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Abstract

This paper is a report on the structural and metamorphic studies published on the Sikkim Himalaya in the period 2020-2024.
This is part of the contribution to the INSA National Committee for the [IUGS comprehensive report on the ‘Geoscience
Research in India: The Indian Report to IUGS 2020-2024". The report covers studies on the structure and metamorphism of
the Sikkim area, and their implications to the tectonic evolution of this part of the eastern Himalaya. No attempt is made by
the authors of this report to make inferences on any aspect of the region based on the studies cited in this paper.
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The geology of the Sikkim Himalaya has been an area of
research interest for at least four decades, but many studies
within the time period between 2020 and 2024 have focused
on the structural evolution, metamorphic events, and the role
of fluids during deformation of the region. One of the pri-
mary concerns in this area has been the precise location
and nature of the Main Central Thrust (MCT), a major geo-
logical discontinuity commonly associated with ‘inverted
metamorphism’. Unlike the well-defined MCT in the west-
ern Himalaya, the precise position of the MCT in the Sikkim
Himalaya has remained ambiguous, with different interpre-
tations by various workers. Chakraborty and Mukul (2019)
employed a combination of field mapping and microstruc-
tural studies along with grain size analyses in a~5 km thick
region in and around isotopically defined Greater Himalayan
Sequence-Lesser Himalayan Sequence (GHS-LHS) bound-
ary along four transects, to decipher the position and the
geometry of the MCT in detail. Mylonites documented from
the shear zones of these four transects show intense shape
preferred orientation (SPO) in quartz and biotite with top to
south shear sense. Extensive mapping of these four transects
suggests that the shear zone is a thrust associated with an
anastomosing geometry varying along and across the strike.
Following the protolith boundary-structural definition,
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Chakraborty and Mukul (2019) suggested this shear zone to
be the MCT in Sikkim Himalaya and proposed that the MCT
can be accurately delineated using the conceptual framework
of shear zones. In the thicker exposures, the MCT shear zone
developed along pre-existing weak zones coinciding with
the GHS-LHS boundary. Conversely, this shear zone does
not align with the GHS-LHS boundary in thinner exposures,
suggesting that the GHS was not an accreted terrane and the
MCT was not a Paleozoic thrust or Cretaceous transcur-
rent fault. Based on the findings, Chakraborty and Mukul
(2019) propose two possible scenarios: either the GHS and
the LHS were initially part of a greater Indian margin with
distinct origins before the collision or the GHS was depos-
ited outboard of India and the MCT initiated the GHS-LHS
boundary and an older fault along the majority of its length.
Chakraborty et al. (2020) conducted comprehensive geo-
chemical analyses with mass-balance calculations to gain
insights into the effect of fluids in the development of the
Main Central thrust (MCT). Prior to Chakraborty et al.
(2020), no information was available regarding the influence
of fluids on the evolution of the MCT, even though the pres-
ence of fluids significantly controls the deformation in the
shear zones. Following the petrographic analyses and mass-
balance calculations, Chakraborty et al. (2020) developed a
three-stage theoretical model suggesting that the deforma-
tion front of the MCT shear zone progressively thinned over
time. After its initiation, the MCT underwent changes in a
closed system, where dynamic recrystallization resulted in
the development of protomylonites with thicknesses ranging
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from ~200-1000 m. Subsequently, the infiltration of fluids in
the MCT initiated mass transfer and retrogressive changes,
resulting in the deformation within mylonites with a thick-
ness of about~ 120-140 m at the core. Contrastingly, defor-
mation stopped or progressed slowly within the shear zone
boundaries, which ranged in thickness from ~ 100-880 m
(Chakraborty et al. 2020).

Numerous shear zones, in addition to the MCT, have
also been documented in the GHS, constituting a sub-
stantial portion of the Himalayan Metamorphic Core.
One such major thrust is the Chungthang-Thambi thrust
(CTT), reported by Chakraborty et al. (2019). The CTT
is characterized by a mylonite core and protomylonite
margins, which exhibit a “zone-type” geometry. The CTT
shear zone within the GHS is exposed ~ 6 km structurally
above the MCT and exhibits thrust sense motion. *°Ar/*?Ar
thermochronology and Apatite Fission Track (AFT) dat-
ing done by Chakraborty et al. (2019) suggest that CTT
exhibits in-sequence thrusting with the MCT and Munsi-
ari thrust (MT). The CTT operated between ~27-22.5 Ma,
while its leading edge reactivated twice at~13.5 Ma
and ~ 1.8 Ma. Subsequently, the MCT became active
around 22.5 Ma, followed by the MT showing activity
post~12.5 Ma. Chakraborty et al. (2019) constructed a
tectonic model by integrating thermobarometric data and
AFT dating and suggested that the activity on CTT, MCT
and MT in conjunction with the South Tibetan detachment
system (STDS) and Zema Fault (ZF) resulted in the meta-
morphism and exhumation of the metamorphic core (GHS
and LHCS) in Sikkim Himalaya. The CCT is considered
to be equivalent to the High Himalayan Discontinuity
(HHD) in Nepal (Chakraborty et al. 2019), and both of
these structures played an essential role in the metamor-
phic history of the Himalayan metamorphic core, preced-
ing the activity on the STDS and the MCT.

Ghosh et al. (2023) integrated structural, metamorphic
and geochronological data to understand the deformation
and thermal evolution of the Himalayan crystalline complex
(HCC) in the Darjeeling-Sikkim Himalaya. Repeated events
of folding resulted in crustal thickening and subsequent heat-
ing during burial. Prograde metamorphism also played a
significant role in forming the ductilely deformed viscous
wedge. Following the deformation temperature estimation
from microstructural studies and available P-T data, Ghosh
et al. (2023) proposed that MCT shearing initiated under
peak metamorphic conditions, developing a substantial duc-
tile shear zone between 16 and 12 Ma. It is observed that the
lower boundary of the high strain zone aligns with the con-
stricted paleo-isograds, which marks a change in the quartz
recrystallization mechanism from SGR to GBM. Ghosh
et al. (2023) documented that the exhumed mid-crustal rocks
record a change in deformation conditions that align with the
retrograde metamorphic path. Based on this, Ghosh et al.
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(2023) propose a two-stage tectono-thermal evolution of the
Higher Himalaya.

Another major debate exists in the Sikkim area over the
identity and orogeny-scale nature of the Munsiari thrust
(MT), initially reported from NW India within the LHS
rocks. In this context, Chakraborty and Sengupta (2022)
conducted extensive filed mapping, microstructural analy-
sis and piezometry to distinguish the Munsiari thrust (MT)
from north Sikkim. Filed mapping documents a~ 1700 m
thick thrust-sense shear zone, which shows dynamic recrys-
tallization in the ~300 m thick mylonitic core and disloca-
tion creep in the flanking zones. Due to this shear zone,
Paleoproterozoic Lesser Himalayan crystalline rocks were
transported over Paleoproterozoic Lesser Himalayan quartz-
ites and phyllites. Following these findings, Chakraborty and
Sengupta (2022) proposed this shear zone to be equivalent
to MT in Sikkim and suggested that this MT is distinct from
the MCT and Ramgarh thrust (RT), which lie ~6 km above
and below the MT, respectively. In the context of the defor-
mation involving the lower lesser Himalayan duplex (LHD)
in the Sikkim fold-thrust belt, Ghosh et al. (2020) compared
the structural evolution of two successive internal thrusts,
the Main Central thrust (MCT) and the Pelling-Munsiari
thrust (PT), which is the roof thrust of the LHD (Parui and
Bhattacharya 2018). Ghosh et al. (2020) used a combination
of field mapping and microstructural studies in conjunction
with the strain and vorticity analyses and suggested that both
the shear zones recorded prolonged progressive deformation
histories. Both the MCT and PT shear zones have proto-
mylonites in the core and thicker mylonite domains in the
margin, and they represent type II shear zones as evidenced
by their thickness-displacement plots. Progressive deforma-
tion overprinted these myonitic foliations by forming succes-
sive cleavage sets while the MCT records additional tectonic
fabric. Strain analysis suggests a decrease in the R, values
and angular strain from the mylonite zones to structurally
higher up within the sheets in both the shear zones, while the
R,-O7 relations indicate greater thrust-parallel stretch than
the thrust-perpendicular component. Strain partitioning is
evident in this area as the mylonites exhibit higher R,, and a
greater proportion of simple-shear than the protomylonite
domains. In this context, Ghosh et al. (2020) proposed that
during the development of the LHD, progressive deforma-
tion led to a general shear dominated by pure shear, resulting
in higher flattening strain and greater translation along the
roof thrust PT in comparison to the MCT.

The calculation of shortening in the Himalaya, based on
paleomagnetism and area balancing methods, has yielded
values significantly higher than the estimations from the
regional balanced cross-section. To understand the reason
behind this shortening deficit, Parui et al. (2022) evaluated
the penetrative strain of quartz grains and integrated them
with published cross-sectional data from Sikkim Himalaya.
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Estimating deformation temperatures, penetrative strain
and grain scale shortening suggests that the external thrust
records a lower shortening percentage than the internal
thrust, but the penetrative shortening percentage exhibits
limited lateral variation. The folding of the strain ellipsoid
(sic) suggests that the strain was initiated prior to the folding
event. Strain estimations document that although a combi-
nation of layer-normal shortening (LNS) and layer-parallel
shortening (LPS) strain affected the external thrust sheets,
LNS strain dominated the internal thrust sheets. Shortening
is partitioned across scales as the roof thrust towards the hin-
terland exhibits the highest grain scale shortening, whereas
the duplex records the highest thrust scale shortening (Parui
et al. 2022). Due to the dominance of the LHS, removing
strain from thrusts will reduce the shortening of the Sikkim
Himalaya by ~ 13% (Parui et al. 2022). Following the strain
and grain scale shortening estimations, Parui et al. (2022)
proposed that the shortening deficit in the Sikkim Himalaya
cannot be attributed to penetrative strain.

Tewari et al. (2021) carried out metamorphic studies and
pseudosection modelling to understand the metamorphism
of the metapelites in a part of the inner belt of the LHS,
which consists of various low to high-grade rocks of the
Daling and Darjeeling group. The PT evolution constructed
from the winTWQ programme and Perple_X software in the
MnNCKFMASHTO model system suggests that the schists
and gneisses in this region underwent a series of changes in
PT conditions as metamorphic grade increased. Following
the textural analysis, petrographic studies and pseudosec-
tion modelling, Tewari et al. (2021) proposed that the area
has undergone three phases of deformation (D,-D;) and
a single prograde metamorphic event (M,). Interestingly,
this prograde event was initiated during D, and continued
beyond it. Pelitic rocks of the area record five metamorphic
zones resulting from M, metamorphism, which displays
Barrovian-type regional metamorphism. Constraints on the
interpretation of mineral reactions derived from the pseudo-
section modelling suggest the peak metamorphic tempera-
ture as ~ 750 °C and pressure ~ 7.5 kbar (Tewari et al. 2021).
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