote 1]) differ by 2 Ma, yet
the final 30% of gas release from the younger
GW64-03A overlaps in age with the first 30%
gas release from the older GW114-03A. So,
following the reasoning of the previous para-
graph, total fusion ages of ca. 6 Ma to ca. 11 Ma
adjacent to the Munsiari thrust likely represent
an average age of cooling at this structural level
of 8.5 Ma. Thus, we conclude that the footwall
of the Munsiari thrust across Uttaranchal expe-
rienced cooling below the 7, for white mica at
ca. 8.5 Ma. A single sample from the type loca-
tion of the Munsiari thrust falls outside this age
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range. This sample, collected from an equivalent
structural level to the ca. 8.5 Ma group, records
a total fusion age ~4 Ma younger than the nine
samples of structural equivalence.

South of the Munsiari thrust, a second group
of samples exhibit mode 1 gas release patterns.
In the footwalls of the Chaukori and Askot
klippen, four samples are characterized by
gas release patterns showing age gradients. In
a similar manner to mode 1 samples adjacent
to the Munsiari thrust, these samples display
an ~3 Ma age gradient, which we interpret as
intracrystalline closure profiles (Dodson, 1986).
Calculated total fusion ages for these samples
between 9.8 Ma and 13.6 Ma are significantly
older than mode 1 ages adjacent to the Munsiari
thrust. The average age of this group of samples
from the footwall of the Askot and Chaukori
klippen is 11.5 Ma, ~3 Ma older than samples in
the footwall of the Munsiari thrust. The implica-
tion of the age differences in mode 1 samples
from northern and southern exposures is that
the southerly results document cooling of the
Lesser Himalayan Sequence related to passage
of the Main Central thrust hanging wall ~3 Ma
before the samples to the north.

The ~3 Ma separation in mode 1 ages be-
tween northerly and southerly exposures of the
Main Central thrust footwall interface requires a
mechanism to account for this contrast. By way
of explanation, we consider the thermal con-
sequences of faulting along the Main Central
thrust. In its simplest form, the thermal relation-

ship between the Main Central thrust hanging
wall and footwall is one of juxtaposition of
a hot upper plate against a colder lower plate.
Thermal metamorphism in the footwall occurs
principally via heat conduction below the fault
interface. Following the cessation of movement
along the fault, the perturbed isotherms will tend
toward equilibrium. In order to produce the ob-
served temperature maxima beneath the klippen,
thrusting and accompanying isotherm displace-
ment would need to be of sufficient magnitude
to produce a sigmoidal-shaped isotherm pat-
tern along the thrust interface that relaxes over
time (Fig. 8). Two-dimensional modeling of
pressure-temperature-time (P-7-f) paths for re-
gional metamorphism in overthrust terrains (Shi
and Wang, 1987) has shown that the leading
edge of the overriding thrust sheet will be cooler
than the root, and that it cools much more rap-
idly than near the root. Following cessation of
thrusting, the trend is one of fast cooling at the
thrust sheet’s leading edge and maintenance of
elevated temperatures in the root zone. Further,
the rapid cooling at the leading edge slows as
the cooling front migrates toward the hotter root
zone of the thrust sheet. Allowed to proceed to
equilibrium, the result is elimination of the sig-
moidal isotherm structure, where the thrust sheet
root zone is the last to cool (Fig. 8). We propose
that the pattern of younger mode 1 cooling ages
with increasing proximity to the Munsiari thrust
is a reflection of this mechanism. The ca. 11 Ma
cooling age at the position of the Chaukori and

Figure 8. Schematic illustration of isotherm relaxation following the cessation of thrust-
ing along a simple ramp flat; ¢, represents the sigmoidal isotherm pattern produced im-
mediately after thrusting ceases, and ¢,~¢, show the retreating closure isotherm for white
mica migrating toward the thrust root zone. Shi and Wang (1987) showed that following
the cessation of thrusting, the leading edge of the overthrust terrain cools quickly and then
slows as the perturbed isotherms retreat toward the hotter root zone, until the thermal
anomaly is dissipated at ¢,. In this study, the pattern of older mode 1 ages in the south of
the Lesser Himalayan Sequence (LHS) and younger mode 1 ages to the north is explained
through such a mechanism—retreat of isotherms, and subsequent cooling in the Main Cen-
tral thrust (MCT) footwall, following the emplacement of the Greater Himalayan Complex
(GHC) hanging wall upon the Lesser Himalayan Sequence.
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Askot klippen records the time that the thermal
anomaly attributed to emplacement of the Main
Central thrust hanging wall dropped below the
T. for muscovite. Samples from the more north-
erly Munsiari thrust hanging wall are closer to
the root zone and so cooled later (and recorded
younger cooling ages) than samples closer to the
thrust sheet’s leading edge (Fig. 8) as a result of
the retreat of the white mica closure isotherm
toward thermal equilibrium.

THERMO-KINEMATIC MODELING

The data sets detailed herein provide con-
straints on the thermo-tectonic evolution of
the Kumaun and Garwhal Lesser Himalayan
Sequence. Taken individually, each of these
data sets constrains singular aspects of the as-
sembly of the studied area. However, the com-
bination of these results within the framework
of a multiparameter physical model has the
potential to quantitatively test tectonic hypoth-
eses. Accordingly, we used numerical experi-
ments to investigate the thermal response of the
Lesser Himalayan Sequence to juxtaposition of
a hot upper plate. This style of model has been
proposed by multiple Himalayan workers over
the past 30 a, beginning with LeFort (1975).
Known as the “hot-iron” model, this hypoth-
esis was the first to present a testable physical
mechanism for Himalayan inverted metamor-
phism. A suite of publications (e.g., Shi and
Wang, 1987; Ruppel and Hodges, 1994) quanti-
tatively assessed the Le Fort (1975) proposition
and showed that, under realistic fault slip rates,
inverted metamorphism could not be achieved
through thermal relaxation following thrusting
alone. Furthermore, a key requirement of these
models is that, in order to obtain the required
high temperatures to metamorphose the Main
Central thrust footwall, an extraordinary heat
source in the Main Central thrust hanging wall
is necessary to counter the refrigeration effect
of conductive cooling to the footwall. Preempt-
ing this limitation, Le Fort (1975) invoked
shear heating along the Main Central thrust as
a potential source of the required heat. A series
of papers subsequently addressed Le Fort’s
(1975) proposition quantitatively (Graham and
England, 1976; England et al., 1992; England
and Molnar, 1993; Molnar and England, 1990).
These studies successfully reproduced as-
pects of the observed thermal structure, but
only by using shear stresses in the range of
100-1100 MPa. Despite reproducing the in-
ferred Himalayan thermal structure, the ap-
plicability of these models was diminished by
the extraordinary magnitude of required shear
stresses. Paleopeizometric (Engelder, 1983),
laboratory deformation (Rutter, 1997), and tec-
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tonic modeling studies (Kong and Bird, 1996)
are consistent with ductile shearing stresses of
<50 MPa (Harrison et al., 1999).

In addition to modeling a “hot-iron” style
scenario, we also modeled the thermal effects
of duplex formation in the Lesser Himalayan
Sequence following an early phase of Greater
Himalayan Complex juxtaposition against the
Lesser Himalayan Sequence along the Main
Central thrust. This is consistent with kinematic
models of Lesser Himalayan Sequence assem-
bly proposed by workers in Nepal (Schelling
and Arita, 1991; DeCelles et al., 2001; Robinson
et al., 2003, 2006; Bollinger et al., 2004, 2006),
as well as with the structural geology of the
study area documented in Célérier et al. (2009).

To represent the thermal conditions of the
study area, a successful model of the Lesser
Himalayan Sequence should account for the fol-
lowing constraints:

(1) temperature of regional low-grade meta-
morphism <330 °C;

(2) localized temperature maxima up to 550—
570 °C immediately adjacent the Main Central
thrust;

(3) apparent inverted thermal field gradients
(~30 °C/km normal to the base of the Main Cen-
tral thrust) adjacent to the Main Central thrust
with a mean maximum temperature of ~550 °C
at the contact;

(4) temperatures and inverted thermal field
gradients highest at the base of the high range;
peak temperatures ~40 °C lower and inverted
gradient of ~20 °C/km 25 km south (i.e., Askot
klippe footwall), and a further 25 km south (i.e.,
Almora klippe footwall), no inverted gradient
observed;

(5) mode 1 “°Ar/*Ar white mica ages indicat-
ing Lesser Himalayan Sequence cooling below
~400 °C from 13.6 to 4 Ma, where ages adjacent
the Main Central thrust reflect cooling following
Greater Himalayan Complex emplacement, and
the Main Boundary, Tons, and Berinag thrusts
do not appear to have influenced closure of the
white mica “’Ar/*Ar chronometer; and

(6) average mode 1 “*Ar/**Ar white mica ages
adjacent the Main Central thrust in the Chaukori
and Askot klippen of ca. 11.5 Ma (i.e., ~3 Ma
older than at the base of the high range).

Modeling Approach

To investigate the thermal evolution of the
study area, we employed a highly flexible
thermo-kinematic numerical model. Our inten-
tion here is not to search for parameters that
provide an exact fit to the data, but rather to test
whether a proposed hypothesis is broadly con-
sistent with predictions of thermo-kinematic
modeling.

Thermo-kinematic Model: PECUBE
We solve the heat-transfer equation in two
dimensions:

pc(aa—fﬂzVT) =kV’T+pH+H, (1)

where T(x,y,z,t) is the temperature (K), p is rock
density (kg/m?), ¢ is heat capacity (J/kg K),
v(u,v,w) is the velocity field (km/Ma), k is the
thermal conductivity (Wm/K), H(x,y,z) is radio-
active heat production per unit mass (WW/m?),
and H, is the shear heating (J/a). We use a modi-
fied version of a finite-element code (PECUBE;
Braun, 2003; Herman et al., 2007) to solve
Equation 1 within a crustal block, including
the effects of a time-varying topography. The
effects of radiogenic heat production and shear
heating are included. Shear heating is com-
puted as the product of the shear stress and
strain rate tensors (e.g., Graham and England,
1976; England et al., 1992; Burg and Gerya,
2005). The strain rate can be estimated from
the velocity field, whereas the components
of the stress tensor can only be approximated,
since the model is kinematic. In the brittle do-
main, all the components of the stress tensor
are taken equal to the lithostatic pressure
(T =ulp - pylgz and 1 = tan[d], where T is the
shear stress [Pa], g is the gravitational accelera-
tion [ms™], p,, is the density of water, z is the
depth [m], and ¢ is the friction angle). In the
ductile domain, the shear stress is calculated
from a power law, T" = £/(A2/%") where ¢ is
the strain rate (1/Ma), n and A (1/MPa s) are
intrinsic constants, Q (J/mol) is the activation
energy, and R is the universal gas constant. A
granite flow law is used for the parameters in the
ductile regime, and a 50 MPa value is assumed
for the maximum shear stress, in line with the
range of values consistent with laboratory ex-
periments (Hansen and Carter, 1982).

At the end of the model run, we extract ther-
mal histories to estimate ages and peak tem-
peratures for rocks that end up at the surface.
The thermochronological ages are computed
by solving the solid-state diffusion equation,
as described in Herman et al. (2007), using the
kinetic parameters from Harrison et al. (2008).
Our goal is to reproduce the horizontal varia-
tions in age and peak temperature that dominate
age patterns in the data.

Model Kinematics

Figure 9 schematically shows the kinematics
of the model. We assume a two-stage kinematic
evolution. In the first stage (Fig. 9A), we simu-
late the effect of an overthrusting hot hanging
wall over a downgoing footwall (“hot-iron”
style thermal effect) within a crustal block that
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Figure 9. Sketch of the kinematics used in PECUBE (modified from Avouac, 2008). (A) First
stage of the model (¢ <¢,). (B) Second stage of the model includes underplating (¢ >¢,).

is 200 km long and 60 km thick. The main thrust
is treated as a flat ramp, defined in the model
by a kink-fault, which is assumed to be equiva-
lent to the Main Himalayan thrust. The velocity
field is defined according to the fault-bend fold
method (Suppe, 1983). The location of the kink
is imposed at depth of 11 km and 70 km north
from the trace of the thrust at the surface (Cattin
and Avouac, 2000; Lavé and Avouac, 2000,
2001). The dip of the ramp is set equal to 15°,
consistent with Cattin and Avouac (2000) and
Lavé and Avouac (2000, 2001). The displace-
ment along this thrust is achieved by ascrib-
ing a total convergence velocity, v, = 20 mm/a,
consistent with estimates of Himalayan con-
vergence (Armijo et al., 1986; Avouac, 2003;
Bilham et al., 1997; Bettinelli et al., 2006) that
is partitioned between the footwall (underthrust-
ing) and hanging wall (overthrusting) velocities,
v, and v,, respectively (i.e., v, = [l — A]v, and
v, = Av). The overthrusting rate is related to
the erosion rate such that when the overthrust-
ing rate is increased, increased erosion results.
We are able to constrain A because we are able
to constrain the erosion rate. This initial stage of
model development is intended to reproduce
the effects of large-scale displacement along
the Main Central thrust responsible for jux-
taposition of the Main Central thrust hanging
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wall atop the Lesser Himalayan Sequence, as
documented by LeFort (1975, 1996). During
this first stage (¢ < t,; Fig. 9A), some accretion
(E, [mm/a]) is included all along the thrust. In
the second stage of the model (¢ > ¢,, Fig. 9B),
we aim to include the effects of duplex formation
in the Lesser Himalayan Sequence as discussed
previously here and in detail in Célérier et al.
(2009). To achieve this, we increase the total
vertical exhumation (E, [mm/a]) over a given
window lying between a distance 85 and 130 km
away from the trace of the Main Himalayan
thrust at the surface (Cattin and Avouac, 2000;
Lavé and Avouac, 2000, 2001; Bollinger et al.,
2004, 2006). This zone of vertical exhumation,
in turn, corresponds to a local increase of erosion
in the vicinity of the model’s Main Central thrust
trace. It is important to realize that as we add this
vertical exhumation, material from the under-
thrusted plate is transferred through the main
thrust, which allows us to explain the observed
inverted metamorphic gradient as well as the for-
mation of a duplex structure similar to those pre-
viously described by Schelling and Arita (1991),
DeCelles et al. (2001), Robinson et al. (2003,
2006), Bollinger et al. (2004, 2006), and Célérier
et al. (2009). This is illustrated in Figure 9B,
where rock B, C, and D are underthrust below
the Main Himalayan thrust, underplated, and ex-

posed at the surface in B’, C’, and D’. During this
second stage, we can accurately track the evolu-
tion of a sheet lying above the Main Himalayan
thrust, given as the boundary between two, oppo-
sitely verging rock sheets (Fig. 10). The trace of
the exposed thrust sheet (black dots, Fig. 10) at
the end of the numerical experiment is then used
to define the location and dip of the Main Central
thrust (Fig. 10B).

Model Results and Implications

In Figures 10A and 10B, we show the simu-
lated thermal field with the crustal block at the
beginning and at the end of the simulation, re-
spectively. The numerical experiments were
conducted for an equivalent duration of 35 Ma.
The model includes a large number of param-
eters controlling both the physical properties
of the crust and the geometry of the numerical
experiment, all of which were adjusted by trial
and error to fit the data. Preferred values are
summarized in Table 2. We report here a lim-
ited number of model runs (model 1-4) with the
objective of first showing that the chosen kine-
matics lead to a good fit to the data and then
illustrating the effects of (1) partitioning be-
tween underthrusting and overthrusting, (2) the
underplating rate through £, and (3) the timing
of duplex formation.

In Figures 11 and 12, we compare model pre-
dictions to actual data. Figure 11 depicts hori-
zontal distance versus “’Ar/*’ Ar muscovite age,
whereas Figure 12 shows structural distance be-
low the Main Central thrust versus peak temper-
ature below the Vaikrita thrust (Figs. 12A and
12B). Model 1 corresponds to a case that leads
to a reasonable fit to the data. For this model,
Ais set equal to 0.75, 7, is 10 Ma, and E, is 1.65.
It clearly shows that the tectonic model allows
us to fit both the “*Ar/*’ Ar muscovite ages and
peak temperatures constrained by RSCM. The
peak temperatures provide constraints on the
thermal field along and near the Main Central
thrust, whereas the “°Ar/*Ar muscovite ages
constrain the subsequent cooling. In model 2,
we change 7, to 15 Ma and keep E, at 1.65 to
ensure that the simulated Main Central thrust
ends up at the same distance from the trace of
the Main Himalayan thrust. It appears that it
does not substantially affect the fit to the data. In
models 3 and 4, we now increase and decrease
A to 0.85 and 0.5, respectively, which decreases
and increases the erosion rate, since topography
is fixed in the model. This has a dramatic ef-
fect on the model predictions. In the case where
we decrease the overthrusting rate (model 3),
it leads to a more pronounced cooling of the
upper crust and in turn older ages and lower
peak temperature at the surface. In the opposite
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Figure 10. Thermo-kinematic model. (A) Example of thermal field at the beginning of simu-
lation. (B) Example of thermal field at the end of the simulation. The black dots mark the
position of the modeled Main Himalayan thrust (MHT)—the boundary between two, oppo-
sitely verging, rock sheets—and graphically represent how the Main Central thrust (MCT)
evolves. The black arrows show the velocity field on either side of the Main Himalayan
thrust. The region of enhanced exhumation/underplating since time equal ¢, is highlighted

in pink in part B.

scenario, the system is hotter, and the ages are
younger. The models illustrate that the thermal
structure of the Lesser Himalayan Sequence is
most sensitive to the kinematic history (i.e., rate
of overthrusting versus underthrusting along the
Main Himalayan thrust) and that parameters
such as heat production and heat conductivity
are of lesser importance. The results are com-
parable to observations made in central Nepal,
as described in Avouac (2008).

Existing models for the assembly of the
Himalaya are based upon petrologic and thermo-
chronologic data derived almost exclusively
from the Greater Himalayan Complex, but
which have been used nonetheless to make pre-
dictions for the P-T-t evolution of the Lesser
Himalayan Sequence. The data presented here
(in the case of the cooling age data, the first of
their kind from the footwall of the Main Central
thrust) provide a unique opportunity to test the
predictions made by these models regarding the
thermal character of the Lesser Himalayan Se-
quence. Currently, models for the assembly of
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the Lesser Himalaya fall into three categories.
(1) Thermal-mechanical models examine the
evolution of the Lesser Himalayan Sequence
within the larger context of the Himalaya-Tibet
orogenic system. These are typified by the
works Beaumont et al. (2001, 2004), Harrison
et al. (1998), and Jamieson et al. (2004). In this
group, the data used to constrain model evolu-
tion are predominantly derived from the Greater
Himalayan Complex. Despite this, these models
make specific predictions for the P-7-t evolu-
tion of the Lesser Himalayan Sequence. (2) A
second group of thermal-kinematic models
addresses the evolution of the Lesser Himalayan
Sequence by focusing the modeling effort on
the Lesser Himalayan Sequence. The works of
Bollinger et al. (2004, 2006) use petrologic and
thermochronologic constraints derived from the
Greater Himalayan Complex and Lesser Hima-
layan Sequence to interrogate the tectonics
responsible for Lesser Himalayan Sequence
construction in Nepal. (3) Qualitative kinematic
models target the construction of the Lesser

TABLE 2. PARAMETERS USED IN PECUBE

Parameter Value used in PECUBE
K 10°(m°s™)
c 25x10°(dm?)
2.7 (kg m?)
H (GHC) 2.4 (Wm?)
H (LHS) 1.5 (Wm?)
T, 700 (°C)
E, 0.2 (mm/a)
i 0.1
n 3.4
Q 139 (kJ/mol)
A 2.512 x 10° (MPa™*s™)

Himalayan Sequence, some of which are based
upon quantitative petrologic and thermochrono-
logic constraints from the Lesser Himalayan
Sequence, some of which are not. This group
of models includes DeCelles et al. (2001) and
Robinson et al. (2003). The thermal data pre-
sented here allow us to assess the suitability of
the predictions made by these models to the evo-
lution of the Lesser Himalayan Sequence.

In the “channel-flow” model (Beaumont
et al., 2001, 2004; Jamieson et al., 2004), P-T-t
paths for Lesser Himalayan Sequence rocks
were proposed. Jamieson et al. (2004) attributed
the P-T-t evolution of the Lesser Himalayan Se-
quence to burial beneath a high-temperature re-
gion ahead of an advancing channel of Greater
Himalayan Crystalline rocks. P-7-t histories
were calculated for four model points assigned
as representative of the Lesser Himalayan Se-
quence. A range of predicted peak temperatures
for these points varied between T, = 285 °C
and T, = 735 °C, where some rocks entered
the sillimanite stability field. An examination
of these P-T-t conditions in light of the RSCM
data shows that the lower bound calculation is
within the range of results presented herein.
However, the T, = 735 °C is ~150 °C hotter
than the hottest measured RSCM data point
in the Kumaun and Garwhal Lesser Hima-
layan Sequence, precluding this feature of their
model. In Jamieson et al. (2004), rapid cooling
of the Lesser Himalayan Sequence in the final
5-8 Ma of model evolution accompanies rapid
exhumation by thrusting and erosion below the
Main Central thrust as the model orogen propa-
gates into its foreland. The cooling ages pre-
sented here indicate that cooling of the Lesser
Himalayan Sequence commenced ~5 Ma be-
fore that proposed in the Jamieson et al. (2004)
model. In addition, “Ar/*Ar data presented
here document a gradient in Lesser Hima-
layan Sequence cooling between 13.5 Ma and
8 Ma. The cooling ages therefore do not sup-
port the proposition of Jamieson et al. (2004)
that rapid, uniform Lesser Himalayan Sequence
cooling and exhumation are attributable to
thrusting in the Lesser Himalayan Sequence
between 5 and 8 Ma.
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ages.

Harrison et al. (1998) used constraints from
the ages of Miocene granite crystallization, the
age of Main Central thrust zone recrystalliza-
tion, and mineral age patterns from the Greater
Himalayan Complex to constrain a thermal-
kinematic model of the Himalayan orogen. In
their model, they imposed a ramp-flat geometry
to the Himalayan thrust system and ascribed slip
to a number of faults conceived to represent the
Himalayan thrust system, Main Central thrust,
Main Boundary thrust, Main Central thrust
zone, and Main Frontal thrust over 25 Ma of
model time. Modeled geological phenomena
relevant to the Lesser Himalayan Sequence
were produced by a period of slip along the
Main Central thrust between 25 and 15 Ma fol-
lowed by an out-of-sequence phase of Main
Central thrust zone slip between 8 and 2 Ma.
Inverted metamorphic sequences of the Main
Central thrust zone were generated through
reactivation of the Main Central thrust (in the
Main Central thrust zone), which caused sub-
duction of Lesser Himalayan Sequence rocks
to 25 km depth, where they reached 550 °C
before being accreted to the upward-moving
Main Central thrust hanging wall at ca. 6 Ma.
The episodic slip history of the Main Central
thrust in their model is somewhat inconsistent
with the *Ar/*Ar cooling ages presented here
from the Main Central thrust footwall. Impor-
tantly, the results generated in this study define
a gradient in cooling ages within the Main Cen-
tral thrust footwall. Models presented here re-
late this gradient in ages to thermal relaxation
following emplacement of the Main Central
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thrust hanging wall atop the Lesser Himalayan
Sequence. Episodic, out-of-sequence activity on
the Main Central thrust would be reflected by
sharp boundaries in the cooling ages, contrary
to the gradient in ages observed.

The second class of models for evolution of
the Lesser Himalayan Sequence uses “’Ar/*Ar
age data as well as RSCM data from western
and central Nepal to construct numerical simu-
lations of Lesser Himalayan Sequence develop-
ment. In the models of Bollinger et al. (2004,
2006), the thermal structure of the Nepal Hima-
laya is reproduced in a scenario of continuous
slip along the Main Himalayan thrust over
20 Ma and growth of the Himalayan wedge re-
sulting from underplating, which leads to duplex
formation at midcrustal depth. The position of
the 70-km-wide accretion window and the rate
of underplating determine the gradient of peak
metamorphic temperatures as well as the geom-
etry of the underplated body. In these models,
the inverted thermal field gradients documented
by Beyssac et al. (2004) are successfully repro-
duced, as well as a pattern of **Ar/*Ar cool-
ing ages from the Main Central thrust hanging
wall, but the success of the model in doing so
is dependent on the accretionary window span-
ning a range of temperatures between 320 °C
and 550 °C. The inverted thermal field gradients
documented in this study are of similar magni-
tude to those used in these models and so sup-
port the findings of these simulations.

The final class of models that can be as-
sessed in light of the thermal data presented
here includes the qualitative kinematic models

of DeCelles et al. (2001) and Robinson et al.
(2003). In these models, inverted thermal field
gradients in the Lesser Himalayan Sequence re-
sult from structural imbrication, i.e., successive
incorporation of Lesser Himalayan Sequence
thrust sheets into a duplex, which is fed from
the Main Himalayan thrust. The gentle north-
ward dip of the Main Himalayan thrust and the
northward increase in topographic overburden
result in gradually northward-increasing condi-
tions of metamorphism. The RSCM data pre-
sented in this study, as well as in Beyssac et al.
(2004), demonstrate that inverted metamorphic
gradients in the Lesser Himalayan Sequence
are not gradual but steep, up to ~40 °C/km.
DeCelles et al. (2001) and Robinson et al.’s
(2003) mechanism for inverted thermal field
gradients in the Lesser Himalayan Sequence
are therefore not supported by the thermometric
data in this study. Robinson et al. (2003) pro-
posed that late Miocene to Pliocene ages from
the lower, trailing part of the Greater Himalayan
Complex and underlying Lesser Himalayan Se-
quence result from exhumation accompanying
movement of thrust sheets of a Lesser Hima-
layan duplex over the main footwall ramp be-
neath a duplex. Details of this mechanism are
not provided, but the general pattern of “°Ar/*Ar
cooling ages presented here neither supports nor
refutes this aspect of these models.

CONCLUSION

Our understanding of the geologic evolution
of the Himalaya has been limited by a lack of
quantitative constraints on the thermal evolution
of the orogen outside the Greater Himalayan
Complex. We have undertaken an integrated
field, geochemical, and numerical modeling
investigation to provide quantitative constraints
on the structural and thermal evolution of the
Lesser Himalayan Sequence in the Uttaranchal
region of India.

The thermal structure of the Kumaun and
Garwhal Lesser Himalaya was investigated
using Raman spectroscopy of carbonaceous
material (RSCM) and “°’Ar/*Ar thermochronol-
ogy. The RSCM study shows that the Kumaun
and Garwhal Lesser Himalaya have experi-
enced locally variable thermal metamorphism.
South of the Tons thrust, peak metamorphic
temperatures are below the current limit of
the RSCM technique (~330 °C). However,
on the northern side of the Tons thrust, a transi-
tion to higher temperatures adjacent to the Main
Central thrust hanging wall is documented,
with peak temperatures up to ~570 °C recorded.
In the immediate footwall of the Main Central
thrust, peak measured temperatures average
~550 °C. We quantified the long-recognized

Geological Society of America Bulletin, September/October 2009


http://gsabulletin.gsapubs.org/

Downloaded from gsabulletin.gsapubs.org on 30 July 2009

Kumaun and Garwhal Lesser Himalaya: Thermal and deformation histories

A Vaikrita thrust

B Askot klippe

900 900
800 [ 800 |
[ ® MODEL 1 [ ™ MODEL 1
r ®m MODEL 2 B MODEL 2
700 = MODEL 3 700 | M MODEL 3
r MODEL 4 [ MODEL 4
r T HEEmgmgg, H Peak T (RSCM) 3 W Peak T (RSCM)
600 i 600 |
o . o lew T T
s 500} L TETT @ 001
2 2
© i © i i
g 400 | g 400 | el LT
GE) INNEREEREE £ 7
= I & I
300 | 300 | ENENEEEEER
200 | 200 |
100 | 100 [
0 0
0 2 4 6 8 10 0 2 4 6 8 10

Structural distance below MCT (km)

Structural distance below MCT (km)

Figure 12. Modeling results. Model prediction compared to measured peak temperatures estimated from Raman spectroscopy of carbona-
ceous material (RSCM). (A) Vaikrita thrust. (B) Askot klippe. MCT—Main Central thrust.

inverted thermal field gradient in the Lesser
Himalayan Sequence and calculated inverted
gradients beneath the Vaikrita thrust to be
~40 °C/km. An inverted thermal field gradient
has also been documented beneath a klippe that
lies ~25 km south of the Vaikrita thrust. The
Askot klippe sits atop a region where the back-
ground peak temperature of Lesser Himalayan
Sequence rocks is ~370 °C. A suite of seven
samples beneath the klippe reveals an inverted
thermal field gradient of ~20 °C/km and a peak
in footwall temperature of 530 °C at the base
of the klippe. The spatial association of peaks
in RSCM temperatures and proximity to the
hanging wall of the Main Central thrust lead us
to interpret the mechanism for thermal meta-
morphism in the Lesser Himalayan Sequence
to be conduction of heat from the Main Central
thrust fault and/or hanging wall to the footwall.
In addition to the spatial association between
the Main Central thrust and the temperature
maxima in the Lesser Himalayan Sequence,
the Tons thrust shows a localized thermal sig-
nature associated with it, which lends support
to the models requiring a large offset along the
structure. The presence of kyanite in quartzites
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adjacent to graphitic rocks that record peak meta-
morphic temperatures of ~550 °C constrains
pressure to be =5 kbar.

The “Ar/*Ar white mica ages indicate that
the exposed rocks closed with respect to Ar
loss at various intervals in the late Tertiary. The
proximal footwall of the Munsiari thrust ex-
perienced closure at ca. 8.5 Ma. South of the
Munsiari thrust, in the proximal footwalls of
the Chaukori and Askot klippen, muscovites
ages are ca. 11.5 Ma, or ~3 Ma older than
samples to the north. The age differences in
samples from northern and southern exposures
are interpreted to document cooling related
to thermal relaxation following passage of
the Main Central thrust hanging wall atop the
Lesser Himalayan Sequence. A single 4.3 Ma
cooling age obtained from a Berinag quartzite
at the type locality of the Munsiari thrust is con-
sistent with models advocating out-of-sequence
faulting along the Munsiari thrust. Despite
the significance of the Main Boundary, Tons,
and Berinag thrusts in the construction of the
Lesser Himalayan Sequence, these structures
do not appear to have influenced closure of the
“OAr/*Ar white mica chronometer.

Results of thermo-kinematic modeling show
that the thermal history data obtained from the
Kumaun and Garwhal Lesser Himalayan Se-
quence can be well fit by a two-stage evolu-
tionary scenario. Good fits between the models
and data were achieved assuming the following
thermal evolution for the Lesser Himalayan Se-
quence: an early Miocene phase of overthrust-
ing of a hot hanging wall over a downgoing
footwall, followed by the initiation of a duplex
within the Lesser Himalayan Sequence.
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