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Abstract
A peculiar feature of the Himalaya is the occurrence of a system of low-angle-normal

faults and shear zones, the South Tibetan Detachment System (STDS), at the mountain crests.
The STDS was active during syn-convergent tectonics. We describe the STDS-related
sheared rocks along the Dhauli Ganga valley, in the Garhwal Himalaya (NW India), where
the Malari granite, reported as an undeformed igneous body cross-cutting the STDS, occurs.
A detailed multidisciplinary study, integrating field-based, microstructural, petrographic and
geochronological analyses was carried out on rocks along this valley. We demonstrate how
the non-coaxial ductile portion of the STDS affected the upper part of the Greater Himalaya
Sequence migmatite, which experienced peak pressure (P) — temperature (T) conditions of
0.9-1.1 GPa and > 750°C at > 24 Ma. This migmatite has been reworked structurally upwards
leading to the formation of high-T sillimanite-bearing mylonites. Further upward, medium-T
shearing deformed the Malari granite and leucogranite dykes, forming medium-T mylonites.
Ductile shearing was temporally constrained, based on new in situ monazite datings and
previously published Ar-Ar geochronology, between ~20-15 Ma. We demonstrate that a
preserved ductile to brittle spatial and temporal transition of the STDS deformation exists,
with the brittle features overprinting ductile ones. Our data shed new light on the geological
evolution of the STDS in the NW Himalaya with implications for the relationship and relative
timing of partial melting, granite emplacement and deformation along low-angle-normal

faults.
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1. Introduction

Normal faults with a very small dip angle (0-30°) are classified as low angle normal
faults (LANFs) [Collettini, 2011 and references therein]. These faults are a geological puzzle
since they represent an “apparent” mechanical paradox with an associated absent to moderate
seismicity [Collettini, 2011 and references therein]. Nevertheless, they accommodate
significant amounts of crustal extension. LANFs are quite common structural features in
different tectonic settings. They were firstly described in the Basin and Range province of the
United States of America [Anderson, 1971; Wernicke, 1981, 2009] and they were then
documented in many extensional and post-orogenic settings [e.g. Fossen et al., 2000; Fossen,
2010; Collettini and Holdsworth, 2004].

One of the most striking, topographically highest and best-studied cases of a LANF in
an active syn-convergent tectonic regime is the South Tibetan Detachment System (STDS) in
the Himalaya. This LANF was discovered and already intensively investigated in the 1980’s
[Caby et al., 1983; Burg et al., 1984; Burchfiel and Royden, 1985; Burchfiel et al., 1992;
Hodges et al., 1992]. The STDS, firstly interpreted as a thrust fault [Academia Sinica, 1979]
and later on as a normally reactivated thrust fault [Patel et al., 1993; Dezes et al., 1999], is a
system of top-down-to-the-N, ductile to brittle normal shear zones of variable thickness
[Carosi et al., 1998; Searle 1999, 2010; Cottle et al., 2007, 2011; Kellett et al., 2010, 2013;
Kellett and Grujic, 2012; Finch et al., 2014; Shreshtha et al., 2015], separating medium-to
high-grade rocks of the Greater Himalayan Sequence (GHS) in the footwall, from the low- to
very-low grade meta-sedimentary rocks of the Tethyan Sedimentary Sequence (TSS) in the
hanging-wall. Miocene coeval top-to-the-N extensional activity along the STDS coupled with
top-to-the-S contractional shearing along the Main Central Thrust (MCT) at the top and the
base of the GHS, respectively, has been regarded as the main tectonic process (i.e. extrusion

or channel flow), which caused the exhumation of the GHS, the metamorphic core of the
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Himalaya [Hodges et al., 1993; Searle, 2010 and references therein]. During this process, the
MCT and the STDS, both accommodated comparable amounts of displacement (hundreds of
km). Structures and extrusion processes similar to those recognized in the Himalaya have
been invoked for other active (e.g. Hellenides) or ancient (e.g. Caledonides) orogenic belts
[Grujic, 2006 and references therein]. On the contrary, other tectonic models such as the
critical taper wedge model [Robinson et al., 2006; Kohn, 2008; Chambers et al., 2011; Finch
et al., 2014] consider the STDS as a rather minor structure in the evolution of the Himalaya,
with a short duration of activity and a rather small displacement (tens of km). In this
framework, information on the timing of shearing, as well as the associated displacement
along the STDS, is crucial.

Undeformed igneous bodies, such as the Manaslu granite in central Nepal [Guillot et
al., 1995, but see Searle and Godin, 2003] or the Bura Buri granite in western Nepal
[Bertoldi et al., 2011; Carosi et al., 2013], intruding the top of the GHS up to the TSS, have
been commonly used to constrain the minimum age of the STDS activity [Cottle et al., 2015;
see also Edwards and Harrison, 1997; Murphy and Harrison, 1999]. We focus in this work
on the main geological features at the boundary between the upper part of the GHS and the
lower portion of the TSS in the Dhauli Ganga valley (Garhwal Himalaya, NW India) because
of the occurrence of a granite, the Malari leucogranite [Sachan et al., 2010]. The U-Pb zircon
age of ~19 Ma of this igneous body, crosscutting the contact of the GHS and the TSS has also
been interpreted as the age that activity ceased on the STDS [Sachan et al., 2010]. Combining
meso- and micro-structural features and pressure-temperature-time conditions, we describe
the main features and the timing of the STDS along a structural transect through the Garhwal
Himalaya and clarify relationships of the STDS with the Malari granite. Our data are
integrated and discussed in the context of a regional framework, with a focus on the timing of

STDS-related extension along the Himalaya.
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2. Geological background
2.1. The Himalayas

The Himalayan belt (Figure 1a), resulting from the collision of the Indian Plate with
the southern margin of Asia in the Paleocene (57.5 Ma/59 Ma; Jain [2014]; Hu et al. [2016]),
is one of the most spectacular landforms of our planet [Hodges, 2000]. The architecture of
this orogen is characterized by an impressive lateral continuity of the main litho-tectonic
units and their tectonic boundaries, for nearly 2400 km. This architecture, from N to S
(Figure 1a), comprises the following: (i) the Indus-Tsangpo Suture zone (ITSZ) which is
made up of ophiolitic and deep-water sediments, remnants of the Neo-Tethys basin
interposed between the Indian and Asian Plates. The northward subduction of the Neo-
Tethyan oceanic crust below the Asian Plate built up a volcanic arc represented by volcanic
and plutonic rocks of the Transhimalaya range (Figure 1a). (ii) The TSS comprises Neo-
Proterozoic/Cambrian to Eocene [Gaetani and Garzanti, 1991; Sciunnach and Garzanti,
2012] polydeformed sedimentary rocks [e.g. Antolin et al., 2011; Montomoli et al., 2017a]
deposited on the northern part of the Indian Plate passive margin. TSS rocks generally
experienced very low- to low-grade metamorphism [Hodges, 2000; Dunkl et al., 2011]
though medium-grade metamorphism is also documented at the base of the TSS, near the
STDS, and in other localities [Vannay and Hodges, 1996; Hodges, 2000; Carosi et al., 1998,
2014; Searle, 2010; Montomoli et al., 2017a]. The STDS separated the TSS from the GHS in
the Miocene [Godin et al., 2006] and is commonly described as a composite structure of a
structurally lower extensional ductile shear zone and an upper brittle normal fault [e.g. Carosi
et al., 1998; Searle, 1999]. These are represented, for instance, in the Mt. Everest region by
the Lhotse and the Qomolangma detachments, respectively [Burchfiel et al., 1992; Carosi et
al., 1998; Searle, 1999; Law et al., 2004, 2011]. In some localities, e.g. W Nepal [Carosi et

al., 2002] or the Dzakaa Chu valley in Tibet [Cottle et al., 2007, 2011], the STDS brittle
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branch does not occur. (iii) The GHS is composed of deep-seated Late Proterozoic to
Cambro-Ordovician metamorphic rocks [Hodges, 2000 and references therein], and is
intruded by Cenozoic anatectic granite [Visona and Lombardo, 2002; Visona et al., 2012]
known as High Himalayan Leucogranite (HHL). In the Central Himalaya the GHS has been
subdivided into three units [Le Fort, 1975; Searle and Godin, 2003; Searle 2010]. The
lowermost one, Unit I, is composed of garnet- to kyanite-bearing metapelite and subordinated
marble, calcsilicate and quartzite. Marble and calcsilicate, showing an upper amphibolite
facies mineralogy [e.g. Colchen et al., 1980; Carosi et al., 2014; Searle, 2010], and minor
metapelite are the main rock types of Unit Il. The uppermost unit, Unit 111, comprises
orthogneiss, migmatite and minor marble and metapelite. This subdivision cannot be easily
observed in other portions of the belt, such as NW India [e.g. Jain et al., 2014] or NW Nepal
[e.g. laccarino et al., 2017 and references therein], where the amount of calcsilicate (Unit 1)
is rather minor. It should be stressed also that for a long time the GHS was regarded as a
coherent tectonic unit, but that recent findings have challenged this view [e.g. Montomoli et
al., 2013, 2015; Carosi et al., 2010, 2016a].

The metamorphic history of the GHS has been commonly subdivided into two main
stages [e.g. Vannay and Hodges, 1996]. The Eo-Himalyan stage, with an Eocene-Oligocene
age [Hodges et al., 1994; Vannay and Hodges, 1996; Carosi et al., 2010, 2015; laccarino et
al., 2015], is characterized by high-pressure kyanite-bearing assemblages, which were
overprinted by low-pressure sillimanite- to cordierite-bearing assemblages associated with
STDS-related decompression-melting of the Neo-Himalayan stage in the Miocene [Hodges et
al., 1994; Hodges, 2000]. A regime of non-coaxial deformation, with a strong component of
pure shear, is commonly observed within the GHS [e.g. Jessup et al., 2006; Carosi et al.,
2006; Long et al., 2011], whereas a strong increase in the contribution of simple shear is

recorded approaching the STDS [Law et al., 2004; 2011] and the MCT [Law et al., 2013].
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(iv) The Lesser Himalayan Sequence (LHS), in the footwall of the MCT, is made up of
Paleoproterozoic low- to medium-grade metamorphic rocks [Hodges, 2000]. The LHS is
tectonically carried above the Neogene sediments of (v) the Sub-Himalaya, by the Main

Boundary Thrust (MBT, Figure 1a) which was active after the Pliocene [Hodges, 2000].

2.2. Geology along the Alaknanda — Dhauli Ganga valleys

The study area is located in the Garhwal Himalaya (Figure 1a), NW India, along the
Alaknanda-Dauli Ganga valleys (Figure 1b), where a complete structural transect of the
Himalaya is exposed [Hodges and Silverberg, 1988; Gururajan and Choudhuri, 1999;
Spencer et al., 2012a,b; Jain et al., 2013, 2014, Shreshtha et al., 2015; Thakur et al., 2015].
According to Jain et al. [2014] the general architecture of the study valleys could be
simplified as N-NE dipping imbrications of rock packages with the main tectonic foliation
trending NW-SE and dipping gently towards the NE. The LHS, present in the SW portion of
the area (Figure 1b), is composed of garnet-bearing metapelite, limestone, quartzite,
calcsilicate and amphibolite layers [Ahmad et al., 2000; Spencer et al., 2012b; Jain et al.,
2014]. Their metamorphic peak temperature never exceeded 480-520°C [Célérier et al.,
2009]. Structurally upwards, the MCT zone (MCTz in Figure 1b) comprises a sequence of
highly imbricated and mylonitized rocks mainly composed of garnet-bearing paragneiss,
quartzite and orthogneiss of Paleoproterozoic protolith age [Spencer et al., 2012a]. According
to Valdiya et al. [1999] the MCTz is marked by two top-to-the-S shear zones: the Munsiari
Thrust (MT, Figure 1b) in the lower parts and the Vaikrita Thrust (VT, Figure 1b) in the
structurally upper parts. According to Spencer et al. [2012b] and Thakur et al. [2015]

pressure-temperature (P-T) estimates for the MCTz are in the range of 500-600°C and 0.5-1.2
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GPa, with a general structurally upward increase of P-T conditions. Montemagni et al. [2016]

reported evidence of aqueous fluid circulation during the first stages of the MT activity.

Above the VT (Figure 1b), the GHS (the Vaikrita group, Jain et al., [2014]) has been
subdivided into three main formations: the structurally lower Joshimath Formation consists of
kyanite+garnet+biotite+white micatstaurolite gneiss. In the middle of the GHS,
kyanite+garnet+ K-feldspar zwhite mica gneiss, migmatitic gneiss and minor amphibolite
form the Suraithota Formation. The Bhapkund Formation, at the top of the GHS, is composed
of garnet+K-feldspar+sillimanite migmatite (stromatite and minor diatexite) and small
tourmaline-bearing leucogranite lenses. Five different types of leucosomes/melt patches have
been described by Jain et al. [2013] from the migmatite, reflecting different stages of
structurally-controlled melting and melt migration in the Bhapkund Formation. P-T data by
Spencer et al. [2012b] suggest an increase of P-T conditions from the Joshimath (~700-800
°C, 1.0-1.4 GPa) to the Suraithota (~800-860 °C, ~1.40 GPa) Formations, whereas similar T
for the Suraithota Formation, but lower equilibration P (~0.85-1.00 GPa) were reported for
the Bhapkund Formation [Spencer et al., 2012b]. The P-T estimates by the latter authors are
significantly higher than those reported by Hodges and Silverberg [1988] for the GHS rocks
along the Alaknanda-Dauli Ganga valleys (530-680°C; 0.30-1.00 GPa). At the top of the
Bhapkund Formation, Jain et al. [2014] reported evidence of top-to-the-NE extensional
shearing related to ductile deformation along the STDS. Structurally above the Bhapkund
Formation (Figures 1b and 1c) the TSS occurs, composed of the Neoproterozoic-Cambrian
low-grade Martoli Formation and very low-grade to unmetamorphosed Post-Martoli
Formation [Jain et al., 2014 and references therein]. Based on white mica geochronology, the
metamorphism of the TSS in the study area is as old as ~40 Ma [Crouzet et al., 2007 and
references therein]. Near the Malari village (Figures 1b and c) the Malari leucogranite, with

an intrusion age of ~19 Ma, occurs [Sachan et al., 2010; Jain et al., 2014]. This granite is
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composed of quartz (30%—-35%), K-feldspar (35%-40%), plagioclase (15%—-25%), muscovite
(~5%) and tourmaline (~5%) [Sachan et al. 2010]. According to Sachan et al. [2010], this
granite has intrusive contacts with both the underlying Bhapkund Formation (GHS) and the
overlying Martoli Formation (TSS) on the footwall and the hanging-wall of the STDS,
respectively (Figure 1c) and shows little evidence for ductile strain. Thus, this granite is an
important temporal marker for the STDS activity in the NW Himalaya. This interpretation
has been challenged by Jain et al. [2014] and Sen et al. [2015]. Based on detailed meso- and
microstructural investigations, Jain et al. [2014] demonstrated that extensional deformation is
widespread in the whole upper part of the GHS, including the Malari granite and the
leucogranitic dykes, and referred to this structural portion of the study area as the “Dominant
Extensional Zone” (see also Shreshtha et al. [2015]). In an attempt to understand this peculiar
settings, in the following parts we describe the main meso- and micro-structural features and
the metamorphic/deformational conditions in detail along a roughly SW-NE structural

transect along the road to Malari village (Figure 1c).

3. Meso- and micro-structural observations
According to our field and microstructural observations, the geology around Malari
has been subdivided into three main structural domains described below from the base to the

top of the structural transect.

3.1. Upper GHS and high-temperature (HT) mylonites

Stromatic migmatite predominates in the upper part of the GHS, below the TSS
(Figures 1c and 2). The peak-T paragenesis in this rock is biotite-garnet-aluminosilicate-
quartz-plagioclase-K-feldspar (and former melt) with apatite, monazite, zircon and graphite

as accessories, suggesting a likely equilibration beyond white mica stability [e.g. Spear et al.,
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1999]. Minor white mica retrograde after aluminosilicate is present (Figure 2d). Relict
kyanite (Figure 2d) is wrapped by sillimanite. The latter forms a fabric but has no evidence of
deformation (e.g. microboudinage). This supports our interpretation that it was a syn-
kinematic mineral. Sillimanite, reddish biotite, quartz and feldspar with shape-preferred
orientation (SPO) define the main spaced schistosity, which strikes NW-SE and dips 50 to
10° NE. Obiject lineation, sensu Piazolo and Passchier [2002], trends NE-SW and E-W and
plunges 25-35° to the NE and E. In the outcrops, two structurally different leucocratic layers
(i.e. leucosomes) are present (Figures 2a, 2b and 2c). The first one is oriented parallel to the
main foliation, whereas the second one is oriented at moderate angle (20-30°) to the first one,
forming sillimanite-bearing shear bands [Roper, 1972]. Field observations, such as rotation of
the foliation toward parallelism with the shear zones, offset of pre-existing markers and
minor drag folds, point out the coexistence of top-down-to-the SW and top-down-to-the NE
shear bands (Figures 2a, 2b and 2c¢). No unambiguous cross-cutting relationships between the
two sets of shear bands have been found (Figures 2a, 2b and 2c). Microscopic observations
reveal that these shear bands are defined by the same sillimanite-biotite-bearing mineralogy

(Figure 2d) supporting the inference that both types of shear bands are coeval.

Structurally upward, just <2 km S of Malari, migmatitic gneiss is strongly sheared
and its fabric is reworked, with the development of high-temperature (HT) top-to-the-NE
mylonites (Figures 2e, 2f and 2g). Pegmatitic dykes, a few decimeter thick and oriented at
high angle to the mylonitic foliation, were deformed at subsolidus conditions as indicated by
stretched feldspar and quartz (Figure 29). In a few instances dykes also appear to be
undeformed. Stretched quartz-feldspar pods (former leucosome), porphyroclasts and
deflection of the foliation around dyke walls point to a normal top-to-the-NE sense of shear
(Figures 2e and 2f). However, in a few circumstances, porphyroclasts also suggest a top-to-

the-SW sense of shear (Figure 2e).
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Three mineral assemblages were microscopically identified in HT-mylonites (Figure
3). A pre-mylonitic stage, M1, is characterized by coexisting kyanite-biotite-garnet-K-
feldspar-plagioclase-quartz, minor rutile and former melt. M2 is a syn-mylonitic stage,
represented by syn-kinematic growth of sillimanite (after M1 kyanite, Figure 3b), biotite, and
ilmenite and dynamic recrystallization of feldspar and quartz, possibly in the presence of melt
(at least in the beginning). Evidence of the late retrograde stage (M3) is rare and
heterogeneously distributed and is defined by the greenschist-facies mineral chlorite, white
mica and albite. These minerals frequently envelop garnet and aluminosilicate. According to
the assemblages described above, and further supported by thermodynamic calculations (see
below), melt was likely formed during the M1 stage, but was still present during the early M2
stage. The main mylonitic foliation, classified as disjunctive anastomosing schistosity, wraps
around K-feldspar, garnet and kyanite porphyroclasts. These porphyroclasts indicate a top-to-
the-NE sense of shear (Figures 2f and 3a). Microscopic observations (Figures 3a-f) reveal
evidence of dynamic recrystallization of feldspar and quartz. Quartz shows lobate grain
boundaries and chessboard extinction patterns (Figure 3c), which are typical of the Grain
Boundary Migration (GMB) deformation regime GBM;; as defined by Stipp et al. [2002a, b]

and Law [2014]. Myrmekite in K-feldspar, sometimes asymmetric, is common (Figure 3d).

Such microstructures suggest a HT (> 650°C) deformation regime during the top-to-the-NE
normal (STDS-related) shearing [Passchier and Trouw, 2005], and are in agreement with the
syn-kinematic growth of sillimanite and reddish biotite. However, despite the strong
deformation, in some low-strain domains euhedral faces of feldspar (Figure 3e), interpreted
as melt-precipitated [Vernon, 2011], are still preserved. Finally, rare veinlets, filled by quartz

and feldspar (Figure 3f), crosscut the foliation. Due to the microstructural and petrological
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relationships described above, HT-mylonites were chosen for a detailed study, since they
might yield unique insight into P-T-t evolution of the STDS-related ductile shearing (see

below).

3.2. Malari granite and medium-temperature mylonites

Close to Malari, structurally above the HT-mylonite, the small Malari granite crops
out (Figure 1c). The main body is a medium- to coarse-grained intrusion, sometimes cut by
leucocratic aplitic or pegmatitic bodies. Field evidence suggests that the whole Malari granite
and the leucogranitic dykes are deformed and foliated (Figure 4). Ductile deformation with
the development of S-C fabric and rotated feldspar porphyroclasts (Figure 4b), pointing to a
top-to-the-N/NE sense of shear, are common. A system of low-angle and conjugate high-
angle brittle faults (Figure 4a, see also Jain et al. [2014]), with associated cataclasite (Figure
4¢) overprinting the mylonitic deformation, has been recognized. Where markers, such as
aplitic/pegmatitic sheared bodies, were observed the fault offset never exceeded 5-10 m.
Microscopic observations confirm that a mylonitic deformation affected the Malari
leucogranite characterized by an anastomosing mylonitic foliation defined by micas and SPO
of quartz and feldspar. Quartz shows rotated and flattened grains with undulose extinction
(Figures 4d and 4e) surrounded by new grains, suggesting a regime of subgrain rotation
Recrystallization (SGR: Stipp et al. [2002a, b]; Law [2014]). In a few instances, quartz shows
also deformation lamellae typical of low-temperature deformation (Stipp et al. [20023, b]).
Both ductile and brittle structures can be observed in feldspar (Figure 4e). Ductile structures
comprise undulose extinction, mechanical twinning, perthite and very rare myrmekite. Brittle
features are represented by quartz-filled fractures (see also Jain et al., [2014]). These
microstructures support a thermal deformation regime of 450-550°C close to the brittle-

ductile transition of feldspar [Passchier and Trouw, 2005] in agreement with SGR in quartz
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[Stipp et al., 2002a, b; Law, 2014]. Tourmaline is aligned along the main foliation, commonly
showing boudinage (Figure 4d) with quartz fillings in necks. Finally, late transgranular
fractures were observed (Figures 4d and 4e). Kinematic indicators in oriented samples, such
as white mica fish, S-C-C’ fabric, feldspar and tourmaline porhyroclasts with asymmetric
strain shadows and domino-type feldspar porphyroclasts, confirm a top-to-the-NE sense of
shear. Neither magmatic nor HT subsolidus foliation [Paterson et al., 1989, 1998] was
discovered. It should be pointed out that despite careful field observation and sampling,
coupled with microstructural analyses, undeformed sample was not found. Even samples
from low strain domains show some ductile and/or brittle structures in feldspar and quartz.
Hence, we suggest that the Malari granite and the leucogranitic dykes, emplaced at the
interface between GHS and TSS, were affected only by subsolidus medium temperature
(defined as close the brittle-ductile transition in behavior of feldspar) mylonitic shearing

followed by brittle faulting during the extensional activity along the STDS.

3.3. Martoli Formation (TSS)

The base of the TSS (Figure 1c) is represented by folded quartzite, metapsammite and
metapelite of the Martoli Formation. This formation still preserves sedimentary structures
like bedding (So, Figure 4f) and cross lamination [Spencer et al., 2012b; Jain et al. 2014].
The main foliation in the Martoli Formation, related to northeast verging folds [Spencer et
al., 2012b], is defined by the SPO of phyllosilicates, which are mainly fine-grained white
mica and chlorite (Figure 4g). Detrital large flakes of white mica were also detected (Figure
49). Quartz displays evidence of bulging recrystallization (BLG) as revealed by small bulges
between grain interfaces (Figure 49), the small size of newgrains, and the occurrence of

deformation lamellae [Stipp et al., 2002a, b; Law, 2014]. The low metamorphic peak-T (<
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400°C) suggested by BLG in quartz is also supported by the observed mineralogy in the

different rock types (see also Sachan et al. [2010]).

4 Pressure-temperature-time (P-T-t) estimates
4.1 Methods

A detailed P-T-t investigation of HT-mylonites was carried out. Oriented thin
sections, cut parallel to the XZ plane of the finite strain ellipsoid, were studied. Sample
GW13-62 (30°40'54.62"N, 79°53'0.16"E), a high-grade gneissic mylonite (Figures 1c and
2e), was selected for this purpose because of the sample microstructures, mineralogy and the
paucity of M3 domains, that should demonstrate the conditions during the M1 and/or M2
stages.

4.1.1 P-T estimates

Mineral compositions as well as garnet X-ray compositional maps were obtained with
a CAMECA SX100 electron microprobe (EMP), hosted at the Institut fiir Mineralogie und
Kristallchemie (Universitéat Stuttgart), following the analytical protocol reported in laccarino
et al. [2015, 2017]. This chemical information, coupled with the sequence of mineral
assemblages (see above), was used to reconstruct the P-T history of the HT-mylonites
applying both pseudosection modelling with PERPLE_X [Connolly, 2005] and
THERMOCALC for the determination of an average P-T estimate [Powell and Holland,
1994, 2008]. Calculation procedures, as well as selected activity-compositional models, are
reported in laccarino et al. [2017]. Two points deserve to be further clarified: (1) the H.O
content in the bulk composition (reported in Figure 5a) for pseudosection calculation was set
to 1.75 wt%, in order to allow minor wet melting during the prograde stage. (2)
THERMOCALC average P-T estimates are sensitive to the selected water activity (an20)

[Powell and Holland, 1994; Mosca et al., 2012; Palin et al., 2014]. The anatectic nature of
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the selected samples likely implies an an2o0 < 1 during dehydration melting, therefore the

calculation was performed with the assumption of an20 = 0.8.
4.1.2 U-(Th)-Pb in situ monazite geochronology

Monazite, a Th-bearing REE phosphate, is a powerful and versatile geochronometer
[e.g. Parrish, 1990; Pyle and Spear, 2003; Williams and Jercinovic, 2002; 2012; Williams et
al., 2007; Kohn, 2016]. Several contributions, indeed, have shown how U-Th-Pb internal
diffusion in monazite, similarly to zircon, is negligible for T < 900° [e.g. Cherniak et al.,
2004; Cherniak, 2010]. Moreover, contrarily to zircon, monazite (as phosphates in general) is
very resistant to metamictic process [Harrison et al., 2002] and, even in strongly fluid-
mediated processes, this mineral is able to preserve its original isotopic (and chemical)
signature in the survived original parts of grain [Williams et al., 2011]. Furthermore, Williams
and Jercinovic [2002, 2012] among many others, have pointed out how in situ monazite
dating, coupled with its chemical characterization, micro-structural (e.g. deformation-
blastesis relationships) and petrological (e.g. sequence of main and accessories mineral
growth, P-T history) analysis could give precious insights on the tectonic interpretations and

on the timing of deformation and metamorphism.

For all these reasons monazite dating has already been widely used in Himalayan
research [e.g. Kohn et al., 2001, 2004, 2005; Viskupic et al., 2005; Cottle et al., 2009; Kellett
et al., 2010; Carosi et al., 2010, 2016a; Montomoli et al., 2013; Rubatto et al., 2013;

laccarino et al., 2015] to constrain the tectono-metamorphic evolution of tectonites.

Textural positions and internal features of monazite from the selected sample were
characterized by the aforementioned EMP. X-ray compositional maps for Y, Th, U, Ce, and
Si and chemical analysis of monazite were obtained following the analytical protocol of

laccarino et al. [2015]. Selected monazite grains were chosen for in situ geochronology.
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These grains were targeted, adopting the X-ray maps as base, with a laser ablation—
inductively coupled plasma—mass spectrometer (LA-ICP-MS) hosted at Consiglio Nazionale
delle Ricerche-lIstituto di Geoscienze e Georisorse in Pavia, using a spot size of 10 um. Full
details of the instrumental and analytical procedure are reported in Paquette and Tiepolo
[2007] (see also laccarino et al. [2015] and Carosi et al. [2016a]). Data reduction was carried
out using the GLITTER® software [van Achterbergh et al., 2001], whereas data processing
and plotting were done with the software ISOPLOT [Ludwig, 2003].

4.2 P-T-t results

4.2.1 Mineral chemistry, P-T conditions and P-T path

Selected mineral analyses of the main silicates in sample GW13-62 are reported in
Table 1. Biotite has a narrow compositional range with Mg# = Mg/(Mg+Fe?*) in the range of
0.41-0.46, and Ti a.p.f.u. (atoms per formula unit based on 11 O) between 0.17 and 0.27.
Plagioclase is andesine with XAb = Na/(Ca+K+Na) between 0.64 and 0.70. K-feldspar is
characterized by XOr = K/(Ca+Na+K) between 0.85 and 0.96. Garnet shows “reverse”
zoning [Tracy et al., 1976] as indicated by X-ray compositional maps (reported in Figure S1)
and chemical spot analyses (Table 1). Garnet cores are characterized by XFe =
Fe/(Mg+Ca+Mn+Fe?*) (XCa, XMn and XMg are defined accordingly to XFe) between 0.68
and 0.71, XCa = 0.06-0.07, XMg = 0.16-0.17, XMn = 0.04-0.05 and Mg# = 0.16-0.20.
Garnet rims show an increase of XMn (up to 0.07-0.08) and XFe (0.73-0.75) coupled with a
decrease in XMg = 0.13-0.14, XCa = 0.04-0.06 and Mg# = 0.13-0.15. Based on this zoning it
is likely that only minimum P-T estimates can be obtained from the compositions of garnet
[Spear, 1991; Spear and Florence, 1992]. The texturally late white mica is muscovite with
Si** (a.p.f.u.) of 3.07-3.10 and XPg = Na/(Na+Ca+K) of 0.02. A P-T pseudosection was
constructed for the P-T range of 0.3-1.3 GPa and 650-900 °C (Figure 5) considering the ten-

component chemical system Na,O-K,0-CaO-MnO-MgO-FeO-Al>03-Ti0,-Si02-H20
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(MNNCKFMASHT). The pseudosection is dominated by four- and tri-variant fields. The
observed M1 assemblage (see above) defines a triangular field (LPIKfsGrtBtKyQzRt in
Figure 5a) in the P-T range of 0.85-1.30 GPa and ~750-825 °C, delimited by kyanite-out and
biotite-out curves at higher temperatures and the white mica-in curve at lower temperatures
(Figures 5a and 5b). Moreover, garnet core compositional isopleths of XFe = 0.68-0.70 and
XCa =0.06-0.07, and maximum observed XAb = 0.70 are consistent with this field,
indicating a minimum P-T equilibration of the M1 assemblage around 1.0 = 0.1 GPa and 750-
775°C (Figure 5b). These findings are also in agreement with the THERMOCALC average
P-T result, that indicates an equilibration at P =0.92 £ 0.12 GPaand T = 742 + 42 °C (Figure
5b). These P-T values demonstrate that the M1 equilibration was near the conditions of the
HP-granulite facies [Indares and Martignole, 2003] at suprasolidus conditions (see also
Groppo et al. [2010, 2012]; laccarino et al. [2017]). According to pseudosection calculation
and isopleths intersections for the garnet rim composition (XFe = 0.73-0.75; XCa = 0.04-
0.05), the M2 assemblage formed at ~0.60-0.70 GPa and 725-750°C and, thus, at medium P
conditions of the upper amphibolite facies (Figures 5a and 5b). The M3 assemblage, due to
its very local development, could not be properly modeled with the selected bulk-
composition. However, the assemblage with chlorite, white mica and albite suggests
greenschist-facies metamorphism [Spear, 1993].

On the basis of our thermodynamic calculations we suggest that the HT-mylonites
experienced prograde metamorphism up to suprasolidus conditions and M1 equilibration
(Figure 5b). Afterwards, these rocks were metamorphosed along a P-T path characterized by
decompression and minor cooling (Figure 5b) leading to the formation of the M2 assemblage,
syn-kinematic with the main normal-shearing episode (i.e. formation of HT-mylonites). A
continuation of the decompression path, accompanied by significant cooling leading to local

retrogression in the greenschist facies (M3) and likely fluid infiltration, is suggested.
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4.2.2. Monazite texture, zoning, and U-(Th)-Pb geochronology

Monazite was detected only as matrix minerals, with grains up to 150 pm in length
hosted both within biotite-dominated and quartzo-feldspathic domains. Inclusions of biotite,
quartz, zircon and, in one case, white mica (Mnz4 in Figure 6) were found in monazite.
Moreover, one grain rimmed by allanite was observed within a greenschist domain (M3, see
above). BSE images and particularly X-ray compositional maps (Figure 6) indicate that
monazite is strongly zoned, particularly in Y and Th. All analyzed grains fall in the monazite
field according to the tripartite classification of Linthout [2007] with the introduction of U
and Th in the monazite structure according to a combination of huttonite and cheralite
substitutions [Spear and Pyle, 2002]. Monazite compositions, mainly based on Y, but also on
U and Th distribution can be assigned to two main populations (Figure 6, Table 2). One
population, referred to hereafter as Mnz-type-A, is related to the core of monazite and
frequently constitutes the larger part of a single grain. Mnz-type-A is associated with low
Y203 contents (0.14-0.80 wt%, Table 2), variable La/Gd ratios (8.3 - 16.1) and high Th and U
concentrations (Figure 6, UO2 + ThO2 between 5.7 and 9.0 wt%). The aforementioned white-
mica inclusion in grain Mnz4 (Figure 6) occurs in Mnz-type-A. Another population, Mnz-
type-B, forms thin and often discontinuous rims and is characterized by high Y203
concentrations (1.45- 2.98 wt%) and systematically lower UO2 + ThO- (4.75-6.25 wt%) and
La/Gd ratios (5.0 - 7.0) than in Mnz-type-A. Both populations were observed in the grain
rimmed by allanite. The different monazite populations were targeted for in situ dating

directly on ordinary thin sections through LA-ICP-MS.

Isotopic results for the unknown sample and standard [Moacir, Seydoux-Guillaume et
al., 2002a,b] are reported in Table 3 and Table S1, respectively. Isotopic ratios of monazite
from sample GW13-62 were plotted on an inverse isochron (Figure 6), the Tera-Wasserburg

plot [Tera and Wasserburg, 1972]. This type of plot is particularly useful for young
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monazite, for identifying possible age populations, the mixing of different chemical-age
domains and the possible contribution of common lead [Kohn and Vervoort, 2008; Cottle et
al., 2009; Kellett et al., 2010]. As commonly observed in the Himalaya [e.g. Kohn et al.,
2005; Cottle et al., 2009; Kellett et al., 2010; Rubatto et al., 2013; laccarino et al., 2015]
quite a large spread of data was obtained, reflecting the chemical heterogeneity of the
analyzed monazite grains (Figure 6). In particular, a systematic link between the spot
location, monazite chemistry and ages, obtained with regression on the Tera-Wasserburg plot,

was noted.

Mnz-type-A, often being the larger part of a grain (e.g. grain 1 and grain 6 in Table
3), yields older ages, suggesting an age-population of ~24 Ma (23.7 + 0.64 Ma lower
intercept; MSWD = 1.11; N analyses = 11). For Mnz-type-B (e.g. rims of grains 2 and 7,
Table 3) an age-population around 20 Ma (20.4 £ 2.2 Ma lower intercept; MSWD = 0.79; N
analyses = 3) was obtained. Some spots (n=4) located in the outer portions of the grains
within Mnz-type-B domains (e.g. in the case of rims of grain 4, Table 3), but falling on the
Tera-Wasserburg plot (Figure 6) between the aforementioned two age populations, are
interpreted as mixing of chemical domains, which is common [e.g. Kellett et al., 2010]
especially considering the dimension of a laser ablation pit, the small dimensions of the high-

Y rims (Mnz-type-B) and the complex 3D nature of mineral zoning.

5 Discussion
5.1 Monazite age interpretation

The close link between age and chemistry of the two different types of monazite
(Mnz-type-A and Mnz-type-B) strongly supports that these two populations reflect two

different stages of monazite growth/recrystallization during the P-T-deformation (D) history
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[e.g. Foster et al., 2002; Foster and Parrish, 2003; Pyle and Spear, 2003; Gibson et al.,
2004; Langone et al., 2011; Palin et al., 2014; Massonne, 2014; laccarino et al., 2015] of the
HT-mylonite (Figures 1c and 5). The behavior of monazite during metamorphism and partial
melting has been extensively investigated [e.g. Ferry, 2000; Kohn and Malloy, 2004; Janots
et al., 2007; 2008; Spear and Pyle, 2002, 2010; Spear, 2010; Gasser et al., 2012; Rubatto et
al., 2001, 2013; Kelsey and Powell, 2011; Yakymchuk and Brown, 2014]. These studies have
shown how the distribution of chemical elements, especially Y and heavy rare earth elements
(HREE), in monazite is strongly controlled by the coupled growth/dissolution of coexisting
phases. Xenotime [e.g. Pyle and Spear, 1999; Spear and Pyle, 2010] and/or allanite [Janots
et al., 2007, 2008; Spear, 2010; Tomkins and Pattison, 2007; Corrie and Kohn, 2008] are the
main accessories controlling the Y+HREE and Th distribution in metamorphic monazite.
Indeed, common reactions introducing monazite in the assemblage during prograde
metamorphism of metapelite are related to the breakdown of allanite at ~450-550 °C
[Williams et al., 2007; Janots et al., 2007, 2008; Kohn, 2016], especially in relatively Ca-rich
pelites [Wing et al., 2003]. Garnet is regarded as the main silicate controlling the Y + HREE
budget during monazite growth [e.g. Pyle and Spear, 1999; Foster and Parrish, 2003; Kohn
and Malloy, 2004; Spear, 2010]. Consequently, the initial growth of monazite is expected to
show higher Th and HREE+Y contents, due to the breakdown (up to the complete
consumption) of allanite and/or xenotime [e.g. Kohn et al., 2005]. During continuing
prograde metamorphism, together with garnet growth, coexisting monazite should show low
Y+HREE concentrations [e.g. Pyle and Spear, 1999; Gibson et al., 2004; Kohn et al., 2005;
Spear, 2010]. During partial melting, due to the high solubility of phosphate in the
peraluminous melts [e.g. Kohn et al., 2005; Spear and Pyle, 2002, 2010], monazite
dissolution is expected [Pyle and Spear, 2003; Yakymchuk and Brown, 2014], whereas during

crystallization of melt by cooling, growth of monazite with high Y + HREE is expected due
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to the concomitant garnet breakdown as melt crystallizes [e.g. Gibson et al., 2004; Kohn et
al., 2005; Yakymchuk and Brown, 2014]. Within this framework, it is possible to interpret our
monazite ages as follows [Figures 6 and 7]. The older population (Mnz-type-A) due to its low
Y and higher Th contents is interpreted as a “late prograde” mineral, sensu Kohn et al.
[2005], coexisting with stable garnet. Moreover, due to the finding of a white-mica inclusion
in Mnz-type-A (see above), we speculate that its age of ~24 Ma predates the main melting
event accompanied by white-mica breakdown. During partial melting up to the M1 event (at
~0.90-1.10 GPa, 750-775°C), monazite is expected to have been (partially) dissolved. During
further decompression and minor cooling, associated with the HT-shearing and syn-kinematic
formation of the M2 assemblage (~0.60-0.70 GPa, 725-750°C), retrograde [sensu Kohn et al.,
2005] high-Y Mnz-type-B has crystallized in the time span of 20-19 Ma. The proposed
scenario is supported by pseudosection calculations [Figure 5b] showing that, from M1 (P =
1.0 GPa, T=770°C) to M2 (P = 0.7 GPa, T = 750°C) stages, there is a decrease in the
amounts of garnet (from ~11 vol% to ~5.5 vol%) and melt (from ~20 vol% to ~17 vol%). If
our interpretation holds, the melting of the upper GHS is constrained between 25-24 and 20-
19 Ma. The rare allanite formed at the expense of monazite under greenschist-facies
conditions (M3) must be younger than 19 Ma (Figure 7). Temporarily close to the HT-
shearing, at 19 + 0.5 Ma the emplacement of the Malari granite occurred [Sachan et al.,

2010].

5.2 STDS evolution and pressure-temperature-deformation-time (P-T-D-t) path

Integration of these new meso- and micro-structural, metamorphic and
geochronological data with those previously published allow us to constrain the history of the

STDS-related ductile shearing in the study area (Figure 7). Prograde metamorphism, up to the
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upper amphibolite/lower granulite facies (M1) in the upper GHS of the study area (Figures 5
and 7), lasted to ~25-24 Ma (Figure 7), as testified by Mnz-type-A ages, and potentially
started in the Eocene [Prince et al., 2001]. Following melting at near peak conditions (M1,
Figure 7), normal non-coaxial STDS-related shearing affected the upper part of the GHS.
During deformation, melt migration [Jain et al., 2013; 2014] along both top-down-to-the NE
and top-down -to-the SW conjugate shear bands (Figure 2) occurred [Brown, 1994;
Rosenberg and Handy, 2001] supporting a general flow deformation regime (Figure 2a) with
an important contribution of pure shear as commonly observed within the ductile, normally
sheared upper part of the GHS [Law et al., 2004; Jessup et al., 2006; Xypolias, 2010]. A
component of pure shear during the STDS-related top-to-the-N normal shearing could also
explain the occurrence of few top-to-the-S porphyroclasts (see above) described in HT-
mylonites [Simpson and De Paor, 1993; Xypolias, 2010]. Melt migration led to the
accumulation of a silicate liquid at the GHS-TSS interface [Weinberg, 2016] which could
have led to the emplacement of the Malari granite at ~19 + 0.5 Ma [Sachan et al., 2010]. Zr-
saturation thermometry of Sachan et al. [2010] suggests emplacement temperatures for the
Malari granite of 600-700 °C (Figure 7), in line with estimations, using Zr-saturation and Ti-
in zircon thermometers, for the HHL [Visona and Lombardo, 2002; Kohn, 2014, 2016]. Both
temperature and timing overlap with P-T-t data of HT-mylonites (Figure 7), testifying that
HT-normal shearing related to decompression and minor cooling was almost coeval with the
Malari granite emplacement/crystallization at ~20-19 Ma, although this granite lacks any
evidence of HT-shearing. Based on the structural and geochronological data presented above,
we can make the following considerations. Considering the ~15 Ma white mica Ar-Ar
cooling ages from the Malari granite [Sen et al. 2015], that are nearly 5 Ma younger than the
emplacement age of the Malari granite (U-Pb zircon), and assuming “a closure temperature”

for Ar in white mica of ~450 + 50°C [Harrison et al., 2009], which is close to the
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deformation temperatures suggested by medium temperature-mylonite, we can infer that
medium-temperature mylonitic normal shearing was confined structurally upwards with
respect to the older HT-mylonite. Medium temperature shearing affected the Malari granite
during the time span of <19 up to ~15 Ma (Figure 7). Both field and microstructural data
indicate a spatial and temporal transition of the STDS normal-shearing towards the N/NE,
from HT (~750 £ 50° C) to medium-temperature conditions (400-500 °C), comparable to the
recent findings of a northwards migration of deformation in Central Nepal [Cottle et al.

2015].

After 15 Ma, the brittle-ductile transition at ~300 (+ 50) °C [Tullis and Yund, 1977]
for quartzo-feldspathic crust was crossed. Brittle faulting was localized in the upper part of
the study transect overprinting the medium temperature-deformation within the Malari
granite, probably below 0.50 GPa (Figure 7). These P-T conditions (300 £ 50°C; < 0.50 GPa)
are in agreement with fluid inclusion data and chlorite-white mica thermobarometry [Saxena
et al. 2012] on the fault-related alteration of the Malari granite. Cooling below the closure
temperatures of fission track dating of zircon (~240°C, Bernet [2009]) and apatite (~110 °C,
Gleadow and Duddy [1981]) occurred around 5.0 and 3.6 Ma, respectively [Patel and Carter,
2009]. Finally, our observations are best explained by a model in which the STDS is formed
by the superimposition of younger brittle structures on ductile ones, as reported by Kellett

and Grujic [2012].

5.3 The STDS: a glimpse to larger scale

Timing of the N-S extension along the STDS in the Himalaya has been the subject of
several previous studies [e.g. Godin et al., 2006; Leloup et al., 2010; Wang et al., 2016]. In
particular Leloup et al. [2010] presented a critical review of the different time constraints for
the activity of the STDS (see their figure 7 and table DR7). Following the methodological

approach of Leloup et al. [2010], we expand their analysis, integrating our findings for the
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Dhauli Ganga valley (Figure 8) and those from the recent literature, in order to present an
updated STDS regional picture (Figure 8). For the Zanskar region, activity of the STDS is
constrained to have started at ~26-24 Ma and ceased at ~20 Ma, based on U-Pb dating of
monazite in leucogranite [Finch et al. 2014]. For western Nepal, Carosi et al. [2013] reported
the occurrence of an undeformed leucogranite cross-cutting the STDS at ~23-24 Ma
representing the lower age limit of the activity of the STDS. Moreover, Nagy et al. [2015]
regarded the period of 15-13 Ma as the beginning of orogen-parallel strike slip movements in
this portion of the Himalaya. For Nyalam, the available geochronology led Wang et al.
[2016] to suggest that the STDS ductile shearing occurred between 27-25 Ma and 17-15 Ma.
For the Rongbuk valley near Mt. Everest (Figure 8), Cottle et al. [2015] reported a minimum
age of the STDS-ductile shearing of 15.4 Ma, based on crystallization ages of undeformed
leucogranite. However, thermochronological data of Schultz et al. [2017] indicate that the
STDS brittle faulting lasted to ~13 Ma. For the nearby Dzakaa Chu section (Figure 8), Cottle
et al. [2011] suggested a protracted STDS shearing between 20 and 13 Ma, according to U-
(Th)-Pb titanite dating of sheared calcsilicate rocks. In the Sikkim Himalaya (Figure 8),
Kellett et al. [2013] constrained the STDS activity between 23.6 Ma and ~13 Ma based on
several geochronometers ranging from U-(Th)-Pb zircon to apatite (U-Th)/He. Data of Kellett
et al. [2010] for north-west Bhutan (Figure 8) support a STDS ductile shearing to 15-16 Ma

with the transition to brittle-ductile deformation at 13.9 Ma [Montomoli et al. 2017b].

The above review (Figure 8) suggests despite the fact that in several localities normal
STDS shearing could have been started somewhat earlier (even as early as ~30-29 Ma; Soucy
La Roche et al. [2016]) than previously reported, the timing of the STDS was not coeval
along the entire Himalayan belt as proposed by Godin et al. [2006]. Indeed, in agreement

with Leloup et al. [2010], this shearing ceased earlier in the western Himalaya compared to
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the eastern Himalaya, with western Nepal as a crucial and peculiar area (Figure 8).
Furthermore, in some circumstances normal shearing could be of short duration [e.g. Finch et
al., 2014].

Our new data on the activity of the lower ductile part of the STDS in Garhwal (20-15
Ma), in combination with the data from the Vaikrita Thrust (~ 20-15 Ma, Carosi et al.
[2016b]) along the same transect, testify that the contemporaneous activity of the two ductile
shear zones with opposite sense of shear, bounding the GHS, could be a late feature with
respect to the picture proposed by Godin et al. [2006]. In these model, two opposite and
coeval shear zones bound the GHS, leading to its extrusion in the time span of ~23-15 Ma.
Recent multidisciplinary investigations in the GHS led Carosi et al. [2016a] to propose an
“in sequence shearing model” where the progressive activation of ductile shear zones from
the top to the bottom of the GHS started in the period 41-36 Ma with a downward migration
of deformation and the progressive exhumation of different slices of the GHS. Only later, at
the time of activation of the MCTz, did the entire GHS undergo exhumation and the LHS
become incorporated in the frontal part of the orogenic wedge by forming duplexes at upper
crustal levels. This caused a thickening of the wedge that, according to the critical taper
model by Kohn [2008], re-equilibrated by the activation of normal shear zones and brittle
faults at the top (i.e. STDS) not necessarily coeval with basal thrusting [e.g. Chambers et al.,

2011].

6 Conclusions

We carried out a geological investigation in order to elucidate the main features of
deformation related to the STDS in the Garhwal Himalaya (NW India). This study has
general implications for the relationships between LANF and leucogranite genesis and

emplacement. We have demonstrated that:
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1. The high-grade anatectic rocks of the upper part of the GHS experienced
metamorphic conditions near the P-T range of the HP-granulite facies. Later on, these rocks
were overprinted at conditions of the medium-P upper amphibolite facies.

2. The deformation due to extensional STDS-shearing is widely distributed within the
upper part of the GHS up to the base of the TSS, also affecting the Malari granite. This
granite and leucogranitic dykes were subjected to medium temperature ductile shear and then
brittle deformation. Quartz dynamic recrystallization microstructures and metamorphic
constraints underline a clear decrease of deformation temperature moving structurally from
S/SW towards N/NE.

3. The STDS-related ductile-shearing is constrained to be between ~20 and 15 Ma.
Afterwards, the brittle-ductile transition was crossed leading to brittle faults overprinting
ductile structures. The spatial and temporal transition from HT- to medium temperature
mylonite and further brittle faulting may suggests a localization of the deformation upwards
and northwards.

4. A review of the timing of the activity of the STDS along the Himalaya suggests
diachronicity of both the Himalayan strike and basal thrusting. This could suggest activity on

the STDS occurred in pulses.
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Table 1. Selected mineral compositions of sample GW13-62. Structural formulae were
calculated as follows: garnet = 24 O; feldspar = 8 O; biotite and white mica = 11 O; b.d. =

below the detection limit.

mineral: Garnet Biotite Vr\rl]?é;e Plagioclase K-feldspar
position: core middle rim matrix né?,[r late matrix matrix matrix  matrix
wt.%
SiO; 35.86 37.40 36.80 34.43 34.30 44.49 60.38 59.40 63.48 63.34
TiO, 0.00 0.00 0.02 4,73 2.88 0.05 b.d. 0.01 b.d. 0.01

Al,03 21.07 2146 2140 1857 19.11 33.75 25.03 25112 1798 18.12
Cr0;3 0.02 0.01 0.00 - - - - - - -

FeOrot 3340 3408 3463 1984 19.69 2.57 0.16 0.20 0.04 0.05
MnO 2.56 231 3.23 0.16 0.11 0.04 0.01 0.01 0.01 b.d.

MgO 4.38 4.21 3.32 7.76 8.50 0.94 b.d. b.d. b.d. b.d.
CaO 2.52 2.06 1.56 0.03 0.00 0.03 6.58 7.03 0.04 0.06
BaO - - - 0.31 0.23 0.10 0.01 0.02 0.39 0.23
Na,O 0.03 0.00 0.00 0.11 0.16 0.16 7.95 7.61 0.46 0.91
K20 - - - 9.93 9.84 10.88 0.20 0.15 16.59  16.05

Sum 99.84 100.53 100.96 95.87  94.82 93.02 100.41 9956  98.99  98.77

Element
Si 5581 5823 5792 2.636 2.648 3.063 2.682 2662 2.987 2980
AV 0419 0177 0208 1.364 1.352 0.937 1310 1.327 0.997 1.005
Ti 0.000 0.000 0.002 0.270 0.167 0.003 0.000 0.000 0.000 0.000

AV 3446 3760 3.762 0311  0.387 1.801 - - - -
Cr 0.003 0.002 0.000 - - - - - - -
Fe¥* 0.132 0.062 0.030 0.000  0.000 0.026 0.006  0.008 0.002 0.002
Fe?* 4,215 4375 4528 1270 1.271 0.122 - - - -
Mn 0.338 0304 0431 0.010 0.007 0.002 0.000 0.000 0.000 0.000
Mg 1.017 0978 0.778 0.886  0.979 0.096 0.000 0.000 0.000 0.000
Ca 0.338 0343 0.263 0.003 0.000 0.003 0.313 0337 0.002  0.003

Ba - - - 0.009  0.007 0.003 0.000 0.000 0.007 0.004
Na 0.009 0.000 0.000 0.016 0.024 0.022 0.685 0.661 0.042 0.083
K - - - 0.970  0.969 0.956 0.012 0.009 0.996 0.963

Sum 15498 15.824 15794 7.745 7.811 7.033 5008 5.006 5.033 5.040
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Table 2. Selected compositions of monazite from sample GW13-62 normalized to 4 O. P
domain = biotite rich-domain; Q Domain = quartzo-feldspathic domain; b.d. = below the

detection limit.

Mnz1l Mnz3 Mnz4 Mnz5 Mnz6
P domain Q domain Q domain Q domain P domain
core rim core rim core rim core rim core rim

wt.%
Si0,  0.77 0.15 0.92 0.43 0.60 0.25 0.41 0.35 0.42 0.29

P.Os 28.66 2990 2851 29.64 29.19 2987 29.60 30.02 29.27 29.91
CaO 148 1.00 1.41 1.12 1.18 1.14 111 1.06 1.06 1.15
Y.0; 0.26 291 0.38 1.80 0.14 2.98 0.32 2.05 0.15 1.78
La;Os 13.71 12119 13.05 1295 1396 1241 1396 1272 13.81 12.62
Ce0Os 2832 27.07 2779 2826 2965 27.06 29.64 27.74 30.19 28.56
Pr:0z  3.17 3.33 2.83 3.19 3.31 3.09 3.64 2.90 3.16 3.31
Nd.Os; 1059 11.71 1071 1160 1153 1128 1147 1152 1154 10.93
Sm0O3; 1.74 2.60 2.08 2.01 1.97 2.48 2.03 2.47 1.87 2.19
Eu0; b b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Gd20s 0.95 2.71 1.42 2.00 1.01 2.52 1.63 2.50 1.08 2.08
ThO, 7.94 4.27 9.54 6.25 6.64 5.61 5.98 4.54 5.85 5.54
Uuo, 1.06 0.48 0.68 0.00 0.89 0.20 0.22 0.63 0.68 0.56
Sum 9864 9833 99.32 99.26 100.06 98.88 100.01 9850 99.08 98.92

Element
Si 0.031 0.006 0.037 0.017 0.024 0.010 0.016 0.014 0.017 0.011

P 0974 0999 0968 0989 0979 0995 0988 1.000 0.988 0.998
Ca 0.064 0042 0.061 0.048 0.050 0.048 0.047 0.045 0.045 0.048
Y 0.005 0.061 0.008 0.038 0.003 0.062 0.007 0.043 0.003 0.037
La 0203 0177 0.193 0.188 0.204 0.180 0.203 0.185 0.203 0.183
Ce 0416 0391 0408 0408 0430 0390 0428 0400 0441 0412
Pr 0046 0.048 0.041 0.046 0.048 0.044 0.052 0.042 0.046 0.048
Nd 0152 0165 0.153 0.163 0163 0.159 0.162 0.162 0.164 0.154
Sm 0024 0035 0.029 0.027 0.027 0.034 0.028 0.033 0.026 0.030
Eu 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Gd 0.013 003 0.019 0026 0.013 0.033 0021 0.033 0.014 0.027
Th  0.065 0.034 0.078 0.050 0.053 0.045 0.048 0.036 0.047 0.044
U 0.009 0.004 0.006 0.000 0.008 0.002 0.002 0.006 0.006 0.005
Sum 2.003 2.000 2001 2001 2.002 2001 2.001 1997 2000 1.998

© 2017 American Geophysical Union. All rights reserved.



Table 3. LA-ICP-MS U-(Th)-Pb in situ geochronological results. P domain = biotite-rich domain, Q domain = quartzo-feldspathic domain, % D.
= percentage of discordance calculated as [1- (?®®Pb/?*2Th / 2%°Pb/?38U)] x 100. The amount of Y203 wt%, determined by EMPA, close to the

ablation pit is indicated. Mnz-type-A and Mnz-type-B are texturally and chemically defined as reported in the main text.

Mnz

Grain

Spot

Y203

Mnz

grain  Position location wt% type Isotopic ratio Ages (Ma)

2PPPBY  1oabs  DPHPRU loabs  2%PbPRTh  loabs  2TPHSU ;& 206ppy238 algz 28ph/22Th 16 abs g"_
1 . core 025 A 00319 000085 00031 000005 00009 000001 32 0.9 23 0.3 19 03 17
1 gopin Core 051 A 003262 000070 000334 000005 000104 000001 33 0.7 25 0.3 21 03 16
1 gopin Core 026 A 003581 000094 000389 000005 000099 000001 36 0.9 25 0.3 20 03 20
2 gt fm 291 B 00333 000089 000339 000005 000092 000001 33 0.9 22 0.3 19 03 14
2 4. rim 200 B 003922 000105 000353 000005 000095 000001 39 1.0 23 0.3 19 03 17
2 4. core 013 A 003579 000092 000389 000005 000106 000002 36 0.9 25 0.3 21 04 16
2 4. core 045 A 003661 000079 000394 000005 000104 000001 37 0.8 25 0.3 21 03 16
6 goran O 015 A 004393 000102 000377 000005 000103 000001 44 1.0 24 0.3 21 03 13
6 gora, O 157 B 003409 000079 000380 000005 000103 000001 34 0.8 24 0.3 21 03 13
3 dor?lain core 014 A 004791 000128 000411 000006 0.00116 000002 48 13 26 0.4 23 05 12
T o core 042 A 003409 000086 000346 000005 000088 0.00001 34 0.9 22 0.3 18 03 18
7 gt fm 178 B 003982 000125 000327 000005 000078 0.00001 40 12 21 0.3 16 02 24
7 iomain o€ 034 A 003655 000087 000371 000005 000103 000001 37 0.9 24 0.3 21 03 13

© 2017 American Geophysical Union. All rights reserved.



Q

domain
Q
domain
P
domain
P
domain
P
domain
P
domain

core

rim

core

rim

rim

core

0.32

2.05

0.14

2.98

1.44

0.27

0.04561

0.04062

0.03366

0.03322

0.03196

0.03307

0.00155

0.00096

0.00071

0.00070

0.00070

0.00073

0.00405

0.00386

0.00389

0.00380

0.00369

0.00377

0.00006

0.00005

0.00005

0.00005

0.00005

0.00005

0.00103

0.00098

0.00112

0.00106

0.00104

0.00106

0.00002

0.00001

0.00002

0.00002

0.00001

0.00002

45

40

34

33

32

33

15

1.0

0.7

0.7

0.7

0.7

26

25

25

24

24

24

0.4

0.3

0.3

0.3

0.3

0.3

21

20

23

21

21

21

0.4

0.3

0.5

0.4

0.3

0.4

19

20

13

13

13

© 2017 American Geophysical Union. All rights reserved.



High Himalayan (HHL) )
& Karakoram leucogranite

Lesser Himalayan
Sequence (LHS)

( Transhimalaya
m Indus-Tsangpo
Q Suture Zone (ITSZ)

)

é gfgz::ciiqrig’se;“aw .j o Pleistocene basins
H glgrr:'g I(-I'\iln']aDI?yan A~ Thrust fault
Greater Himalayan A—~L- Normal fauit
76° E \ Sequence (GHS) )
Manaslu
b 7'/357_ Everest  Lhasa Khula Kangri
> O

LEGEND
\25 Main Foliation (Sp)

'3 I:I Post-Martoli Fm. (TSS)
W/A Martoli Fm. (TSS)

] South Tlbetan
| \ Detachment System
‘ (STDS)

Malari granite (HHL)

Bhakpund Fm. (GHS)

Figure 1. (a) Geological map of the Himalaya, after Weinberg [2016]. (b) Geological sketch
of the Alaknanda-Dhauli Ganga valleys (Garhwal Himalaya, NW India) after Spencer et al.

[2012a, b] and Jain et al. [2014]. (c) Detailed geological map in the area around the village of
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Malari. Location of sample GW13-62, selected for detailed investigations, is indicated by a

yellow star.
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Figure 2. Photographs of sheared migmatite in the upper GHS. (a) Conjugate sillimanite-
bearing shear bands (arrows) in migmatite. In the upper-left insert a sketch of conjugate shear

zones is shown. Upper-right insert: stereoplot (Wulff net, lower hemisphere) of the conjugate

© 2017 American Geophysical Union. All rights reserved.



sillimanite-bearing shear bands and the mineral lineation (L-Sil). (b) Deflection of the main
foliation along shear bands, containing sillimanite, pointing to a top-down-to-the-SW sense
of shear (arrows). (c) Close to a top-down-to-the-NE sillimanite-bearing shear band, as
supported by the offset of pre-existing markers and by drag folds (red arrow). (d) Syn-
kinematic sillimanite (after kyanite) and minor late white mica (arrow) growing on shear
bands. (e) HT-mylonite, showing normal top-to-the-NE shearing (see red arrow), being a
deformed migmatitic paragneiss. White ellipse shows the location of sample GW13-62. (f)
Polished hand sample of HT-mylonite, where feldspar porphyroclasts (white ellipses) support
a normal top-to-the-NE sense of shear. Note the stretched leucosome. (g) Deformed
pegmatitic dyke oriented at high-angle with respect to the mylonitic foliation. Mineral

abbreviations: Bt = biotite, Grt = garnet, Ky = kyanite, Sil = sillimanite, Wm = white mica.
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Figure 3. Photomicrographs of HT-mylonite from the upper GHS. (a) Kyanite porphyroclast

pointing to a normal top-to-the-NE sense of shear. (b) Mylonitic foliation defined by
sillimanite (after kyanite) and reddish-brownish biotite (sample GW13-62). (c) Chessboard
extinction pattern in quartz. (d) K-feldspar porphyroclast with myrmekite (arrows). (e)
Euhedral faces of plagioclase (melt-precipitated) in low-strain domains. (f) Rare late
transgranular fractures (arrows) filled by quartz and feldspar. Mineral abbreviations as in

Figure 2 and Kfs = K-feldspar, Pl = plagioclase, Qz = quartz.
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Figure 4. Outcrop and photomicrographs of the Malari granite and of the Martoli Formation

above (TSS - see Figure 1). (a) Panoramic view towards the village of Malari. Main brittle
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faults, affecting the Malari granite and the leucogranitic dykes, are highlighted in red
(modified after Jain et al. [2014]). (b) Feldspar porphyroclasts and S-C-C’ fabric in the
deformed Malari granite, pointing to a normal top-to-the-NE sense of shear. (c) Brittle
normal fault within the Malari granite. Note cataclastic core of the fault. (d) Overview
photomicrograph of Malari granite, showing dynamic recrystallization (SGR) of quartz,
deformation of feldspar (white arrow) and boudinage in tourmaline. () White-mica fish in
the Malari granite, pointing to a top-to-the-NE sense of shear. Note late transgranular
fractures (arrow). (f) Quartzite of the Martoli Formation showing the relationship between
bedding (So), defined by the intercalations of pelitic and quartz-rich layers (arrows), and main
foliation (Sp). (g) Low-grade quartzite of the Martoli Formation showing bulging
Recrystallization (BLG) of quartz and fine-grained white mica defining Sp. Note also detrital

white mica (arrow). Mineral abbreviation as reported in Figures 3 and Tur = tourmaline.
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GW13-62 (MNNCKFMASHT)
bulk wt%:
Si02 68.20, TiOz 0.83, Al202 14.60, FeO 6.38, MnO 0.09, MgO 2.35, CaO 1.29, Naz0 1.60, K20 2.91, Hz0 1.75,

GW13-62 (P-T path)
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------- melt%
--—--Grt%
0.30 . : .
700 750 800 850 T (°C) 700 750 800 850 T (°C)
1 WmPIGIPgBtQzRtY 8 LCrdPIKfsIimGrtSilQz 15 LCrdPIKfslimBtQz 22 LWmPIImGrtBtSilQz
2 LWmPIGrPgBtQzRtV 9 LKfslmGrtBtSilQzRt 16 CrdPIKfslmBtQzV 23 LWmPIlImGrtBtKyQz
3 LWmPIGtPgBtQzRt 10 LCrdPlIimGrtQz 17 PIKfslimBtSilQzV 24 WmPIlimGrtBtKyQzV
4 LWmPIKfsGrtBtQzRt 11 OpxLCrdPIKfslmGrtBtQz 18 LPIlimBtSilQzV 25 WmPIGrBtKyQzRtV
5 LWmPIKfsGrtBtKyQzRt 12 LCrdPIKfslmGrtBtSilQz 19 LPIImGrBtSilQzV 26 WmPIGHBtQzRtV
6 LPIGtSilQzRt 13 LCrdPIImGrBtSilQz 20 WmPIImBtSilQzV

7 LCrdPIGHSIlQzRt 14 LCrdPllImBtSilQzV 21 LWmPIImGrtBtSilQzV

Figure 5. (a) P-T pseudosection for the HT-mylonite sample GW13-62. The bulk-rock
composition plots in the wacke field according to the diagram by Herron [1988]. The inferred
equilibrium assemblages are highlighted with different colors (M1 = blue, M2 = white). (b)
Derived P-T path (red arrow) for sample GW13-62, based on isopleth intersections (see text)
and THERMOCALC average P-T (AveP-T) calculations. Isopleths are defined as follows:
XFe(Grt) = Fe?*/( Mg+Ca+Mn+Fe?*), XCa(Grt) = Ca/( Mg+Ca+Mn+Fe?*), melt% = modal
amount of melt, Grt% = modal amount of garnet. The dashed grey area represents the P-T
uncertainty ellipse calculated according to Powell and Holland [1994]. Mineral abbreviations
as in Figure 3 and Chl = chlorite, Crd = cordierite, Ilm = ilmenite, Opx = orthopyroxene, Pg =

paragonite, Rt = rutile, L= silicate melt, V= aqueous fluid.
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Figure 6. Tera-Wasserburg plot of isotopic ratios determined for selected monazite grains
(sample GW13-62). On the right hand side a selection of representative X-ray compositional
maps for Th and Y is shown (scale bar = 20 um). Based on texture, chemistry and isotopic
ratios two monazite populations were defined: Mnz-type-A forming core of grains with low-

Y and high/medium Th+U contents, and Mnz-type-B forming high-Y rims. See text, Table 2

and Table 3 for more details.
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Figure 7. P-T-D-t path for the STDS-related sheared rocks in the study area, based on our

data and literature ones. The most common used aluminosilicate triple points are shown for

reference: H71 = Holdaway [1971], P92 = Pattison [1992]. Mnz-in curves after Kohn [2016]

and Waizenhdofer and Massonne [2017]. Aln + Chl-in curve after Spear [2010]. Temperature

ranges of quartz microstructures after Stipp et al. [2002a, b] (see text for more details).
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Figure 8. Summary of STDS deformation ages along the Himalaya modified after Leloup et
al. [2010]. Original abbreviations for specific areas of Leloup et al. [2010] are maintained for

consistency.
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