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Abstract Tectonically transported crystalline thrust sheet
over the Lesser Himalayan meta-sedimentary zone along
the Main Central Thrust (MCT) is represented by Almora,
Baijnath, Askot and Chiplakot crystalline klippen. The
Almora-Dadeldhura klippe in the Kumaun—Garhwal and
western Nepal Himalaya is the witness and largest rep-
resentative of these crystalline klippen, south of MCT.
Here, we investigate the post-emplacement kinematics
and exhumation history of the Almora klippe. The newly
derived zircon fission track (ZFT) ages combined with pub-
lished apatite fission track (AFT), “°Ar—*’Ar ages from the
Almora—-Dadeldhura klippe and Ramgarh thrust sheet to
quantify the temporal variation in cooling ages and exhu-
mation rates. Using 1-D numerical modelling approach, we
calculate the transient exhumation rates with respect to dif-
ferent time intervals. New ZFT cooling ages along ~50-km-
long orogeny perpendicular transect across the Almora
klippe range between 13.4 &+ 0.6 and 21.4 £ 0.9 Ma. Pub-
lished AFT ages and *°Ar—*°Ar ages from the Almora—
Dadeldhura klippe range 3.7 £ 0.8-13.2 £+ 2.7 and
18.20-25.69 Ma, respectively. AFT ages reported from
Ramgarh thrust sheet range 6.3 £ 0.8-7.2 &+ 1.0 Ma in
Kumaun region and 10.3 £ 0.5-14.4 £ 2.2 Ma in west-
ern Nepal. The linear age trend along with youngest ZFT
age (~14 Ma) close to the North Almora Thrust (NAT) in
its hanging wall suggests rapid uplift close to the NAT due
to its reactivation as back thrust. The transient exhumation
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rates of Almora klippe agree that the erosion rate was
rapid (0.58 mma~!) close to the NAT in its hanging wall
and relatively slow (0.31 mma~") close to the SAT in its
hanging wall during 15—-11 Ma. We interpret that the fission
track ages and transient exhumation rate pattern of crys-
talline klippen show a dynamic coupling between tectonic
and erosion processes in the Kumaun—Garhwal Himalaya.
However, the tectonic processes play the major role in con-
trolling the exhumation pattern.

Keywords Exhumation - Fission track ages - Almora
klippe - Lesser Himalayan Crystalline - Kumaun—Garhwal
Himalaya

Introduction

Thermochronology of apatite and zircon allows to deter-
mine the timing, exhumation and rate of cooling of rocks
from a temperature range ~250 to ~110 °C (Naeser 1979;
Reiner’s et al. 2004, 2005). In the collisional mountain
belts like almighty Himalaya, it is not clear that how the
temperature—time path/cooling ages linked with active fold-
ing, faulting and erosional processes. The exact correlation
of age and rate of displacement of thrust/fault are still most
challenging problem in the evolution of a collisional moun-
tain belt. We should address how the rocks cool/exhume
and transport. What factors are controlling the erosion rates
and the impact of tectonics and climate over these surface
processes?

The Himalayan orogeny is the result of continent—con-
tinent collision between Indian and Eurasian plate that
began ~55 Ma (reviews in Hodges 2000). Due to this con-
vergence, the hundreds of kilometres shortening have been
accommodated throughout the Himalaya, which caused the
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«Fig. 1 a Topography based on the GTOPO30 digital elevation model
(US Geological Survey) of the Himalaya. b Location and physiogra-
phy of the Almora—Dadeldhura klippe in Kumaun and western Nepal
regions (modified after Valdiya 1980a, b; Robinson and Pearson
2006). ¢ Sample location map and tectonic domains of Almora klippe
in the Kumaun—Garhwal region, Uttarakhand, India. Major thrusts
and tectonic boundaries are shown in white solid lines. STDS South
Tibetan Detachment System, V7T Vaikrita Thrust, MCT Main Central
Thrust, MT Munsiari Thrust, MBT Main Boundary Thrust, SAT South
Almora Thrust, KT Kasun Thrust, NAT North Almora Thrust, RT
Ramgarh Thrust, CCB Chiplakot Crystalline Belt, R-MT Ramgarh—
Munsiari Thrust

south-directed deformation, tectonic transport and thrust-
ing throughout the orogeny (Molnar and Tapponier 1975;
Searle et al. 1987; Srivastava and Mitra 1994; Mukherjee
2013a, 2015; Long et al. 2011; Mukherjee et al. 2012;
Robinson and Pearson 2013) and back thrusting (Mukher-
jee 2013b). During Late Oligocene, the initiation of MCT
starts the exhumation of Higher Himalayan Crystalline
(HHC) and later on, the crystalline rocks of HHC trans-
ported towards south over the Lesser Himalayan Sequence
(LHS) between the Main Central Thrust (MCT) at base
and South Tibetan Detachment System (STDS) at top. The
emplacement of crystalline thrust sheet over the LHS along
the MCT initiated throughout the Himalayan orogeny dur-
ing early Miocene [regionally known as Jutogh Thrust in
Himachal, Munsiari Thrust (MT) in Kumaun, Ramgarh—
Munsiari Thrust (R-MT) in western Nepal, Paro in Sikkim
and Bomdila in western Arunachal Himalaya] (Heim and
Gansser 1939; Valdiya 1962; Robinson et al. 2003, 2006;
Robinson and McQuarrie 2012; Mandal et al. 2015). South-
ward translation of these crystalline rocks over the LHS
along the MCT followed by development of the Lesser
Himalayan Duplex (LHD) during Middle Miocene and
produced large synclinal and anticlinal structures between
the MCT and the Main Boundary Thrust (MBT) (Robinson
et al. 2003, 2006; Khanal et al. 2015). Later on, these syn-
clinal structures occur as klippen such as Almora, Baijnath,
Chiplakot in Kumaun region and Dadeldhura, Kathmandu,
in western Nepal contains low- to medium-grade metamor-
phic rocks over the Lesser Himalayan meta-sedimentary
(LHMS) rocks (Fig. 1b). The Almora—Dadeldhura klippe
is commonly known the southern extension of Munsiari
Formation in Kumaun and Ramgarh—Munsiari Formation
in western Nepal (Valdiya 1980a, b; Srivastava and Mitra
1994; Robinson et al. 2003, 2006; Khanal et al. 2015; Patel
et al. 2015).

Our present knowledge on kinematics and emplace-
ment of Lesser Himalayan Crystalline (LHC) rocks over
the LHS in the south of MCT raises many geological ques-
tions. They are: how these crystalline rocks are emplaced
over LHS? What is the post-emplacement tectonics and
exhumation history of LHC rocks since Early Miocene?
Recent studies from the Kathmandu klippe of the central

Nepal have reported that the crystalline klippen rocks do
not show inverted metamorphism like the HHC (Johnson
et al. 2001). The Almora—Dadeldhura klippe in Kumaun
and western Nepal and Kathmandu klippe in central Nepal
are considered as the southern extension of Tethys Hima-
layan Sequence (THS) to the south of merging two thrust
faults: MCT and STDS (Webb et al. 2007, 2011). Antolin
et al. (2013) study from Dadeldhura region did not favour
the merging of MCT and STDS at the northern base of the
klippe and reported the thrust sense top-to-S shear at the
base and normal sense top-to-N/NE shear at the top of the
Almora-Dadeldhura klippe. The published “°Ar—°Ar ages
(Antolin et al. 2013; Sakai et al. 2013) and AFT ages (Patel
et al. 2015; van der Beek et al. 2016) from the Almora—
Dadeldhura klippe revealed the timing of emplacement of
crystalline thrust sheet over the LHS during Early Miocene
(ca. 25-18 Ma) and post-emplacement exhumation history
within 13-4 Ma, i.e. Late Miocene, respectively (Fig. 1b).
In order to identify the gap in our knowledge of the exhu-
mation history of Almora-Dadeldhura klippe, our new
ZFT data will address the post-emplacement exhumation
history of the Almora klippe ranging 22-13 Ma, i.e. Early
to Late Miocene. We also quantify the spatial-temporal
variation in exhumation rates in the specific time intervals
and address the emplacement of crystalline thrust sheet,
development of post-emplacement kinematics and exhuma-
tion history of the Almora—Dadeldhura crystalline sheet of
Kumaun Lesser Himalaya (Fig. 1b). The cooling FT ages
and 1-D modelling link with geometry and kinematics of
the Almora klippe and will offer a detailed depiction of
the transient exhumation rates after it emplaced over the
Kumaun Lesser Himalaya.

Geology and tectonics

The Almora klippe is one of the largest and witness of crys-
talline thrust sheets in Kumaun—Garhwal region of NW
Himalaya. Heim and Gansser (1939) described that the
sub-Himalaya, Lesser Himalayan Sequence (LHS), Higher
Himalayan Crystalline and Tethys Himalayan Sequence
(THS) are stacked from north-dipping Main Frontal Thrust
(MFT), MBT, MCT and STDS from south to north. The
geology, tectonic and stratigraphy of the Kumaun—Garhwal
region were well described in Valdiya (1962, 1980a, b). The
rocks of the LHS are largely Precambrian meta-sedimen-
tary units with their continuous extension and correlation
of Lesser Himalayan Formation of western Nepal described
by Valdiya (1986). In Kumaun, the Lesser Himalayan
meta-sedimentary zone is comprised of overlying folded
crystalline thrust sheet such as: Almora, Chiplakot and
Baijnath klippen and Ramgarh thrust sheet (Rupke 1974;
Valdiya 1980a, b; Srivastava and Mitra 1994; Célérier et al.
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2009a; Patel et al. 2011b) (Fig. 1b). The Almora—Dadeld-
hura klippe in the footwall of the MT/MCT extends from
Dudhatoli in Garhwal region to Kaliganga in Kumaun
region and further east through the Dadeldhura region of
western Nepal (Valdiya 1980a, b, 1986; Upreti and LeFort
1999; Arita et al. 1984; Robinson et al. 2003, 2006; Antolin
et al. 2013).

In the Kumaun—Garhwal region of NW Himalaya, the
LHS between the MBT at south and Munsiari Thrust
(MT/MCT) at north is juxtaposed by a sequences of
thrusts, some of which have been broadly folded, and
some of the major regional thrust faults are like the Tons
Thrust (TT), the Ramgarh Thrust (RT) and the Berinag
Thrust (BT) (see Fig. 4). In Kumaun region, the NAT and
SAT are described as the folded southern continuation of
MT/MCT and form the crystalline Almora klippe. The
Almora—Dadeldhura klippe is the asymmetrical plung-
ing synform underlain by steeply inclined south-dipping
North Almora Thrust (known as NAT in Kumaun region)/
North Dadeldhura Thrust (known as NDT in western
Nepal) in the northern flank and gently north-dipping
South Almora Thrust (known as SAT in Kumaun region)/
South Dadeldhura Thrust (known as SDT in western
Nepal) in the southern flank. The Almora-Dadeldhura
klippe tectonically overlies the Ramgarh thrust sheet, and
the composite of Almora—Dadeldhura klippe and Ram-
garh thrust sheet has been thrust over the LHS along the
Ramgarh Thrust (RT) (Joshi 1999; Robinson et al. 2006;
Mandal et al. 2015). The Almora klippe is divided into
two thrust sheets by regional synclinal folded and south-
dipping thrust known as the Kasun Thrust (KT), which
merged underneath with the NAT (Valdiya et al. 1996;
Valdiya 2001; Valdiya and Kotlia 2001; Patel et al. 2015)
(Fig. Ic). The Almora klippe is characterized by medium-
to high-grade metamorphic rocks of Almora Group with
schists, garnetiferous mica schists and lower amphibolites
of regional metamorphic. It includes concordantly plu-
tonic bodies of granodiorites and granites (Valdiya 1980a,
b; Joshi and Tiwari 2008). The underlying Ramgarh thrust
sheet is actually a thrust-bound tectonic unit analogue in
tectonic and lithological attributes to the Chail klippe of
the Himachal Pradesh (Valdiya 1980a, b). It comprises of
quartz porphyries and porphyritic granites suite occurring
in a succession of phyllites, fine-grained quartzwackes,
meta-siltstones and carbonaceous pyrite-bearing slates
alternating with white-blue marbles of Ramgarh Group
(Valdiya 1980a, b).

Previous thermochronological studies

Thermochronological studies from the Lesser Himalayan
region of NW and central Himalaya are very limited due
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to apatite-zircon poor lithologies in the meta-sedimentary
rocks of LHS. However, the Kumaun and western Nepal
Himalaya have advantage that the rocks of Lesser Him-
alayan Crystalline klippen covering the LHS zone have
good concentration of apatite and zircon. AFT studies
have been carried out in the Jutogh klippe which ranges
2.2 + 0.8-12.2 + 1.8 Ma and suggests that thrust sheet
emplaced over the LHS ~10 Ma and after that the rock
upliftment and exhumation start (Thiede et al. 2009).
It has been described that Almora and other crystalline
thrust sheets emplaced over the LHS during Early Mio-
cene (~24-18 Ma) (Srivastava and Mitra 1996; Célérier
et al. 2009a; Antolin et al. 2013; Sakai et al. 2013). AFT
ages reported by Patel et al. (2015) from the Almora
klippe range 3.7 £ 0.8-13.2 £ 2.7 Ma and suggest reac-
tivation of the south-dipping Kasun Thrust (KT) and
the North Almora Thrust (NAT) as a back thrust dur-
ing ~6-8 Ma. AFT ages reported from Ramgarh thrust
sheet range 6.3 + 0.8-7.2 £ 1.0 Ma and suggest that this
thrust sheet exhumed faster than the Almora klippe (Patel
et al. 2015). From Baijnath klippe, 3 AFT ages range
4.7 £ 0.5-6.6 &= 0.8 Ma. This indicates that the Baijnath
thrust reactivated ~5-7 Ma (Singh et al. 2012). The AFT
ages data obtained from the Chiplakot Crystalline Belt
(CCB) by Patel et al. (2007) are divided into two age
groups and state that in the north of Central Chiplakot
Thrust, the AFT ages range 7.6 + 0.6-9.8 £+ 0.6 Ma,
while in the southern part, the ages range 12.9 + 1.1-
17.9 £+ 0.9 Ma. The lower exhumation rates (~0.3 mma~")
suggest that the CCB exhumed very slowly, since it was
thrust over the LHS during Early Miocene (Srivastava
and Mitra 1996; Célérier et al. 2009a; Patel et al. 2007,
2015). Singh et al. (2012) reported 3 young AFT ages
from Berinag Formation near the Loharkhet Village
north to the Berinag Thrust (BT), which range between
0.3 & 0.1 and 0.9 & 0.2 Ma, and a single *°’Ar/*’Ar age
(4.3 Ma) from Berinag Formation near the Munsiari town
by Célérier et al. (2009b) suggests the reactivation of BT.
The young AFT ages (<5 Ma) from Vaikrita Group, Mun-
siari Formation and Berinag Formation along the Dhauli-
ganga, Pindar and Goriganga rivers suggest the reactiva-
tion of VT, MT and BT in a sequential piggy-back style
(Patel and Carter 2009; Singh et al. 2012). Additionally,
one AFT age of 3.6 £ 0.8 Ma from the inner LHS Zone
near Kausani has been reported (Patel et al. 2015). Recent
studies from the western Nepal reported that the AFT
ages range between 6.2 £+ 0.5 and 8.9 &+ 1.5 Ma from
the Dadeldhura region along the Karnali River section
(van der Beek et al. 2016). Sakai et al. (2013) reported
that one *°Ar—>°Ar biotite age 25.69 + 0.13 Ma from
the Almora—Dadeldhura klippe and fission track ages
along the Jumla—Surkhet section of Ramgarh thrust sheet
ranges between 7.8 £+ 0.2-15.4 4+ 0.7 Ma (zircon) and
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10.3 £ 0.5-14.4 £ 2.2 Ma (apatite), respectively. The
AFT ages along N-S transects in Kathmandu klippe of the
central Nepal range between 4.7 £ 0.8 and 8.6 + 0.5 Ma
(Robert et al. 2009). The ages are comparatively older
than the AFT ages from HHC reported by van der Beek
et al. (2016), Robert et al. (2009, 2011) and Sakai et al.
(2013). The variation in cooling ages of Lesser Hima-
laya and Higher Himalaya has been explained by tectoni-
cally driven exhumation (van der Beek et al. 2016) and
overthrusting of a crustal ramp in the Main Himalayan
Thrust (MHT) (Herman et al. 2010) in western and cen-
tral Nepal.

Fission track thermochronology
Analytical procedure

To constrain the exhumation pattern, we have obtained 9
zircon fission track (ZFT) ages across the Almora klippe
to understand their role in exhuming the klippe after it
emplaced over the LHS. Sampling was done to obtain a
section across the crystalline Almora klippe and across
the individual thrust sheet within the klippe to quantify
their role in exhumation of Almora klippe. Sample prep-
aration was done following the standard mineral separa-
tion method as described in Patel et al. (2015). In brief,
100 grains of good-quality and equal-sized zircon were
separated from 9 samples (Table 1) by standard crush-
ing, heavy liquid separation using bromoform (CHBr;)
and magnetic separation procedures. Hand-picked zircon
grains were mounted in PFA® Teflon and polished for get-
ting maximum etched surface of the grain (i.e. 47 geom-
etry). To reveal the spontaneous track in zircon mineral
surface, the etching of mounts was done in the eutectic
mixture of KOH-NaOH at 240 °C for 3 h, and after that,
muscovite of low-U content (<5 ppb) was used as an
“external detector” to obtain the induced track densities.
Thermal neutron irradiation of samples was performed in
the thermal column of the FRM-II, Germany, and CN-2
uranium glass was used as neutron dosimeter. The induced
track densities on external detectors (mica) were meas-
ured after etching the detectors in 48% HF at 35 °C for
5 min. The spontaneous track densities were determined
on internal mineral surfaces using an Olympus BX-50
microscope with 100x dry lens and total magnification of
1250x. Zircon crystals with prismatic sections parallel to
the crystallographic c-axis were chosen to measure track
densities. Ages with 1o were calculated by standard
zeta method (¢) (Hurford and Green 1983; Hurford 1990).
Zeta factor of 126.44 + 6.81 was obtained by one of the
authors PS for dosimeter glass CN-2 by multiple analyses
of zircon age standards.

Table 1 Zircon fission track data of Almora klippe *

Central

P
%

Uranium Dosimeter

(ppm)

Spontaneous track density Induced track density

Latitude Elevation Mineral Number
(m)

Longitude

Sample
code

Sr.

age + lo

Ny

pg x 10°cm™2

-2 Ni

0; x 10° cm

NS

p, x 10° cm™2

of grains

no.

214 +0.9
203+1.2

2738  74.65

5477
5471

2260 462.3
887

64.93

1399

39.53

31

Zircon

984
1065
1506
1088
1508
1670
1686
1626
1714

29°32.62"  79°32.10'

AB-7

97.81

284.9 2738

40.01

552
1803
2037

23.41

25

Zircon

79°36.43'
79°38.34/

29°33.22'

-4

-1

AB

18.6 £ 0.7
18.0 £ 0.6
19.1 £0.7
134+ 0.6
17.0 £ 0.7
16.8 £ 0.6
139+0.5

31.59
18.64

98.18

2738

5477
5477

3336 269.0

20.16 37.77
55.19 3917

24

Zircon

29°35.47"

AB

2738

393.0

29.26
31.91
14.06
20.24
21.26
13.63

23

Zircon

79°37.13'

29°35.49’
29°35.40'
29°37.37

SA-1

5.477 2738

3256  419.6

2447
2548
3526
3316

58.93

1798

22

79°38.30/ Zircon

SA-7
AT-1

44.52

2876
2876
2876
2876

5.753

250.7

36.99
43.46

46.39

903
1195
1631

16

Zircon

79°40.20’

98.42
75.46
56.86

5.753

294.6
314.5
240.7

31

Zircon

29°38.24"  79°39.63'

29°39.57'

AT-2

5.753

23

Zircon

79°39.87

AT-3

5.753

35.51

1263

21

Zircon

29°39.93"  79°42.49

AT-4

# Samples correspond to the serial number in the map; N; is number of spontaneous track counted, N; is number of induced track counted, N, is number of induced tracks counted in dosimeter
glass CN5. P(x?) is probability for obtaining x> value for v degrees of freedom, where v = no. of crystals — 1; central age is a modal age, weighted for different precisions of individual crystals

(see Galbraith 1981)
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Fig. 2 a Fission track age versus elevation plot and b FT ages plotted
against the horizontal distance from the South Almora Thrust (SAT)
and cross section showing the tectonics along the traverse (black dots
AFT ages, black squares ZFT ages)

Results

Table 1 represents the zircon fission track age data of total
9 samples from the Almora klippe. The ZFT ages from the
Almora klippe range 13.4 £ 0.6-21.4 &+ 0.9 Ma (Fig. 1c).
The ZFT ages show a well-developed correlation with
respect to tectonics of the Almora klippe and demonstrate
a linearly decreasing (older to young) trend from South
Almora Thrust (SAT) to North Almora Thrust (NAT)

@ Springer

without any break in pattern across the Kasun Thrust
(KT).

ZFT ages (black squares) along with published AFT
ages (black circles) are plotted against the distance from
South Almora Thrust (SAT) up to north of Baijnath Thrust
(Fig. 2b) (Singh et al. 2012; Patel et al. 2015). The sam-
ples falling along the traverse, which are at right angle to
the major tectonic boundaries, have only been considered
for plotting. In this transect, the plotted ZFT ages display
gradually decreasing trend from SAT to NAT without any
break across the KT. The distance plot shows that ZFT
ages are continuously decreasing with respect to distance
towards north, with the oldest ZFT age 21.4 4 0.9 Ma close
to the SAT and youngest age 13.9 + 0.5 Ma close to the
NAT except one ZFT 13.4 £ 0.6 Ma falling slightly out-
side the trend near KT towards south (Fig. 2b). Similarly,
the AFT ages from Almora klippe reported by Patel et al.
(2015) between SAT and NAT range between 3.7 £ 0.8 and
13.2 & 2.7 Ma and clearly indicate that AFT ages gradually
decrease from SAT to NAT with a clear significant jump
across the KT. The AFT ages of Almora klippe are divided
into two groups: One is between SAT and KT ranging
3.7 £ 0.8-13.1 £ 0.6 Ma, and another is KT to NAT rang-
ing between 7.0 & 0.9 and 13.2 £ 2.7 Ma, respectively.
AFT ages suggest the decreasing trend from the SAT to
KT and KT to NAT with respect to distance. The younger
AFT ages in the hanging wall and close proximity to KT
are 6.0 £ 1.2 Ma and oldest 13.2 & 2.7 Ma in the footwall
of the KT and clearly indicate a significant jump in AFT
ages. (Patel et al. 2015). The oldest AFT age in the hang-
ing wall of SAT is 13.1 & 0.6 Ma, and AFT ages reported
from Ramgarh thrust sheet range between 6.3 £+ 0.8 and
7.2 £ 1.0 Ma and also show a significant jump in the AFT
ages across the SAT (i.e. the older AFT age in the hanging
wall of SAT and young AFT age in footwall of SAT or the
hanging wall of the RT) (Patel et al. 2015). Furthermore,
AFT ages reported from the Baijnath klippe are younger:
47 £ 0.5-6.6 £ 0.8 Ma (Singh et al. 2012), and resem-
ble with the AFT ages within the Ramgarh thrust sheet (see
Fig. 2b).

The young AFT (3.6 £ 0.8 Ma) ages in inner LHS and
Baijnath klippe also indicate the timing reactivation of
inner LHD around ~4-7 Ma. To evaluate the time—eleva-
tion relation, we plot the fission track ages (new and pub-
lished) of Almora klippe against the elevation profile and
FT ages and elevation do not correlate (Fig. 2a).

Modelling of fission track data and transient
exhumation rates

To quantify the average exhumation rates, we used 1-D
(vertical) thermal modelling and explored the range of
exhumation rates as used by Patel and Carter (2009), Patel
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et al. (2011a) and Singh et al. (2012) in the adjacent HHC
zone. Using the CLOUSER programme, the appropri-
ate closure temperature is defined, and that value is used
in AGE2EDOT programme (Brandon et al. 1998; Ehlers
et al. 2005) to calculate cooling ages of AFT and ZFT ther-
mochronometer as a function of erosion rates for samples
at the mean local elevation (Brandon et al. 1998; Reiners
and Brandon 2006). We used the thermal parameters of the
adjacent HHC region (England et al. 1992; Roy and Rao
2000; Ray et al. 2007; Whipp et al. 2007; Thiede et al.
2009), which has the same lithology as the Almora klippe
(Patel and Carter 2009; Patel et al. 2011a, b, 2015; Singh
et al. 2012). The 1-D modelling is based on the geother-
mal gradient values ranging 30—45 °C km~' (Whipp et al.
2007), thermal conductivity values of 2.1-3.6 Wm~! K~!
(Ray et al. 2007) and for heat production the values
reported by Whipp et al. (2007) ranging 0.8-3.0 p Wm™!
using the maximum and minimum values.

A summary of results of transient exhumation rate from
thermal modelling is present in Table 2. Our method for
calculating the transient exhumation rates (Thiede et al.
2009) for each of the thermochronometer system is as fol-
lows. The mean ZFT age between NAT and KT is 15.4 Ma.
To determine the exhumation rates of the zone between the
NAT and KT, the mean ZFT ages (15.4 & 2.0 Ma) suggest
that the mean exhumation rate is 0.42 mma™' (Ey) for the
last ~15 Ma (¢,), while the mean AFT ages 10.8 &+ 2.6 Ma
represent the average exhumation rate 0.35 mma~' (E,)
for the last ~10 Ma (¢,). Thus, the exhumation rates (E,)
between 15 and 10 Ma are given as:

Ey = [(Eoto) — (E111)] (1o — 1)~ (from Thiede et al. 2009)
(1)
Now, we put the previous values of (E), (E)), (t,) and
(t,) in the above equation and suggest an exhumation rates
of 0.58 mma~' during ~15-10 Ma between the NAT and
KT, and the exhumation rates has been reduced by almost
half (from 0.58 to 0.35 mma~!) since 10 Ma. A similar
approach was used to obtain the exhumation rate (E;) as
a function of “°Ar—*°Ar ages (Antolin et al. 2013) ranging
between 19.8 and 18.2 Ma, with mean age 19.0 Ma. The
average exhumation rate (E;) is 0.35 for the last ~19 Ma
(see Table 2) and the value of E, is 0.58 mma~! for ~15—
10 Ma and E,; is 0.35 mma~! for ~10 Ma. Therefore, the
exhumation rate (E;) is given as:

Es = [(Eoto) — (Eata) — (Ext)](to — 12 — 11) "
(from Thiede et al. 2009) 2)

Equation (2) suggests an exhumation rate 0.11 mma™!

during ~19 and 15 Ma between the NAT and KT, which
indicate that the exhumation rates have been increased by a
factor of 5 from 15 Ma onwards (Fig. 3).

Table 2 Transient exhumation rates of Almora klippe

Exhumation rates (mma ')

Age (Ma)

Total number
of samples

Dating

Unit between

At =1tx — ty (Ma)

Corrected

Max Mean SD Duration

Min

SD

Mean

Range

method

10.8-0

0.35+0.1 (E,)
0.58 £ 0.1 (E,)

0.11 (E;)

0.8
4.6
44
8.5
9.7

1

0.14
0.17

0.35
0.42
0.35
0.55
0.42
0.35

0.45
0.55
0.45
0.65
0.55
0.45

0.25
0.30
0.25
0.45

10.8 2.6
2.0
0.3

7.0-13.2

13.9-16.8
18.2-19.8

AFT*
ZFT

North Almora Thrust

15.4-10.8

154

(NAT)-Kasun Thrust (KT)

19.0-15.4

19.0

Ar—Ar*
AFT*
ZFT

5-0

8.
18.2-8.5

0.52 £ 0.1 (E))
0.31 £ 0.1 (E,)

0.06 (E;)

0.18
0.17

32
2.6

8.5
8.2

3.7-13.2
13.4-21.4
22.8-25.7

11

Kasun Thrust (KT)-South
Almora Thrust (SAT)

1

24.2-18.2

4.6

0.25

24.2

Ar-Ar*

# AFT data: Patel et al. (2015)

* Ar—Ar data: Antolin et al. (2013) and Sakai et al. (2013) (close proximity to the respective thrusts)
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Fig.3 Temporal variation in exhumation rates within the Almora
Klippe

A similar approach was used to calculate the transient
exhumation rate between KT and SAT. The mean ZFT age
between SAT and KT is 18.2 Ma and suggests the average
exhumation rate 0.42 mma™" (Ey) for the last ~18 Ma (),
while the mean AFT ages 8.5 & 3.2 Ma represent the aver-
age exhumation rate 0.55 mma~! (E)) for the last ~8 Ma
(¢,). Putting these values in Eq. (1), the exhumation rate (E,)
for ~18-8 Ma is 0.31 mma~! and then, it indicates that the
exhumation rates have been increased by a factor of ~2 from
~8 Ma onwards probably due to the genesis of the KT around
Late Miocene resulting in the rise in topography and enhanced
exhumation in the hanging wall of KT. Now, we obtained (E;)
as a function of “°’Ar—*°Ar ages ranging between 25.69 and
22.7 Ma (Antolin et al. 2013; Sakai et al. 2013) with mean
24.2 Ma, put in Eq. (2) and exhumation rate is 0.06 mma ™'
between ~25 and 18 Ma, which indicates that the exhumation
rates increased by a factor 5 from 18 Ma onwards. In order to
compare with precipitation in this region, we adopt the rain-
fall and topography relief compilation made by Bookhagen
and Burbank (2006), and the data show that there is no dif-
ference in rainfall in the whole Kumaun—Garhwal region (see
fig. 3c in Patel et al. 2011a). The transient exhumation rate
approach has been used in the Almora—Dadeldhura klippe of
Kumaon region and western Nepal region using “*Ar—>°Ar,
fission track ages reported by (this study, Antolin et al. 2013;
Sakai et al. 2013; Patel et al. 2015). The mean ages close
proximity to the NAT/NDT hanging wall are 19.0 Ma and
close proximity to the SAT/SDT hanging wall are 24.2 Ma,
which reflects the timing of emplacement of Almora—Dadeld-
hura klippe over the LHS during the early Miocene (Antolin
et al. 2013; Sakai et al. 2013). The summary of result is given
in Table 2, and temporal variation in exhumation rates with
time is plotted (see Fig. 3).

@ Springer

Discussion

Fission track ages and exhumation pattern within the
Almora Klippe

The ZFT ages obtained from Almora klippe are unique and
older as compared to the AFT ages of Patel et al. (2015).
The AFT age data of Almora klippe show a similar range
to other klippen and nappes emplaced over the LHS such
as the CCB (Patel et al. 2007), the Baijnath klippe (Singh
et al. 2012) and the Jutogh nappe (Thiede et al. 2009) and
reveal considerable variation in exhumation rates within the
Lesser Himalayan klippe. New ZFT ages revealed a very
good correlation with the local tectonic setting of Almora
klippe of Kumaun—Garhwal region. The ZFT ages close to
NAT and SAT are 13.9 £ 0.5 and 21.4 £+ 0.9 Ma, respec-
tively. The younger ZFT ages close to NAT reflect the tim-
ing of reactivation of NAT during the inception of inner
Lesser Himalayan Duplexes (LHD) around Middle Mio-
cene and indicate that NAT behaved as a back thrust during
same time. Similarly, the older ZFT ages in the SAT hang-
ing wall reflect that no tectonic activity was recorded along
SAT during Middle Miocene. The plot between horizon-
tal distance from SAT to north of Baijnath klippe and FT
ages indicate that the ZFT ages gradually decrease towards
NAT in north without any break across the KT (Fig. 2b).
It may be possible that when zircon mineral crossed the
isotherm closer temperature (~240 °C), that time KT was
not formed. The plot between horizontal distance and AFT
ages reveals sharp discontinuity across the KT and high-
lights a step pattern of the ages within the Almora klippe
(Patel et al. 2015). The significant jump with young AFT
ages in hanging wall of KT reflects the formation of KT, or
tectonic activity along KT was started prior to Late Mio-
cene (~8—6 Ma). The young AFT ages (~6 Ma) in the hang-
ing wall of KT and NAT indicate the reactivation of KT and
NAT as back thrust during late Miocene (Patel et al. 2015).
The AFT ages in the hanging wall and footwall of SAT is
older (~13 Ma) and younger (~6 Ma) respectively. It clearly
reflects that the footwall of SAT was active and was uplift-
ing the whole Ramgarh Thrust sheet block as normal sense
due to reactivation of RT.

To constrain the exhumation pattern of present study
area and to know how the exhumation rates varied from
early Miocene, we used 1-D thermal modelling. We cal-
culate the transient exhumation rates, from timing of
emplacement of Almora—Dadeldhura klippe over the LHS
during the Early Miocene to post-emplacement exhuma-
tion pattern during Late Miocene. We use the published
YOAr—°Ar data (Antolin et al. 2013; Sakai et al. 2013),
ZFT data (this study) and AFT data (Patel et al. 2015). The
exhumation rates had been reported by Patel et al. (2015)
based on only apatite thermochronometer and stated the
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post-emplacement exhumation history from ~13 to 4 Ma
of Almora klippe and Ramgarh thrust sheet. But here, we
calculate the transient exhumation rates using “°Ar—>Ar,
ZFT and AFT age parameters to constrain the timing of
emplacement and post-emplacement exhumation history of
Almora-Dadeldhura klippe from the thermal temperature
range ~400 °C to surface.

The estimated transient exhumation rates are shown in
Table 2. We divide the area into two tectonic zones: one
from NAT to KT and another KT to SAT, and we esti-
mate that the rocks between the zones NAT to KT were
exhuming at the rate of 0.11 mma~! from ~19 to 15 Ma
(see Table 2; Fig. 3). After that exhumation rates acceler-
ated due to the inception of inner LHD within the NAT
zone and increased to 0.58 mma~! from ~15 to 10 Ma.
10 Ma onwards the exhumation rates again slowed down
and decreased up to 0.35 mma~! due to the contraction
and formation of KT during Late Miocene and resulting
in less topography rise in NAT hanging wall (see Table 2;
Fig. 3). Similarly, in the southern zone of Almora klippe,
initially, the estimated exhumation rates are very low, i.e.
0.06 mma~! during the period ~22-18 Ma (possibly the
time of emplacement of crystalline rocks over LHMS
rocks), and after that the exhumation rates are increased
five times, i.e. 0.31 mma~! between 18 and 8 Ma, and due
to the compression, the formation of large syncline and
anticline structures within the emplaced thrust sheet takes
place between MBT and MCT. It results in the formation of
KT during Late Miocene. Later on, after the formation of
KT, the topography raised in its hanging wall and enhanced
the exhumation rate up to 0.52 mma~' from ~8 Ma to pre-
sent day (see Fig. 3; Table 2).

Post-emplacement exhumation history
of the Almora-Dadeldhura klippe

The Himalayan orogeny, developed during the Indian and
Eurasian plates collision since ~55 Ma, is considered as a
classic example of collisional mountain belt. In the Hima-
laya, exhumation is the key factor to study the processes
of mountain building. Low-temperature thermochronology
is the tool which infers the thermal history of a mountain
belt from ~400 °C to surface (i.e. 0 °C). New ZFT age
data along with published AFT data from Almora region
(Patel et al. 2015) and YOAr-PAr age data (Antolin et al.
2013; Sakai et al. 2013) of white mica from Dadeldhura
region inferred the timing of emplacement (i.e. 25-18 Ma)
and post-emplacement kinematic and exhumation his-
tory (i.e. 18-3 Ma) of one of the largest crystalline thrust
sheets of NW Himalaya between MCT in north and MBT
in south over the LHS (Célérier et al. 2009a; Srivastava
and Mitra 1996). The decrease in peak metamorphic tem-
perature, pressure (400-500 °C, ~4 kbar) (Srivastava and

Mitra 1994; Joshi and Tiwari 2008; Spencer et al. 2012)
and older fission track age (Patel et al. 2007, 2015; Singh
et al. 2012; this study) preserved towards the tip of the
crystalline thrust sheet can be linked to early cooling of
the Lesser Himalayan Crystalline thrust sheet, while the
hinterland HHC rocks with young fission track ages (Patel
et al. 2011a, b; Patel and Carter 2009; Singh et al. 2012)
remained still buried, hot and underwent regional meta-
morphism at 7-14 kbar and 650-850 °C (Spencer et al.
2012; Rao et al. 2014). It reflects that ductile rocks consti-
tuting the HHC in depth were extruding southwards along
the MCT shear zone with top-to-SW ductile shear, while
the frontal crystalline thrust sheet synchronously emplaced
as massive body along narrow ductile MCT shear zone
over the LHS (Jain and Manikvasagam 1993; Srivastava
and Mitra 1994; Godin et al. 2006; Mukherjee and Koyi
2010a, b).

Now, to constrain the post-emplacement exhumation
history of Almora—Dadeldhura klippe from Early Miocene
to present day, we integrate our new 9 ZFT ages combined
with 15 AFT ages (Patel et al. 2015) and three *“*Ar—*Ar
ages (Antolin et al. 2013; Sakai et al. 2013) and calcu-
lated the transient exhumation rate with respect to specific
time interval. Thus, we described the tectonics of Almora—
Dadeldhura klippe at different time scales and its control
over exhumation. The post-emplacement kinematics and
exhumation history of the Almora klippe can be described
as follow:

1. During the crustal shortening, the MCT which has
been described as the major thrust has moved at least
80-100 km southwards (~115 km in Himachal Hima-
laya; 80-90 km in Kumaun—Garhwal region) (Webb
et al. 2011) to emplace the ~13- to 20-km-thick crys-
talline thrust sheets (Almora, Baijnath, Chiplakot klip-
pen and Ramgarh thrust sheet) on the top of the LHS
meta-sedimentary rock (Fig. 4a). Southward transla-
tion along the MCT, which initiated during Late Oli-
gocene, followed the growth of the topographic front
at the leading edge of MCT hanging wall (which we
assume to be the most likely location for focused den-
udation) (Webb 2013; Robinson and Pearson 2006;
Robinson and McQuarrie 2012; Célérier et al. 2009a;
Robinson et al. 2003; Webb et al. 2011; Antolin et al.
2013; Khanal et al. 2015). Later, the emplaced overly-
ing crystalline rock folded as regional synforms and
antiforms between the MCT and the MBT (Fig. 4b).
This grew the topography, which exposed the anticlinal
part as rapid exhumation zone due to underlying incep-
tion of Lesser Himalayan Duplex (LHD) during Mid-
dle Miocene. Similarly, the comparatively low topo-
graphic synclinal part has undergone slow exhumation,
and later on, this synclinal part occurs as klippe. The
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Fig. 4 Schematic model of post-emplacement kinematics and exhu-
mation history of the Almora—Dadeldhura klippe. a Emplacement of
crystalline rocks over the LHS along the MCT during ~24-20 Ma;
b development of the large synclinal and anticlinal structures and
inception of Lesser Himalayan Duplex (LHD) during 20-16 Ma;
¢ LHD which exposed the anticlinal part as zone of rapid exhuma-
tion and synclinal part as zone of slow exhumation between 16 and
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11 Ma; d the synclinal part of the crystalline has been eroded slowly
leaving the remnant as klippe and growth of topography in hang-
ing wall of NAT due to LHD and development of the MBT during
11-6 Ma; e Due to reactivation of duplexs of inner LHS zone and
formation of the KT as thrust during late Miocene and showing the
present tectonic setup of the Himalaya (modified after Robinson and
McQuarrie 2012; Patel et al. 2015)
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post-emplacement exhumation history and transient
exhumation rate of Almora klippe has been calculated
using “*Ar—*’Ar, new ZFT and published AFT ages.
Our result shows that the exhumation was very slow:
~0.06 and 0.11 mma~' in southern and northern zone
respectively (see Table 2).

2. Later during Middle Miocene, it was followed by
the development of the LHD and compression due to
southward propagation of MHT (Webb 2013; Robin-
son et al. 2003; Webb et al. 2011) (Fig. 4b, c). Dur-
ing Middle-Late Miocene (~18-10 Ma), the calculated
transient exhumation rates increased five times (~0.3
and 0.58 mma~') in the southern and northern parts of
Almora klippe, respectively (see Table 2; Fig. 3).

3. The plot of FT ages against the distance from SAT
defines a systematic decrease in ZFT ages from SAT
to NAT. It reflects no evidence of the KT thrust or tec-
tonically inactive thrust fault, whereas AFT age shows
a significant jump near KT. The AFT age in the hang-
ing wall of KT is ~6 Ma, and that in footwall is ~13 Ma.
It clearly reflects that the reactivation of KT or time of
formation of KT as thrust around 8-6 Ma i.e. during late
Miocene (Fig. 4d). Due to the formation of KT, in the
hanging wall, rise in the more topographic front doubled
the exhumation rate (~0.52 mma™") between the KT and
the SAT, whereas exhumation rates north of KT (i.e. in
the footwall of KT) were slowed down (~0.3 mma™')
between the KT and the NAT (see Table 2).

4. Based on our new ZFT age data and published AFT
age data from the Almora klippe, it is clear that tec-
tonics have dominant influence over the post-emplace-
ment exhumation pattern. The abrupt change in FT
ages across the MCT (Patel and Carter 2009; Robert
et al. 2009; Patel et al. 2011a; Singh et al. 2012) and
window zones is described due to duplexing in the
footwall of the MCT and reactivation of the MCT in
out-of-sequence style during Plio-Quaternary. It is
described due to rapid uplift and growth of topography
in the MCT hanging wall in HHC zone, and this rapidly
exhumed the HHC zone, while the slow uplift of the
LHS reflected slow exhumation (Hodges et al. 2004;
Wobus et al. 2005; Patel and Carter 2009; Célérier et al.
2009a, b; Patel et al. 2011a, b; Singh et al. 2012). Later
on, the reactivation of inner LHD in the inner part of
LHS zone and development of MBT imbrication starts
the inception of the outer LHD in the outer part of LHS
zone during Late Miocene. It causes the young FT ages
and rapid exhumation rates in the inner and outer parts
of LHS zone (Patel et al. 2015). Based on our results,
we suggest that the tectonics have strong control on the
uplift and exhumation pattern of the Almora klippe as
well as for the LHS zone (Fig. 4e).
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........................
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Thrust sheet
LHS Zone

(C) Between 10 to 6 Ma
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Ramgarh
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Fig. 5 a Schematic diagram showing the post-emplacement struc-
tural setting of Almora klippe, b reactivation of NAT due to the incep-
tion of LHDs, ¢ reactivation along the north-dipping Ramgarh Thrust
led to uplift of the Ramgarh thrust sheet and synchronous reactiva-
tion of the south-dipping KT and NAT in the Almora klippe as back
thrusting, and north-dipping SAT as normal faulting (modified after
Patel et al. 2015)

Possible kinematics of the Almora-Dadeldhura Kklippe

Based on the tectonic history and thermochronological
data discussed above of the Almora klippe of Kumaun—
Garhwal regions of NW Himalaya, we formulate a con-
ceptual model for the post-emplacement kinematics and
exhumation history of Almora—Dadeldhura klippe (see
Fig. 5). During the Early Miocene or after emplacement
of crystalline rocks over the LHS, maximum contraction
took place that formed regional synclinal and anticlinal
structures. The synclinal part eroded slowly, whereas the
anticlinal part quickly (Fig. 5a). Later, it was followed
by growth of LHS duplex due to southward propagation
of the MHT. The older ZFT ages (~13 Ma) in the hang-
ing wall and close proximity to the NAT illustrated the
inception of inner LHD during Middle Miocene and reac-
tivation of the northern Almora-Dadeldhura thrust as a
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back thrust (Fig. 5b). Later on the growth of the imbri-
cate structure along with the MBT in outer LHS zone and
reactivation of inner LHD initiates the formation of KT
as thrust and also reactivate the NAT as back thrust. The
young AFT ages (~6 Ma) from the Ramgarh thrust sheet
also indicate reactivation of Ramgarh thrust during Late
Miocene. Based on our interpretation of FT data, it may
be possible that the reactivation the north-dipping RT
uplifted the Ramgarh thrust sheet in clockwise direction
along a sub-horizontal axis. The space formed by uplift
of Ramgarh thrust sheet was compensated by the Almora
klippe synchronously by anticlockwise rotation along the
same sub-horizontal axis and the south-dipping KT and
NAT as back thrust within the Almora klippe during Late
Miocene (Fig. 5c).

Conclusions

FT data from the Almora klippe of Kumaun region allow
us to constrain the post-emplacement kinematics and
exhumation history from Early Miocene to Late Plio-
cene. The obtained ZFT ages data clearly indicate tim-
ing of the development of the LHD in the inner LHS
zone and formation of south-dipping KT in the Almora
klippe. We conclude that the significant jumps in the
AFT ages across the RT, KT and NAT can be linked with
the reactivation of these major thrust. Our 1-D thermal
modelling exhumation rates also indicate the spatial—
temporal variation in exhumation rates of KT-NAT block
and SAT-KT block. Our observation shows interaction
between spatial and temporal variations in low-tempera-
ture thermochronological age data and exhumation rates
within the Almora klippen of Kumaun Himalaya, NW
India. Our interpretation support the geometry of crus-
tal scale thrust/faults, and their associated kinematics
control the topography through uplift and exhumation
pathways of rocks. Based on our obtained FT age results
and thermal modelling, we conclude that tectonics have
strong control over the post-emplacement kinematics
and exhumation pattern within the Almora klippen since
Middle Miocene.
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