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ABSTRACT: Sor valley of Pithoragarh consists of the Tejam Group of rocks bounded by the Berinag Thrust in
the north and North Almora Thrust (NAT) in the south. The rocks around Sor valley consisting different
mesoscopic planar and linear structures and show multiple phases of deformation. The foliation geometry and
attitude reveal three phases of ductile deformation in Sor valley. F1 folds are tight to isoclinal folds trends in
the ENE-WSW direction. F2 folds are tight to close, and trends in NNW-SSE with low to moderate amount of
plunge and F3 folds are chevron-shaped trends towards the NNE-SSW direction. The F2 type folds are
generated by the compression directed from ENE towards WSW by North Almora Thrust (NAT). Similarly, the
F3 type folds compressed from the NW-SE direction and can be related to Berinag Thrust. Based on mesoscopic
folds, structural data, geological cross-section, and paleontological evidence, it is interpreted that the large-
scale fold of the study area is an ENE-WSW striking overturned synform fold developed during D1 deformation.
Consequently, the older Gangolihat Dolomite/Deoban Formation lies above the Sor Slates/Mandhali.
KEYWORDS: Sor valley slates; North Almora Thrust (NAT); Berinag Thrust (BT); Gangolihat Dolomite;
Overturned Syncline
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I. INTRODUCTION

The Himalayas is known as the youngest mountain chain on the earth. It was originated as a
consequence of the collision among the Indian and Eurasian continents that initiated in the Early Eocene
(Molnar and Tapponnier 1975; Norton and Sclater 1979; Powell 1979; Patrait and Achache 1984; Searle et al.
1987; Joshi and Patel 1997; Yin 2006; Mukherjee 2005, 2013, 2015; Webb 2011, 2013; Mukherjee et al. 2012,
2015). The shortening of the Indian plate has been accommodated by crustal overlapping by a series of parallel
to sub-parallel SW-heading major thrusts/faults, produced through a series of parallel tectono-metamorphic units
within the length of the Himalayan chain (Gansser 1964; Molnar and Tapponnier 1975).

The Himalayan arc has been divided into five distinct tectonically and stratigraphically contrasted
domains, extending continuously from east to west and sharply delimited by major thrusts/faults. These
successions were previously deposited on the Indian passive margin and deformed and metamorphosed during
the collision (Upreti 1999; Hodges 2000; Antolin et al. 2011; Dunkl et al. 2011; Montomoli et al. 2017b; Carosi
et al. 2019). The major thrusts/faults from south to north are the Himalayan Frontal thrust (HFT), Main
Boundary Thrust (MBT), Main Central Thrust (MCT), the Indus-Tsangpo Suture Zone (ITSZ) (Sathyaseelan et
al. 2018 and references therein). The MCT and MBT bounded the northern and southern boundaries of Lesser
Himalaya, respectively (Heim and Gansser 1939; Gansser 1964; Misra and Sharma 1972; Pecher 1977; Valdiya
1980, 1988, 2001; Thakur 1987; Chamyal and Vashi 1989; Thakur 1992; Jain and Manickavasagam 1993; Jain
etal.2000; Patel etal., 2011;Dubey 2014).

The Lesser Himalaya is further subdivided into the Inner and Outer Lesser Himalaya (Valdiya 1980).
Our study is mainly focused on Sor valley, the Inner Lesser Himalayan part of the Kumaun region, located in
the Pithoragarh district of Uttarakhand, located between 29°31'-29°38' N and 80°8'-80°15' E (figurel). The
Kumaun Lesser Himalaya was formed by a general foreland thrusting sequence, with a few out-of-successions
or reactivated thrust anomalies (Srivastava and Mitra 1994; Mukherjee et al. 2012; Mukherjee 2015; Joshi et al.
2017).
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Figure 1: Geological map of the Sor valley of Pithoragarh area (After Valdiya, 1980).

Table-1. The Following sequence of rock formation is present in the study area (VValdiya 1980)

Age Group Formation Lithology
Palaeozoic Berinag Formation | Quartzite and Phyllites with interbedded
chert quartzite

Neoproterozoic Mandhali Sor slates, Thalkedar Limestone, Bracciated
Tejam Group Formation Limestone, Thinly bedded Limestone, Mafic

Dykes and sills
Mesoproterozoic Deoban Formation | Stromatolite-Limestone, Dololmotic
Limestone, Magnesite, Phyllites, Mafic

Dykes, and sills

The Sor valley consists of calcareous rocks of the Deoban Formation and argillaceous rocks of the
Mandhali Formation of the Tejam Group (table-1). However, the subdivision line between both formations is
unclear; hence, both are taken as a single unit called the Calc Zone of Pithoragarh (Valdiya 1968, 1969, 1972).
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This zone contains limestones, dolomitic limestones, shales, slates, stromatolitic limestone, and magnesites.
Further, the Deoban Formation in southern Kumaun is known as the Gangolihat Dolomite (Valdiya 1962), and
Mandhali is designated as Sor Slates (Valdiya 1962). Gangolihat Dolomite is separated from Berinag Formation
by Berinag Thrust (BT) in the north (Phartiyal et al. 2003). In the south of the Sor valley, the argillaceous
Rautgara Formation changes to the calcareous rocks of Gangolihat Dolomite without any structural
discontinuity. The North Almora Thrust (NAT) separates the Rautgara Formation and Saru Formation of the
Almora Group (figure 2).

Gangolihat Formation lies on the top and bottom of the Mandhali Formation or Sor slate in the study
area. Which shows the repetition of the Deoban Formation? Based on paleontological data, the Deoban
Formation or Gangolihat Dolomite is older than the Mandhali Formation or Sor Slates (Valdiya 1980).
However, the palaeontological data is not enough to say that the study area contains an inverted sequence
without the support of any structural evidence. So far, preliminary work has been done on the structural
evolution of Sor valley and its stratigraphic significance. To address the problem related to above mentioned
inverted sequence in Sor valley and its stratigraphic significance, detailed geological and structural data has
been collected. These data were used to prepare the structural-geological map and cross-section of the study area
to understand the geometry of the rock sequence.
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Figure 2: Structural-Geological map of the study area (Sor valley).

I1. FIELD OBSERVATIONS AND STRUCTURAL INVESTIGATIONS

2.1 Regional structures

The structural-geological map of the studied area has been prepared on the contour map of the area
with the help of field data (figure 2). Two regional-scale thrusts bound Sor valley. The North Almora thrust
(NAT) strikes NW-SE and dips towards SW, demarcates the southern boundary of Sor valley, and separates the
Rautgara Formation from the Almora Group of rocks (figure 2). Further, the Berinag thrust strikes NE-SW, and
dipping towards NW demarcates the northern boundary and differentiates Gangolihat Dolomite from Berinag
Formation (figure 2).
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2.2 Lithological contact and disposition of rocks

The SW part of the Sor valley contains the Rautgara Formation, which consists of quartzite and slate.
Gangolihat/Deoban Formation exists above the Rautgara Formation, consisting of dolomite, limestone, phyllite,
and stromatolite. Sor slate consists of slate, phyllite, brecciated limestone, and dolomite and lies over the
Deoban Formation (figure 2). In the NW part of the study area, the Gangolihat formation is exposed
conformably above the Sor slate, consisting of Stromatolites, dolomite, magnesite, dolomitic limestone, and
pockets of talc. The Berinag formation crops out in the NW part of the study area. This Formation consists of
purple quartzite and has thrust contact with Deoban Formation (figure 2).

2.3 Geological Cross-section

A geological cross-section of the study area has been prepared with the help of the geological and
structural data collected from the field (figure 3). In the cross-section, foliation planes dipped towards NE from
Gogana to Khitoli with an apparent moderate dip amount.
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Figure 3: Geological cross-section Gogana to Khitoli (AB).

2.4 Deformational structures

The foliation plane, fold, linear structures, faults, shear, and joints show that the rocks of areas had
undergone different episodes of ductile and brittle deformation. The Study area consists of planar structures
such as the primary bedding plane (S0) and axial plane foliations of different generations of folds. The primary
bedding (S0) has been documented by the color variation, lithological layering, and sedimentary structures.
Beddings planes show a gentle to moderate dip in southern and northern directions (figure 2). The foliation
planes of the rocks strike NW-SE, NE-SW, and E-W directions with a gentle to moderate dip amount (figure 4a
b, ¢, and d). Folds are produced due to compressive stress as a consequence of a primary deformation, which
means that folding took place throughout the formation, or as a consequence of a secondary, i.e., tectonic
deformation. The study area has undergone tectonic deformation, resulting in different folds. (a) tight to
isoclinals folds trends in ENE-WSW direction (figure 5a), (b) open to tight folds trend NNW-SSE direction
(figure 5b), and (c) F3 chevron folds trends NNE-SSW direction (figure 5¢ and d).

The linear structures formed due to deformation have been observed and documented in the field, like
Crenulation Lineation in phyllite, which plunges towards the south (figure 5e), striations were showing ESE
plunging direction (figure 5f), and quartz boudinage structures were NNE-SSW trending parallel to foliation
plane (figure 5g). Two fault planes were observed in phyllite, the first moderately dipping towards the north and
the second having a gentle dip towards SE (figure 5h).

Four sets of joints (J1, J2, J3, and J4) have been documented (figure 6). J1 dips towards the west, J2
dips towards NE, and J4 dips towards the east, showing a moderate to high dip amount. J3 type of joints dip
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towards the south and are further subdivided as J3 and J3a types based on their dip amount; J3 has a high to
moderate dip amount, whereas the J3a exhibits a low to moderate dip amount (figure 6).

Figure 4: Equal area lower hemisphere Stereonet showing the poles of (a) All foliation planes in Sor Valley,
Pithoragarh (b) Foliation plane strike in WNW-ESE direction (c) Foliation plane strike in ENE-WSW direction
(d) Foliation plane strike in E-W direction.

111. DISCUSSION AND CONCLUSIONS

A lot of work has been carried out on the deformation history of the Kumaun Himalaya (e.g.,
Bhattacharya 1982, 1987; Thakur and Choudhury 1983; Roy and Valdiya 1988, Patel et al. 2011, Ojha et al.
2019 and Agarwal et al. 2021). Thakur and Choudhury (1983) have described three phases of ductile
deformation (D1, D2, and D3). In contrast, Roy and Valdiya (1988) identified two types of folds based on the
broad orientation of prevalent lineation indicating tectonic movement direction: (i) the hinges of folds are sub-
parallel to the lineation, and (ii) folds with hinges that are at a high angle to the lineation. Dubey and Paul
(1993) distinguished two types of folds: (i) the early group (Fla, Flb, and F2), which develops concurrently
with thrusting along MCT, and (ii) the later group of folds (F3).

The deformation history of the study area can be correlated to the Satengal, Lesser Garhwal Himalaya.
In the area mentioned above, rocks have experienced four phases of deformations. The three ductile deformation
phases, D1, D2, and D3, are synchronous to three stages of folding, F1, F2, and F3. The F1 folds primarily trend
in ENE-WSW, the F2 fold mainly trend in the NNW-SSE direction with a low to moderate amount of plunge,
and the F3 trend in an NNE-SSW direction. The fourth phase of deformation is brittle deformation and is
responsible for developing joints, fractures, and faults (Srivastava 2004; Srivastava et al. 2011). The rocks in the
present study have shown the development of planar structures such as foliation and axial planes of various
generations of folds. Three generations of axial planes (SO and S1) strike in the E-W to ENE-WSW direction
(figure 4d), the axial planes (S2) strike in the NW-SE to NNW-SSE direction (figure 4b), and the axial planes
(S3) strike in the NE-SW to NNE-SSW direction (figure 4c) have been measured in the present study. These
observations suggest three phases of deformation in the study area. The mutual associations between axial plane
foliations and three generations of folding documented at the outcrop scale (figure 7c) also point out three
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tectonic phases (D1, D2, and D3). The relative chronology of these phases is revealed by fold interference
patterns (figure 7c).

g S - ; T . M —— — ~ .

Figure 5: (a) Tight fold present in slate (b) Open fold present in limestone (c) and (d) Chevron fold in slate ()
Crenulation lineations in phyllite (f) Striations in shale (g) Quartz boudinage (h) Two sets of shear in phyllite.

D1 deformation produced S1 foliation plane of F1 folds trending ENE-WSW direction. D2 deformation is
related to the S2 foliation plane of F2 open to tight fold with round hinges (trends NNW-SSE). D3 (NNE-SSW)
deformation is related to the S3 foliation plane of F3 chevron folds.

The study of deformation structures like crenulations lineation, striations, boudinage, and faults is
essential in understanding rock’s deformation history. Two sets of fault planes were observed in phyllite, one
set dipping towards the north with a moderate amount of dip and other set dipping towards SE with a gentle dip
amount. The Drag folds have been observed (figure 5h), most probably formed due to the movement of blocks
along the fault plane in opposite directions. The Striations over the bedding plane plunging in the ENE direction
(figure 5f) indicates that successive layers have slipped over one another as the folds tightened, correlated with
D1 deformation. E-W trending pinch and swell structures like boudinage (figure 5g) parallel to the foliation
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plane are related to D1 deformation. Crenulations lineation towards south plunging is related to D2 deformation
(figure 5e).

Figure 6: Equal area lower hemisphere Stereonet shows the poles of four sets of joints.

Further, the following interpretations have been made by studying the structural-Geological map of the area
(figure 2).

a) The systematic variation of the bedding planes reveals a large-scale easterly plunging fold whose northern
limb strikes NW and the southern limb strikes ENE-WSW.

b) One set of foliation changes its attitude conformably with the bedding planes. This foliation is to be co-folded
with the bedding plane. Accordingly, this foliation is S1 and parallel to axial traces of the fold (F1) trending
ENE-WSW.

c) In the easterly plunging fold (F2, trending NNW-SSE), the axial traces of the F2 folds are marked as the thick
red stippled line.

d) The second set of foliations striking nearly parallel to the F2 axial trace can be considered S2 planes.
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Figure 7: (a) The laminae of the stromatolites showing arched downwards in the inverted limb of overturned
fold (b) The laminae of the stromatolites showing arched upwards in the normal limb of overturned fold.

e) A set of third-generation folds (F3) trending NNE-SSW has developed on the F2 fold. This set of folds is
more strongly developed on the northern limb of the F2 fold than on the southern limb. All F3 folds are
asymmetric and verging towards the east. This implies that the main compression during F3 was directed from
NW towards SE and possibly related to Berinag thrust.

f) Similarly, the NAT could be related to F2 in the southern boundary.

The foliation/bedding plane data has been analyzed using a stereonet (figure 8), and the entire area has
been subdivided into sector A and Sector B (figure 2). All F3/L3 lineations plunge towards NNE in sector A and
plunge towards SSW in Sector B. The poles of S3 cluster on the eastern side of the girdle and the poles of all
other planes (figure 8a).
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Figure 8: Equal area lower hemisphere Stereonet showing (a) the bedding and foliation poles of Sector A of
figure2 and (b) Bedding and foliation poles of Sector B of figure2.

A geological cross-section from Gogana to Khitoli (figure 3) shows that the foliation planes dipped
towards NE, and lithology repetition was observed in the field. These lithological repetitions indicate the
presence of a significant deformational structure. The attitude of beddings, folds, associated foliation, and
recurrence of older Gangolihat dolomite structurally above the younger Sor slate suggests the presence of a
large overturned synform fold where its north-eastern limb is inverted. In this fold, Gangolihat Formation lies on
limbs, and Sor slates lie on the core of the overturned fold. This mesoscopic overturned fold (trend ENE-WSW)
shows an F1-type fold related to D1 deformation. In typical cases, the laminae of the stromatolites are arched
upwards; specifically, the convexities point upwards (Mishra and Valdiya 1961; Valdiya 1980). It has been
observed that the Stromatolites present in the North-Eastern limb show convexities of laminae point downwards
(figure 7a), showing inversion of sequence (Cloud 1942; Shrock 1948). The Stromatolites present in the south-
western limb show convexities of laminae pointing upwards (figure 7b), showing a typical sequence. These
features also reveal that the Sore valley represents an overturned synform fold.

Based on the above discussion, we can conclude that Sor valley represents three phases of ductile
deformation, D1, D2, and D3, associated with F1, F2, and F3 folding. A large-scale easterly plunging fold
whose northern limb strikes NW and the southern limb strikes ENE-WSW s related to D1 deformation. This
fold shows the repetition of the Gangolihat Formation and the presence of the older Gangolihat Formation/
Deoban Formation over the younger Sor Slates/Mandhali Formation.

This large fold is further associated with two phases of ductile deformation. In which easterly plunging
F2 is correlated with the compression generated from North Almora Thrust (NAT) and F3 fold trending NNE-
SSW is related to compression directed from Berinag thrust.
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