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Abstract Rocks exposed in NW India constrain the burial, partial melting, and exhumation history of the
Himalayan crust. New microscale and mesoscale structural analysis, combined with pressure-temperature
estimates from the Haimanta Group exposed in the Sutlej Valley, indicate that the rocks were folded by two
generations of NW trending folds. Barrovian metamorphism culminated at ~30 Ma with staurolite and kyanite
overgrowths of F2 folds. Crustal thickening created a metamorphic field gradient that increases from the garnet
zone (499 +99°C and 4.5 + 1.4 kbar to 571 +92°C and 7.8 + 1.4 kbar) to the staurolite-kyanite zone (567 + 105°C
and 6.7 + 1.6 kbar). These data are combined with previous studies to modify a two-stage conceptual model for
the thermal and deformation conditions of the middle and upper crust during the Eocene-Miocene, excluding
the late Miocene to recent. In the Miocene (~23 Ma), Barrovian metamorphism was overprinted by decompression
during coeval south directed extrusion of the Greater Himalayan Series beneath the Sangla detachment in the
foreland and doming during top-down-to-the-west displacement along the Leo Pargil shear zone in the
hinterland. These data demonstrate that shear zones and detachments, such as the South Tibetan detachment
that initially formed during crustal thickening (e.g., Eocene-Oligocene), contributed to the subsequent distribution
of rocks that experienced different pressure-temperature-time paths, degrees of partial melting, and exhumation
histories during the Miocene.

1. Introduction

The Himalaya formed as a result of the collision between the Indian and Eurasian plates [Gansser, 1964], initiat-
ing in the Paleocene [e.g., Zhuang et al., 2015] and continuing today [Bilham et al.,, 1997; Bettinelli et al., 2006]. In
the NW Himalaya, subduction of the Indian plate thickened the crust via formation of the North Himalayan
nappes at 50-40 Ma [e.g., Guillot et al., 2003; Epard and Steck, 2008]. Barrovian metamorphism ensued in the
middle crust during the late Eocene and early Oligocene [Steck et al., 1993; Vance and Harris, 1999; Steck,
2003; Chambers et al., 2009; Langille et al., 2012, 2014], while a fold and thrust belt, composed of passive
Indian margin rocks within the Tethyan Sedimentary Series (TSS), formed in the upper crust [Searle, 1986;
Searle et al., 1990; Steck et al., 1993; Wiesmayr and Grasemann, 2002]. The formation of thickened crust, shear
zones, and detachments during these early orogenic stages (e.g., Eocene and Oligocene), in many cases, exerted
a strong control on the subsequent localization of midcrustal flow, partial melting, extrusion, and exhumation
that characterized the Miocene [e.g., Steck, 2003].

Many models propose that the contact between the TSS and the high-grade core of the Himalaya (Greater
Himalayan Series; GHS) initially formed during thrusting [Burg et al, 1984a, 1984b; Burchfiel et al., 1992;
Ratschbacher et al., 1994; Dezes et al, 1999; Godin et al,, 1999]. It is the principal surface (e.g. South Tibetan
detachment system; STDS) for differential displacement between the TSS and GHS in several geodynamic mod-
els for the Himalaya [Burg et al., 1984a; Burchfiel and Royden, 1985; Burchfiel et al., 1992; Grujic et al., 1996;
Beaumont et al., 2001; Hodges et al., 1996, 2001; Vannay and Grasemann, 2001; Yin, 2006; Webb et al., 2007,
2011]. The STDS also plays a critical role in models for the formation of domes that are cored by the GHS.
The Gianbul dome in Zanskar was formed during reactivation of the TSS-GHS contact [Robyr et al.,, 2002,
2006; Horton et al., 2014]. For North Himalayan gneiss domes that are cored by GHS and mantled by TSS, this
contact initially formed the upper surface of the southward extruding, high-grade core that was domed
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synextrusion or postextrusion [Nelson et al., 1996; Hauck et al., 1998; Lee et al., 2000, 2004, 2006; Aoya et al., 2006;
Quigley et al., 2006, 2008; King et al., 2007; Lee and Whitehouse, 2007; Langille et al., 2010; Larson et al., 2010].

In many parts of the Himalayan orogen, crustal thickening resulted in metamorphism that was followed by
exhumation of midcrustal rocks [Godin et al., 2001]. Movement along localized zones of rheological contrasts
(e.g., TSS-GHS) [Burg et al., 1984a; Vannay and Grasemann, 2001; Wiesmayr and Grasemann, 2002; Searle and
Godin, 2003; Searle, 2010] enabled muscovite dehydration melting [Inger and Harris, 1992; Harris et al., 1995;
Patifio Douce and Harris, 1998] as a result of shear heating [Harrison et al.,, 1999; Nabelek et al., 2010] and
decompression [Harris and Massey, 1994]. There is also the potential of water-fluxed melting in some portions
of the GHS [Weinberg and Hasalovd, 2015]. Partial melting decreases the bulk viscosity of the midcrust (e.g.,
GHS), making it weaker than the upper and lower crust. These conditions, in combination with lateral pres-
sure gradients, such as those observed between the Tibetan plateau and the foreland, can result in channel
flow as has been proposed for movement of the GHS between the STDS and Main Central thrust (MCT)
[Beaumont et al., 2001; Grujic et al., 2002; Godin et al., 2006].

The structural contact between the GHS and TSS occurs along orogenic strike, including Bhutan (e.g., Chekha
Formation), Nepal (e.g., Annapurna Formation), and NW India (e.g., Haimanta Group and Phe Formation) [Yin,
2006]. Locations that preserve snapshots of the TSS-GHS contact during the Eocene-Oligocene are opportu-
nities to characterize the thermal and rheologic conditions at this boundary during the early stages of the oro-
gen [Chambers et al., 2009; Kellett and Grujic, 2012; Sttibner et al,, 2014]. Other areas of the Himalaya that were
overprinted by melting and high-temperature, moderate-pressure metamorphism during the Miocene are cri-
tical for testing the relationship between strain localization, partial melting, midcrustal flow, and exhumation
following the Eocene-Oligocene [Hodges, 2000; Searle et al., 2003; Jessup et al., 2008; Kellett et al., 2010].

Within a 26 km long transect exposed in the Sutlej Valley, NW India, the Haimanta Group preserves a record of
Oligocene deformation and metamorphism (Figure 1). During the Miocene, the margins of the transect were
overprinted by the formation of the Leo Pargil dome (LPD) in the hinterland and extrusion of the GHS in the
foreland [Vannay and Grasemann, 1998, 2001; Vannay et al., 2004; Chambers et al.,, 2008, 2009; Langille et al.,
2012]. We use this opportunity to contrast two snapshots of the thermal and deformation conditions during
the evolution of the Himalaya: (1) upper crustal deformation and Barrovian metamorphism during the
Eocene-Oligocene and (2) decompression in response to doming of the LPD and extrusion below the STDS dur-
ing the Miocene. The tectonic evolution of the midcrust between the Miocene to recent was excluded from
these models.

This transect was selected because of the following assets. First, pressure-temperature-time-deformation (P-T-t-D)
paths are well constrained [Vannay and Grasemann, 1998, 2001; Grasemann et al., 1999; Vannay et al., 1999, 2004;
Thiede et al.,, 2006; Leech, 2008; Chambers et al., 2009; Langille et al., 2012, 2014; Lederer et al., 2013]. Second, a par-
allel transect in Pin Valley, located west of Sutlej Valley, records structurally higher crustal positions where brittle
deformation dominated in the upper crust at anchizone conditions by 45 Ma [Wiesmayr and Grasemann, 2002;
Neumayer et al., 2004]. These crustal depths can be combined with Barrovian metamorphism in the middle crust
that is exposed within the deep gorges of the Sutlej River. Third, the Haimanta Group on both ends of the trans-
ect was overprinted by deformation fabrics and metamorphic phases that record decompression during forma-
tion of the LPD [Thiede et al., 2006; Langille et al., 2012, 2014] to the NE and extrusion below the local equivalent of
the STDS to the SW [Vannay and Grasemann, 2001; Vannay et al., 2004].

Our new field- and laboratory-based structural data and pressure-temperature (P-T) estimates test for field
gradients in strain and metamorphism on the southern margin of LPD. A correlation between these data and
the P-T-t-D evolution of rocks from the MCT to the LPD are the foundation for a conceptual model of the tectonic
evolution of the region that was adapted from Wiesmayr and Grasemann [2002] and Vannay et al. [2004]. This is
used to explore possible relationships between deformation, partial melting, and localized midcrustal flow.

2, Geologic Background

The Himalaya of NW India was created through a series of events, beginning with collision during the late
Paleocene and early Eocene, and resulting in several orogenic phases [Gansser, 1964; Hodges, 2000; Yin and
Harrison, 2000; Steck, 2003; Yin, 2006]. The Transhimalayan batholith phase [Steck, 2003] or Protohimalayan
phase [Hodges, 2000] involved subduction of oceanic lithosphere beneath the Asian plate and the creation
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Figure 1. (a) Digital elevation map (USGS GTOPO30) of the Himalaya and Tibetan plateau modified after Langille et al. [2012]. (b) Simplified geologic map of the Spiti,
Pin, and Sutlej Rivers, NW India modified after Wiesmayr and Grasemann [2002], Vannay et al. [2004], Thiede et al. [2006], Caddick et al. [2007], Chambers et al. [2009],
and Webb et al. [2011]. Structural data from Vannay et al. [2004] are shown as white or black. Representative structural data, collected during this investigation, are
shown for transect. White brackets define structural domains (D1-D4). (c) Geologic cross section of the Sutlej Valley section includes data from the Main Central
thrust (MCT) to Sangla detachment (SD) [Vannay et al., 2004], hanging wall to the SD [Cad(dick et al., 2007; Chambers et al., 2009], and the Leo Pargil dome [Thiede et al.,
2006; Langille et al., 2012, 2014]. (d) Stereonets for Domains 1-4: blue, S1; orange, S2; purple, L1; red, L2. Plots created using Stereonet v. 8.7 [Allmendinger et al., 2013].
Heavy dashed line defines the cross-section line of Vannay et al. [2004] that is used to for compilation of data in Figure 9. Dashed yellow line denotes approximate
transitions between metamorphic zones.
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of the Ladakh batholith during the late Cretaceous and Paleocene [Weinberg and Dunlap, 2000]. The Indus-
Yarlung suture zone, composed of fragments of ophiolites and flysch, defines the contact between the
Transhimalayan batholith to the north and the rocks of the Indian plate to the south [e.g., Steck, 2003].

Timing for collision can be inferred from a range of stratigraphic, paleomagnetic, and metamorphic data
(summary in Zhuang et al. [2015]). Detrital zircon U-Pb data and fission track ages, combined with Nd and
Sr isotopes, indicated that collision in the western Himalaya initiated during the Paleocene and ended by
50 Ma [Zhuang et al., 2015]. The timing of collision can also be inferred from the end of marine sedimentation
and the beginning of crustal shortening [e.g., Searle et al., 1987, 1997]. The deceleration of convergence at
~50Ma constrains the timing for the onset of the subduction of the Indian plate beneath Eurasia [e.g., Molnar
and Stock, 2009]. Ages of subduction, as inferred from eclogite metamorphism in Tso Morari dome, NW India,
range between 58 and 43 Ma [de Sigoyer et al., 2000, 2004; Leech et al., 2005, 2007; St-Onge et al., 2013] (summary
in Donaldson et al.[2013]). However, collision may have occurred earlier [Yin and Harrison, 2000] and episodically
[White and Lister, 2012].

A series of thrust sheets and/or nappes were juxtaposed as thrusting migrated toward the foreland (Figure 1)
[Steck, 2003]. The structurally higher positions of the Himalaya consist of the TSS rocks that were deposited
on the Indian margin during the Precambrian-Eocene [Steck, 2003]. Deeper structural positions, including thrust
sheets and/or nappes that were derived from the upper margin of the Indian plate, are part of the North
Himalayan nappes [e.g., Guillot et al, 2003; Epard and Steck, 2008]. These record crustal thickening and
Barrovian metamorphism during the Eocene-Oligocene (e.g., North Himalayan phase or Eohimalayan phase)
[Hodges, 2000; Steck, 2003].

The GHS, also known as the Higher Himalayan Crystalline Series, represents a deeper structural position of
Proterozoic-Cambrian rocks that were metamorphosed, partially melted, and injected by leucogranites during
the late Oligocene-Miocene (e.g., High Himalayan phase or Neohimalayan phase) [Hodges, 2000; Steck, 2003].
The STDS tectonically juxtaposed the upper margin of GHS with the TSS [Searle, 1986; Dezes et al., 1999; Vannay
and Grasemann, 2001]. The MCT separates Proterozoic rocks of the Lesser Himalayan Crystalline Series (LHCS) in
the footwall and GHS in the hanging wall [Steck, 2003]. The Main Boundary thrust tectonically separated the
LHCS, along with metasedimentary rocks of the Lesser Himalaya, from the Neogene and Quaternary sedimentary
units that were eroded from the Himalaya and deposited in the foreland basin (Subhimalaya) [Steck, 2003].

3. Regional Geology

In the Spiti-Lingti Valleys (Figure 1b), SW vergent nappe formation in the passive Indian margin sedimentary
rocks record 30-36% of crustal shortening during the Eocene that resulted in an axial planar foliation at
~45 Ma [Wiesmayr and Grasemann, 2002; Neumayer et al., 2004]. At deeper structural positions, a penetrative
schistosity records an early stage of thin-skinned thrusting, followed by SW directed thrusting in the
Haimanta Group [Vannay et al., 2004] and overlying units [Wiesmayr and Grasemann, 2002].

The Haimanta Group (Precambrian-Cambrian) is a sequence of metagraywackes, metapelites, and metasilt-
stones (Figure 1). It is alternatively interpreted as part of the GHS [Steck, 2003] or TSS [Webb et al., 2011].
These units are capped by fan conglomerates and quartzite of the Ordovician age Shian Formation
(950 m), the Silurian age Pin Formation (280 m), and the Devonian age Muth Formation (260 m). A younger
sequence extends for >2km (Figure 1b) [Fuchs, 1982]. The Haimanta Group extends for >6250 m deeper
to the upper surface of the Sangla detachment (SD), as defined by restoration of balanced cross sections
[Wiesmayr and Grasemann, 2002; Neumayer et al., 2004].

The modern exposure of the SD, the local equivalent of the STDS, defines a transition zone between the
Paleozoic (488 Ma) Kinnaur Kailas granite (aka Akpa granite) [Miller et al., 2001] at the base of the Haimanta
Group and migmatitic paragneiss of the GHS (Figures 1b and 1c). An early phase of mylonite development
on the SD records foreland-directed thrusting [Vannay et al., 2004]. Top-down-to-the-northeast shear sense
that overprinted early south directed thrusting records reactivation during general shear within a compres-
sional extensional stretching fault that accommodated southward extrusion of the GHS [Vannay and
Grasemann, 2001; Vannay et al., 2004]. When projected to the NE, the footwall of the SD at the base of the
Tethyan + Haimanta fold and thrust belt transitions from GHS to North Himalayan crystalline series (NHCS)
[Wiesmayr and Grasemann, 2002].
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The GHS extends for a ~10 km structural thickness below the SD, where it is bounded by the NE dipping MCT
that accommodated a minimum of 100 km of displacement during SW directed thrusting (Figures 1b and 1c)
[Vannay and Grasemann, 1998, 2001; Vannay et al., 2004; Chambers et al., 2008; Webb et al., 2011; Leger et al.,
2013; Law et al., 2013]. Following extrusion between the SD and MCT (23-16 Ma), thrusting in the footwall of
the MCT resulted in decreased exhumation rates of the GHS (15-2 Ma) [Vannay and Grasemann, 2001; Thiede
et al.,, 2009]. A relatively isobaric (8 kbar) inverted metamorphic field gradient (570-750°C) begins at the staur-
olite isograd above the MCT (Figure 1c¢), continuing to the second sillimanite isograd and associated partial
melt zone near the SD [Vannay and Grasemann, 1998, 2001]. Temperatures of 750°C at the top of the GHS
resulted in partial melting [Vannay et al., 2004].

North of the SD, the Haimanta Group contains kyanite and staurolite at the deepest structural position (Figure 1b)
of a metamorphic field gradient that decreases to the biotite zone toward structurally higher positions [Vannay
et al,, 2004; Chambers et al.,, 2009]. Within the lower portion of the Haimanta Group, as exposed near Morang
(Figure 1b), prograde Barrovian metamorphism (615 +5°C; 7-8 kbar) resulted in garnet growth (>34-28 Ma)
and maximum burial at ~30 Ma [Chambers et al.,, 2009]. Kyanite and staurolite growth (640-660°C; 6-7 kbar)
occurred during a slight decompression stage [Chambers et al., 2009].

The LPD is an elongate, NE striking domal structure (Figures 1a-1c) located ~34 km NE of the SD. The Leo
Pargil and Qusum shear zones bound the LPD on the NW and SE sides, respectively [Zhang et al., 2000;
Thiede et al., 2006; Langille et al., 2012]. The dome contains a carapace of the Haimanta Group that was
intruded by an extensive network of dikes and sills between 30 and 18 Ma [Thiede et al., 2006; Leech, 2008;
Lederer et al., 2013]. Staurolite and kyanite in rocks from the village of Puh and the LPD indicate that they
reached ~530-630°C and ~7-8kbar during Barrovian metamorphism (Figures 1b and 1c¢) that ceased at
29-27 Ma [Langille et al., 2012]. The central portion of the dome is composed of migmatitic gneiss, which
was dominated by melt-present deformation and formed during a semicontinuous period of partial melting
between 30 and 18 Ma [Langille et al., 2012; Lederer et al., 2013]. These rocks were alternatively interpreted as
part of the GHS [Neumayer et al., 2004] or the NHCS [Vannay and Grasemann, 2001; Vannay et al., 2004;
Wiesmayr and Grasemann, 2002].

Hintersberger et al. [2011] proposed the following six stages of deformation to characterize the evolution of
faults for a portion of NW India in which the LPD is located: D1, NE-SW (arc-normal shortening); D2, ENE-
WSW shortening; D3, NE-SW (arc-normal) extension; D4, NW-SE (arc-parallel extension); D5, N-S shortening;
and D6, E-W extension. For the SW margin of the LPD, Thiede et al. [2006] proposed that D1 created a foliation
and lineation. Shear bands (D2), brittle-ductile faults (D3), and brittle faults (D4) overprinted these fabrics.
Ductile extensional shear bands (e.g., D2 of Thiede et al. [2006]), which record top-down-to-the-west, post-
dated Barrovian metamorphic porphyroblasts [Langille et al., 2012]. D4 brittle faults of Thiede et al. [2006]
are the equivalent to D6 faults of Hintersberger et al. [2011].

The Leo Pargil shear zone (LPSZ), in the southwestern portion of the dome (Figure 1b), is composed of inter-
layered schist, quartzite, and marble that contains a penetrative west dipping foliation with a downdip
stretching lineation [Thiede et al., 2006; Langille et al., 2012, 2014]. Since marble and quartzite do not occur
in the Haimanta Group [Fuchs, 1982], these probably represent a stratigraphic position above the
Haimanta Group equivalent to the Shian, Muth, and/or Pin Formation [Thiede et al., 2006]. Mesoscale and
microscale shear sense indicators record top-down-to-the-west sense of shear [Thiede et al., 2006; Langille
et al., 2014]. Quartz microstructures constrain shearing at deformation temperatures ranging from >650°C
to 280°C, with highest deformation temperatures in the migmatite core and lower temperatures overprinting
higher temperatures during exhumation (see Langille et al. [2014] for details). The ductile shear zone juxta-
posed metamorphic rocks of the leucogranite injection complex in the dome with variably metamorphosed
rocks in the hanging wall [Langille et al., 2012, 2014]. Between 10 and 6 Ma, initiation of movement on the
north striking Kaurik-Chango normal fault, a steep brittle fault located on the SW corner of the LPD that also
contributed to its exhumation, resulted in top-down-to-the-west displacement of the ductile LPSZ during D6
of Hintersberger et al. [2011].

By comparing exhumation rates for the Haimanta Group (1.3 mm/yr), located in the hanging wall of the SD,
with exhumation rates from the GHS (2.2 to 3.0 mm/yr), Chambers et al. [2009] proposed that the Haimanta
Group was decoupled from the southward extruding GHS by 23 Ma. This supports models for extrusion of
the GHS between the MCT and SD from 23 to 16 Ma [Vannay and Grasemann, 2001]. NE of the SD
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(~34 km), beyond a zone of the Haimanta Group where Oligocene deformation and metamorphism are pre-
served, sillimanite and cordierite overprinted prograde assemblages in the Haimanta Group during doming
and near-isothermal decompression [Langille et al., 2012]. Between the end of Barrovian metamorphism
(29 Ma) and the onset of decompression (>23 Ma), accommodated by the LPSZ, exhumation rates of the
LPD were ~1.3 mm/yr [Langille et al., 2012].

4. Objectives

Only a few systematic assessments of the transition zone from the Haimanta Group in the Sutlej Valley to the
LPD existed prior to this investigation, including isograds and P-T-t-D paths [Vannay et al., 2004; Caddick et al.,
2007; Chambers et al., 2009; Langille et al., 2012], foliations and lineations in the SW portion [Vannay et al,
2004], and mesoscale structures [Webb et al., 2011]. The main objectives of this investigation are to (1) docu-
ment mesoscale structures from the SD to the LPD, (2) characterize microstructures from the biotite zone to
the cordierite-sillimanite zone near the LPD, (3) constrain the relative timing between porphyroblast growth
of metamorphic index minerals and deformation, (4) test for gradients in strain and metamorphism from the
biotite zone to the injection complex that bounds the LPD, and (5) add data that were published post-2004
to extend the compilation of P-T-t data from Vannay et al. [2004] NE through the dome. These new constraints
are used to modify conceptual tectonic models, proposed by Vannay et al. [2004] and Wiesmayr and Grasemann
[2002], by adding details from previous investigations [Neumayer et al., 2004; Leech, 2008; Chambers et al., 2009;
Langille et al., 2012, 2014; Lederer et al., 2013]. The models are used to reevaluate crustal thickening, Barrovian
metamorphism, partial melting, and the role of older Eocene structures in the Miocene exhumation history.
By fulfilling these objectives, this contribution characterized the conditions of the SD and LPSZ during upper
crustal and midcrustal processes that contributed to the geodynamic evolution of the orogen.

5. Mesoscale Structures in the Haimanta Group

5.1. Sequence of Deformation Events as Proposed by Vannay et al. [2004]

Detailed structural measurements from the lower positions of the Haimanta Group in the hanging wall of the
SD, exposed along the Sutlej Valley [Vannay et al., 2004], are used to calibrate the new structural data presented
in this manuscript. An early phase of isoclinal folding (F1) was responsible for the main schitosity (S1) that is
oriented subparallel to compositional layering (S0) in the lower section of the Haimanta Group [Vannay et al,
2004]. A second NW striking penetrative schitosity (S2), defined as the axial planar surface to SW verging folds,
contains a NE trending, shallowly plunging mineral lineation (L2) [Vannay et al., 2004]. Two deformation events
were interpreted to record an early stage of thin-skinned thrusting followed by SW directed thrusting and fold-
ing in the Haimanta Group [Vannay et al., 2004] and the shallower units above [Wiesmayr and Grasemann, 2002].
The similar orientation between S2 and mylonite zones in the GHS was attributed to SW directed extrusion that
was accommodated by the SD and MCT [Wiesmayr and Grasemann, 2002].

5.2. New Mesoscale Data for the Sutlej Valley

Orientation data from foliation surfaces, crenulation cleavages, fold hinges, and intersection lineations were
collected along the 28 km long transect between the staurolite-kyanite zone in the hanging wall of the SD
and the LPD. Different generations of structures were documented at each stop. The relative overprinting
of fabrics for each outcrop established a sequence of deformation. Structures within the Haimanta Group
were divided into four domains that contain relatively consistent sets of structural data (Figures 1b-1d). A
pervasive foliation (S1) was folded by at least two generations of folds (F2 and F3). Subhorizontal, NW trend-
ing F2 fold hinges with an axial planar foliation (S2) are present in many outcrops [Chambers et al., 2009]. The
intersection between S1 and S2 created a prominent intersection lineation (L2) with an orientation that is par-
allel to F2 fold hinges. The structures related to D2 were refolded by at least one additional generation of
open, upright folds (F3), which generally trend NW.

5.2.1. Domain 1

Domain 1 extends from Morang to ~4 km SW of the village of Puh (Figures 1 and 2). The SW portion of the
transect overlaps with the area of previously documented structural data [Vannay et al., 2004; Webb et al.,
2011] and detailed P-T-t-D paths [Chambers et al., 2009] at the base of the Haimanta Group. This domain is
characterized by S1 foliation that was folded by subhorizontal, NW trending F2 folds (Figures 1d and 2). An
axial planar S2 was preserved as a crenulation cleavage. The intersection between S2 and S1 creates a NW
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Figure 2. Representative mesoscale structures on the NE (Figures 2a-2c) and SW (Figures 2d-2g) dipping limbs of the F3
synform in Domain 1. (a) S1 (yellow) was folded by F2 (18° — 320°) with an S2 (290°, 24° NE) crenulation cleavage (red):
31.6085°N, 78.4357°E. One Indian Rupee coin (25 mm diameter) is for scale. (b) S1 (yellow) folded by F2 (15° — 316°) with an
S2 axial planar cleavage (306°, 35° NE). S1 contains layers with staurolite that were folded by F2: 31.6333°N, 78.4298°E. (c) S1
(315°,85° SW near hinge) was folded by F2: 31.6085°N, 78.4357°E. (d) The southwesternmost portion of SW dipping limb of
F3 synform with exposures of S1 (yellow; 312°, 35° SW) and S2 (red; 288°, 11° SW). (e) F2 fold with crenulation on the hinge
area (11°— 133°). S1 (yellow; 312°, 35° SW) was folded by F2 with an S2 surface (red; 288°, 11° SW). Location for Figures 2d
and 2e: 31.6698°N, 078.4730°E. (f) View across Sutlej River of SW dipping S2 (red) with S1 (yellow) folded by F2 near the
northeasternmost portion of Domain 1. (g) Same location as Figure 2f but viewed in the opposite direction where S1
(yellow; 305°, 65° NE) is oriented at a high angle to S2 (red; 325°, 26° SW). Location of Figures 2f and 2g: 31.7241°N, 078.5481°E.
(h) Enlargement of 15 cm thick layer that is composed of interlocking blades of kyanite shown as black rectangle in Figure 2c.
One Indian Rupee coin (25 mm diameter) is for scale. Viewing surface for all outcrops is vertical.

trending L2 intersection lineation that is subparallel to the F2 fold hinges (Figure 1d). Poles to the majority of
S2 cluster in two maxima that are the product of the NE (Figures 2a-2c) and SW dipping limbs (Figures 2d-2g
and 3a) of F3 folds (Figure 1d). Blades of kyanite grew randomly on S1 (Figure 2h). The area of inflection near
this southernmost synform, where the S2 foliation becomes horizontal ~ 1 km NE of Spillow, roughly coin-
cides with the biotite zone [Chambers et al., 2009]. Together these define a right way-up sequence of isograds
from kyanite to biotite between Morang and Spillow [Chambers et al., 2009]. Chambers et al. [2009] proposed
that the majority of kyanite and staurolite growth occurred after crenulation cleavage (their D2) and during a
slight modification of S2.

5.2.2. Domain 2

The SW extent of Domain 2 is defined by an open, upright F3 antiform, which deflects the consistent orienta-
tions of Domain 1 (Figure 1d). Near Puh, garnet porphyroblasts are concentrated along S2, and these define
the garnet zone on the NE limb of the F3 synform (Figure 3b). S1 forms a strong maximum, including data
from the SW limb (Figure 1d). S2 in this region defines a strong maximum that is defined by a SE dipping limb
(Figure 1d). Intersection of S1/S2 (L2) is subparallel to F2 fold hinges (Figure 1d). Kyanite blades are randomly
oriented on S1 (Figure 3c). Staurolite porphyroblasts are randomly oriented on S2 (Figure 3d) and S1 surfaces
(Figure 3e), suggesting that their growth postdated the majority of S2. The SW limb of an F3 antiform is
located near the bridge on the SW portion of Domain 3 where S2 is shallow and SE dipping (Figure 3f).
5.2.3. Domain 3

Domain 3 contains garnet, staurolite, and kyanite porphyroblasts within a prominent F3 antiform (Figure 1d).
The F3 antiform, located between two bridges near the village of Dubling, is defined by the orientations of
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Figure 3. Representative mesoscale structures from between the northeasternmost position of Domain 1 and Domain 2.
(a) S1 (yellow) is folded by F2 folds with SW dipping S2 (red). View toward the north of a ~300 m high vertical wall located
across the Sutlej River. Representative of structures on SW dipping limb of F3 synform in the biotite zone: 31.7145°N, 78.5423°E.
(b) Garnet-bearing schist with SE dipping $1/52. Location of samples LP09-09 and LP09-10: 31.75217°N, 78.61956°E. (c) View of
kyanite and staurolite porphyroblasts in sample LP13-14. Kyanite is randomly oriented on S1 surface (104°, 65° SW): 31.7570°N,
078.5977°E. (d) Oblique view of randomly oriented staurolite porphyroblasts on intersecting S1 (yellow; 105°, 56° SW) and S2
(red). Intersection of S1 and S2 creates L2 (00° — 105°). (e) View of staurolite on S1 surface (perpendicular to Figure 3d).
Staurolite is randomly oriented on S1 and S2 surfaces: 31.7567°N, 78.5985°E. (f) Garnet-bearing S1 (yellow) is folded by F2
(08° — 333°) with S2 (red) axial surface 46°, 09° SE: 31.752°N, 78.6185°E.

S1,S2, and L2. Cliffs that extend above the road where the fold crosses the southern bridge expose the SW limb
(Figure 4a). Near this bridge, the S1/S2 foliation dips SW (Figures 1d and 4b). The S2 maximum defines an aver-
age S2 orientation in the NE quadrant, while the orientation of S1 is more distributed. The corresponding limb of
the F3 fold dips NW, creating a maximum of S2 poles in the SE quadrant and associated S1 orientations
(Figures 1d and 4c). The majority of L2 intersection lineations are shallow plunging and NW trending. Kyanite
and staurolite porphyroblasts are randomly oriented when viewed parallel or perpendicular to S1 (Figures 4e
and 4f).

5.2.4. Domain 4

In contrast to Domains 1-3 where F2 folds trend NW, the majority of F2 fold hinges in Domain 4 (Figure 1d)
trend E-W, while S1 and S2 dip north (Figure 5). Aside from a few measurements, the majority of poles to
S1/S2 are in the southern domain. The S1 foliations are generally E-W striking and north to NW dipping.
Shallow E-W plunging fold hinges close around an E-W striking S2 axial surface (Figure 1d). In these F2 hinges,
exposures of steeply dipping S1 intersect north (Figure 5a) and south (Figure 5b) dipping S2 (Figure 1b). Poles
to S2 define a maximum in the SE. The south dipping S2 observed in outcrops (Figure 5b) is also supported by
the south dipping S2 measurements (Figure 1d). The majority of L2 are shallowly plunging and E-W trending.
The distribution of staurolite and kyanite porphyroblasts, when viewed on S1, is random (Figure 5c).

Domain 4 marks the first exposures of leucogranite dikes and sills located south of the LPD (Figure 5d). Here
folds deform leucogranite dikes that were emplaced at a high angle to the west striking and north dipping
foliation (Figure 5d). The fabric relationships, exposed dramatically within the walls of the Sutlej River gorge
(Figure 5d), are also exposed at lower positions (Figure 5e). ST and S2 dip north and are crosscut at a high
angle by a leucogranite dike, which lacks internal solid-state fabrics (Figure 5e). Based on these relationships,
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Figure 4. Representative mesoscale structures from Domain 3. (a) View toward the NW of bridge (upper left corner) near
the town of Dubling within a region on the SW limb of an F3 antiform: 31.7523°N, 078.6305°E. (b) Vertical wall of staurolite
schist on the SW limb of the Dubling antiform shows the intersection of ST and S2 (red; 351, 14 SW), which are folded by F3:
31.7529°N, 78.6252°E. (c) Vertical exposure on bridge that is north of Dubling preserves S1 (yellow; 244°, 32° NW) and S2
(red; 070° 20° NW) that record the north limb of the Dubling antiform: 31.767°N, 78.6376°E. (d) Kyanite and staurolite
porphyroblasts viewed parallel to S1. Some elongate kyanite blades are partially aligned within S1 (yellow), while others are
random. Exposure of the lower limb (S1; 151°, 50° SW) of an F2 fold with staurolite and kyanite porphyroblasts. Location of
sample LP09-144: 31.7607°N, 078.6360°E. (e) Enlarged view of area shown on Figure 4d. (f) Kyanite blades are randomly
oriented when viewed perpendicular to S1 surfaces.

the main fabric exposed on the gorge walls is interpreted to be composite S1/S2. Assuming that the folds
record shortening perpendicular to S2, these could be interpreted as F2. Abundance of leucogranite
increases toward the Spiti/Sutlej confluence, where leucogranite dikes/sills were deformed by folds that
could potentially be F2 (Figures 5f and 5g). Leucogranite sills, emplaced parallel to S2, were displaced by a
normal fault, while the surrounding schist was deflected (Figure 5h).

6. Microscale Structures and Metamorphic Zones
6.1. Garnet Zone

Representative samples from the garnet zone were collected from near the village of Puh within the
Haimanta Group (Figure 1b). Samples LP09-147 (Figure 6a) and LP09-02 (Figure 6b) are from within the gar-
net zone in Domain 2 and contain the assemblage garnet + biotite + quartz + plagioclase. Aligned white mica
and biotite define S1 and S2. Fine-grained chlorite and biotite are oriented roughly parallel to the S2 axial sur-
face foliation of the fold (Figure 6a). Sample LP09-02 contains a foliated matrix (S2) composed of interlayered
biotite and white mica alternating with quartz- and albite-rich domains (Figure 6b). The foliated matrix (52) is
deflected around garnet porphyroblasts, indicating that deformation continued after porphyroblast growth
(Figure 6b). Subhedral garnet porphyroblasts contain ilmenite, apatite, quartz, biotite, and albite inclusions
that preserve a planar Si fabric (Figure 6b). Because these straight inclusion trails cannot be traced into a
matrix foliation with an established relative chronology, they are defined as (S)). llmenite, apatite, rare mon-
azite, and zircon occur throughout the matrix. Chlorite formed during retrograde replacement of biotite. Rare
large chlorite porphyroblasts form at a high angle to the main foliation, indicating that it grew after the main
D2 fabric-forming event. LP13-10 is a representative sample from within the biotite zone (Figure 6c).
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Figure 5. Representative mesoscale structures from Domain 4. (a) F2 (hinge; 12° — 095°; approximate axial surface; 095°,
31° NE) folds S1 foliation (yellow), containing kyanite and staurolite porphyroblasts. Outcrop is location of sample
LP09-143. (b) View of S1 (yellow) with F2 ptygmatic folds (11°— 141°). S2 (red; 351°, 17° SW) forms at high angle to S1.
(c) Slightly oblique view of S1 surface where the orientation of interlocking kyanite and staurolite porphyroblasts is random.
One Indian Rupee coin (25 mm diameter) is for scale. Location of sample LP09-143: 31.7837°N, 078.6370°E. (d) Dikes
viewed in ~300 m tall vertical wall that crosscuts main foliation (51/52 composite) in the southernmost portion of the
injection complex: 31.7747°N, 078.6379°E. (e) Dip of S1 (yellow; 270°, 39° N) is slightly steeper than S2 (red; 085°, 31° NW).
Leucogranite dike (orange) crosscuts the S1/52 foliation at a high angle. A 40 x 45 cm map board for scale: 31.7921°N,
78.6355°E. (f) Approximately 100 m tall portion of a vertical wall with leucogranite dikes and sills that are folded: 31.8020°N,
078.6404°E. (g) Another view of injection complex near the confluence of the Spiti and Sutlej Rivers. White jeep in lower
right corner provides scale. (h) Granite sill emplaced parallel to S2 (red; 082°, 15° NE), which is deflected around a portion of
granite that was broken by fault plane (161°, 64° SW). At the mesoscale, the granite lacks any evidence for internal defor-
mation: 31.8028°N, 078.6423°E.

6.2. Staurolite-Kyanite Zone

Staurolite and kyanite porphyroblasts coexist in outcrops just north of the village of Puh (Figure 7). Sample
LP13-12A preserves the assemblage staurolite + chlorite + biotite + quartz + plagioclase + tourmaline + apa-
atite. S1 foliation is defined by chlorite + biotite intergrowths and is folded by F2 folds and crenulations.
Staurolite porphyroblasts contain sigmoidal inclusion trails that are continuous from the matrix to the grain
(Figure 7a). These indicate that staurolite porphyroblasts overgrew F2 crenulations. The crenulation is slightly
tighter in the matrix, suggesting growth late/syn crenulation. Sample LP09-09 contains the assemblage gar-
net + biotite + muscovite + plagioclase + quartz with staurolite present at the same outcrop. A pervasive S2
foliation is defined by aligned muscovite and biotite (Figure 7b). An earlier foliation (S1) is defined by alter-
nating quartz- and mica-rich domains. Linear trails of quartz inclusions define a foliation (S)) that predates
the S1 foliation, but it cannot be directly linked to S1 (Figure 7b). Some staurolite-bearing samples (LP09-
10) [see Langille et al., 2012] contain elongate porphyroblasts that are inclined at an angle to the main folia-
tion and contain strain shadows and strain caps composed of polygonal quartz (Figure 7c). The early foliation
(S1) is transposed into the main foliation (S2). Polygonal quartz grain boundaries indicate static recrystalliza-
tion through grain boundary area reduction [Passchier and Trouw, 2005].

LP13-14B contains the assemblage kyanite + biotite + chlorite + quartz + plagioclase. When viewed on sur-
faces cut perpendicular to the fold hinge, kyanite porphyroblasts contain sigmoidal S1 inclusion trails that
are continuous with S1 in the matrix (Figure 7d). The crenulation is slightly tighter in the matrix. These

JESSUP ET AL.

DOMING AND EXTRUSION IN THE NW HIMALAYA 169

85UB017 SUOLULIOD BA1IER1D) 3[ceatdde ay) Aq peusenoB a1e ool YO ‘SN JO Sa|NI o} Akeiqi8UlIUO AB]IAN UO (SUONIPUOI-PUR-SLLIBIW0D A8 | I Aeiq U1 |UO//SHNY) SUONIPUOD PUe S 1 8U) 39S *[2202/TT/02] U0 Afeiqiauliuo A8|IAm ‘o1elid ay L Akiqi BIIpBIN eUOIEN AQ 296E000 LSTOZ/Z00T 0T/I0p/wod A8 | Akeiq i putjuo sgndnBey/sdny woiy pepeojumoq ‘T ‘9102 ‘v6T6VY6T



@ AG U Tectonics

10.1002/2015TC003962

@, o Ko
2 LP09-147 gnt1 ) LP09-147 ant1
3 00| rmmiraron o] 0.09 Ol 100k
Los 0.08
e . .
- 07| tee sat®, 10,07 <
.  AETTYYUTTIAL L. 5
506 0.06 &
3 0.3} 10,033
g s X OO o
>€a0.2 — = 0'02+XA|m
£0.1 L0.01-= X,
x SEpppmesEEEnEEgE e
T 0 XGross
><2 0 200 400 600 800 - YSPess

Distance (um) - Fel(Fe+Mg)

—_~
o

o 1 A A‘01
Em LP09-147 gnt 2 '
-E’ 0. ORI R 0.09
Los 0.08 %
[}
& 07 0.07%
o 0063
5 ﬁ 00 100y 90 000000000000 (00000
L 050 10.05
2 3 S ——X
£0.3 0.03 Alm
O 3% XK XXX X = Xo,,
’<.ﬁo.2ﬁ aaleate i 0.02 . X"
5 A Aadha
o 01 o s i e 001 (9
E ) “esseve—co-over—ce- —esssest0 - Fe/(Fe+Mg)
X 0 500 1000 1500 2000 2500
f Distance (um)
0 a Ko,
EU’ LP09-02 '
.:I.’ 0.9 SRR I S e vy e e Vo~ RRRK 0.09-<
o8 0.08 ¢
[} [
0.7 eop—s o007
- - T 2 4 °
5056 ® 2 tees 2070 0 0063
7S <
» Q
_mo-v 0.03 +XAIm
§0~2 Ty 0.02 +XPyrp
><- 0.1 ® xx R xxxXXx 0.01 XGross
[ L] mmm Ew X - Spess
£ 0 Losso—s—eo—o—s. 800 _sool_|
0 """ 200 “aoe “e1z 816 10280 Fel(Fe+Mg)

Distance (um)

XAIm’ X

Mn Ka

500 pm

Figure 6. Representative microstructures and compositional data for garnet porphyroblasts collected from the garnet and the biotite zones. (a) Photomicrograph
showing compositional layers defined by quartz- and feldspar-rich domains that are interlayed with phyllosilicate-rich layers near the hinge of an F2 fold. (b)
Pervasive foliation (S2; 005°, 35° SE) is wrapped around a garnet porphyroblast. Linear inclusion trails define an early fabric (S;). (c) Representative biotite schist from
the biotite zone. (d and e) Compositional maps and analytical transects of representative garnet porphyroblasts in sample LP09-147. (f) Compositional map and

analytical transect of representative garnet porphyroblast in sample LP09-02.
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Figure 7. (a) Staurolite (st) porphyroblast with sigmoidal inclusion trails that define S1 continues into the matrix S1, indicating that staurolite overgrew F2. Cut per-
pendicular to L2: qtz, quartz: 31.758500°N, 78.597800°E. (b) Garnet (grt) porphyroblast that was collected from within the staurolite zone. S1 is folded by F2. See
Figure 3b for field image. (c) Staurolite (st) porphyroblast that was rotated parallel to S2. Location of Figures 7b and 7c: 31.75217°N, 78.61956°E. (d) Kyanite (ky)
porphyroblast with sigmoidal inclusion trails that indicate kyanite overgrew F2: Chl; chlorite: 31.757000°N, 78.597700°E. See Figure 3c for field image. (e) Kyanite (ky)
porphyroblasts with inclusion trails that are continuous with the S1 foliation records another example of post F2 kyanite growth. Collected from the hinge of an F2
fold. See Figure 4d: 31.7607°N, 078.6360°E. (f) Cordierite (crd) overgrowths on staurolite (st) near the beginning of the injection complex. Sampled from the hinge
zone of an F2 fold in Domain 4 (see Figure 5a): 31.783700°N, 78.637000°E.

indicate that kyanite formed late/syn F2 crenulations. In another example (LP09-144), which was cut parallel
to the dip of the foliation, kyanite porphyroblasts overgrew linear inclusion trails that can be traced into the
S1 fabric in the matrix (Figure 7e). These relationships provide additional evidence that kyanite overgrew F2
crenulations during D2 deformation. Quartz-rich layers contain polygonal grain boundaries between strain-
free grains, indicating static recrystallization.

6.3. Cordierite-Sillimanite Zone

LP09-143 was collected near the first occurrence of leucogranite dikes and sills (Figure 5d) in an extensive
injection complex. This sample contains the assemblage staurolite + plagioclase + cordierite + biotite + chlor-
rite + quartz. The assemblage is a mix of prograde phases (staurolite) that were overprinted by a second stage
of metamorphism (cordierite) through a reaction such as follows: St+Ms+ Chl+Qtz=Crd +Bt+H,0
[Pattison et al., 1999]. The main foliation is defined by aligned biotite (Figure 7f). Chlorite forms splays that
overgrow the foliation as well as aligned networks that are localized in shear bands. Subhedral to anhedral
staurolite porphyroblasts are surrounded by overgrowths of cordierite. In areas with large sections of cordier-
ite, the staurolite is small and anhedral. Synkinematic cordierite and sillimanite overgrowths on staurolite and
kyanite are evidence for near-isothermal decompression at >23 Ma in the southern margin of LPD, which is
located ~ 2 km north of this sample [Langille et al., 2012]. Using the sequence of deformation proposed by
Hintersberger et al. [2011], these shear zone fabrics are part D4 arc-parallel extension (NW-SE) [Langille
etal, 2014].

7. Mineral Chemistry

Mineral compositions for use in thermobarometric estimates were obtained using the Cameca SX-100 electron
microprobe at the University of Tennessee, Knoxville. A PGT Si (Li) detector energy-dispersive spectrometer and
electron backscatter imaging provided qualitative identification of phases during real-time analysis. X-ray com-
positional maps using a wavelength-dispersive spectrometer of Mg, Mn, and Ca, along with quantitative line
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Table 1. Pressure-Temperature Estimates®

Peak
THERMOCALC Inclusions
Sample Assemblage Removed Cor. Fit  Garnet-Biotite T (°C)  Garnet-Biotite T (°C)  Garnet-limenite T (°C)
LP09-09 gnt+ bt+mv + plg — 0.80 0.09 593 — 549 +26(1)
484 +27(2)
LP09-49 gnt+ bt +mv + plg fcel 078 037 578 — —
LP09-02 gnt+bt+mv +plg = 085 070 566 541 (3) =
LP09-147gnt1 — — — — 538 — 577 £21(4)

LP09-147gnt2

= — = = 553 — —

#THERMOCALC results calculated using the average PT mode. Numbers in parentheses correlate to the inclusion location boxes in Figures 6 and 8. Gnt-bt ther-
mometer utilized the peak pressure estimated by THERMOCALC, with the exception that LP09-147 assumed 7 kbar.

transects across garnet porphyroblasts, were conducted at 15 kV, 30 nA, 30 ms, and a 6 um spot size. Point che-
mical analyses at 15kV, 20nA, and a spot size of 1 um were conducted on phases for calculating pressure-
temperature (P-T) estimates and to test for compositional heterogeneities. Plagioclase grains were analyzed
at 10kV. Natural and synthetic compounds, used as standards, were checked before and after the analyses.
Elemental abundances <300 ppm were considered undetectable. All raw microprobe data were reduced using
the standard PAP software. Near-rim garnet compositions [Kohn and Spear, 2000] were combined with the bio-
tite, muscovite, and plagioclase compositional data obtained from the microprobe. Biotite, muscovite, and pla-
gioclase compositions in grains, located at various distances from the edge of the garnet, had little
compositional variation, so these data were averaged for the P-T estimates.

The thermobarometric software THERMOCALC 3.33, with the updated Holland and Powell [1998] data set (tc-ds55.
txt), was used to calculate P-T estimates from the chemical data [Powell and Holland, 1994] in average P-T mode.
Activity coefficients for each phase were calculated using the software AX. The garnet-biotite Fe-Mg exchange
thermometer using the Holdaway [2000] calibration and the garnet-ilmenite [Pownceby et al., 1987, 1991]
geothermometers were applied to garnet porphyroblasts that contained biotite or ilmenite inclusions to quantify
metamorphic temperatures associated with an earlier portion of the garnet growth history. Errors for gnt-ilm data
represent the range in temperatures calculated from the different calibrations. The garnet-biotite thermometer
was used in conjunction with the peak pressure estimated by THERMOCALGC, with the exception that LP09-147
assumed 7 kbar. Following Holdaway [2000], absolute error for sample LP09-147 is estimated as + 25°C.

8. Garnet Zoning and Pressure-Temperature Estimates

8.1. Garnet Zone

LP09-147, within the SW portion of the garnet zone in Domain 2, contains resorbed relics of garnet that are
concentrated along the inner region of biotite- and chlorite-rich domains, while subhedral garnet porphyro-
blasts are concentrated along the contact between the inner and outer domains (Figures 6a, 6d, and 6e). The
foliation is defined by biotite, white mica, and albite. Garnet porphyroblasts that grew across compositional
contacts contain opaque inclusions (Figure 6e). Inclusion-free, subhedral garnet porphyroblasts are distribu-
ted throughout the matrix (Figure 6d). Mn concentration decreases from core to near rim in garnet porphyr-
oblasts despite the size (Figures 6d and 6e) and density of inclusions. The gradual decrease in Mn
concentration in smaller garnets toward the rim and more abrupt decrease in the outer 250 um of the larger
grains are interpreted to record growth zoning profiles at this structural position. Smaller subhedral garnets
(gnt1) and larger poikiloblastic garnets (gnt2) preserve growth zoning and yield temperature estimates of
538+ 25°Cand 553 + 25°C, respectively (Figures 6d and 6e and Tables 1 and 2). Inclusions of ilmenite and gar-
net in the core of the garnet (Figure 6d, box 4, and Table 3) yield a temperature estimate of 577 +21°C and
record an earlier higher temperature stage during prograde garnet growth.

In LP09-02, within the middle portion of the garnet zone, garnet porphyroblasts are subhedral and poikilo-
blastic (Figure 6f). Mn concentration gradually decreases from core to near rim where a narrow (70 um)
resorption rind is present (Figure 6f and Table 2). A combination of near-rim compositions and average matrix
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Table 2. Compositional Data (in wt %) Used for Near-Garnet-Rim Thermobarometric Analysesa

Garnet Near Rim Biotite Plagioclase Muscovite
LP09-09 (22) (23) (28)
SiOy 37.02 35.55 64.06 45.38
TiO5 0 1.52 0 0.38
Al,03 21.13 19.35 22.12 35.32
FeO 33.80 18.38 0.09 1.91
MnO 3.18 0.09 0 0.01
MgO 3.27 10.75 0 0.56
Ca0 1.49 0.01 3.16 0.01
Na,O 0.01 0.32 9.63 1.61
K20 0 8.87 0.08 833
> 99.92 98.80 99.14 97.95
LP09-49 (10) (24) @)
SiOy 36.97 34.98 63.55 45.59
TiO, 0.08 1.50 0 0.30
Al,O3 20.92 18.87 2258 36.26
FeO 31.65 19.53 0.21 1.42
MnO 7.92 0.15 0 0.03
MgO 2.07 9.30 0 0.67
Cao 1.39 0.01 3.62 0.01
Na,0 0.02 0.17 9.48 0.99
K0 0 9.14 0.09 9.63
)2 101.06 97.51 99.52 99.41
LP09-02 9) (24) (19)
SiO, 37.66 36.07 61.59 46.10
TiOy 0.02 1.72 0 0.52
Al,O3 21.25 19.34 2447 34.86
FeO 3217 17.93 0.16 1.78
MnO 234 0.09 0 0.01
MgO 2.60 10.96 0 1.10
Cao 5.00 0.06 6.19 0.03
Na,O 0.03 0.20 7.94 0.94
K0 0 8.94 0.08 9.40
> 101.04 99.30 100.4 99.22
LP09-147gnt1 (44) — —
SiO, 36.67 35.92 — —
TiO5 0.28 1.62 — —
Al,03 20.72 17.88 — —
FeO 28.86 17.75 = =
MnO 7.00 0.20 = =
MgO 2.1 11.35 — —
Ca0 373 0.05 — —
Na,O 0.03 0.08 = =
K,0 0 924 — —
> 99.40 98.01 — —
LP09-147gnt2 (44)
SiOy 36.94 35.92 — —
TiO, 0.06 1.62 — —
Al,O3 20.78 17.88 = =
FeO 28.37 17.75 — —
MnO 6.70 0.20 — —
MgO 218 11.35 — —
Cao 4.65 0.05 — —
Na,O 0.01 0.08 — —
K0 0 9.24 — —
)2 99.69 98.01 — —

@Numbers in parentheses represent the number of data points averaged.
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Table 3. Compositional Data (in wt %) Used for Garnet Inclusion Thermobarometric Analysesa
Garnet Biotite limenite

LP09-09 box 1

SiO, 27.26 — 0.02
TiO5 0.04 — 49.29
Al,O3 20.98 — 0
FeO 32.94 — 48.58
MnO 393 — 0.80
MgO 3.18 — 0.57
CaO 2.20 — 0.03
Na,O 0.02 — 0
K50 0 — 0

> 100.49 — 99.29

LP09-09 box 2

SiO; 37.22 — 0.05
TiO, 0.03 — 49.14
Al,03 20.94 — 0.01
FeO 3293 — 48.36
MnO 3.79 — 0.63
MgO 3.09 — 0.62
Ca0 239 — 0.05
Na,O 0.02 — 0
K;0 0 — 0

> 100.45 — 98.85

LP09-02 box 3
SiOy 37.09 36.80 —
TiO, 0.06 1.50 —
AlLO3 21.01 20.11 =
FeO 30.37 18.00 —
MnO 4.20 0.13 =
MgO 2.16 11.22 —
Cao 5.48 0.05 —
NaO 0.02 0.17 —
K0 0 8.95 =
> 100.38 101.00 —
LP09-147 gnt1 box 4

SiO, 36.61 — 0.02
TiO5 0.18 — 50.94
Al,O3 20.66 — 0.02
FeO 25.56 — 4433
MnO 11.64 — 3.12
MgO 1.63 — 0.41
CaO 3.55 — 0.09
Na,O 0.01 — 0
K>0 0 — 0

> 99.84 — 98.93

@Boxes refer to the inclusion location boxes in Figures 6 and 8.

compositions yields a P-T estimate of 571+ 92°C and 7.8 + 1.4 kbar (Table 1). Inclusions of biotite and core
compositions of garnet (Table 3) yield a temperature estimate of 541 + 25°C (Figure 6f, box 3, and Table 1).
The temperature estimate from inclusions is inferred to record prograde metamorphic growth.

LP09-49 was collected from closer to the staurolite zone that is exposed ~5 km to the NE, representing a struc-
turally lower position in the garnet zone of the Haimanta Group (Figure 1b). The sample contains subhedral to
anhedral porphyroblasts of garnet in a foliated matrix consisting of biotite, muscovite, quartz, albite, k-feldspar,
muscovite, and ilmenite. Garnet porphyroblasts contain quartz, apatite, and small ilmenite inclusions. Garnet
porphyroblasts preserve a decrease in Mn content from the interior to the near rim, which is interpreted as
growth zoning (Figure 8a and Table 2). A ~20 um rim of increased Mn content is attributed to a subsequent
thermal event that resulted in net transfer reactions [Kohn and Spear, 2000]. Using the near-rim composition
and averaged matrix compositions of biotite, white mica, and plagioclase yields a P-T estimate of 499 + 99°C
and 4.5 + 1.4 kbar (Figure 8a and Table 1). Small, rare monazite grains occur throughout the matrix.
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Figure 8. Compositional maps and analytical transects of representative garnet porphyroblasts. (a) LP09-49 is from a ridge above the Spiti and Sutlej Rivers that
represents a structurally lower position of the garnet zone than LP09-147. (b) LP09-09 was collected from within the staurolite zone and represents the P-T
conditions as recorded at positions closest to the dome.

8.2. Staurolite Zone

A garnet-bearing schist LP09-09, with staurolite in the same outcrop (LP09-10) [see Langille et al., 2012], is
representative of the metamorphic conditions reached within the staurolite zone (Figure 1b). Aligned inclu-
sions of quartz are concentrated in the interior of the garnet porphyroblasts (Figure 8b). Mn composition in
garnet porphyroblasts decreases from the core to near rim where a ~150 um thick rind of higher Mn occurs
(Figure 8b and Table 2). The central portion of the garnet porphyroblast, where aligned inclusions are concen-
trated, preserves a decrease in Mn concentration from core to near rim that is interpreted as growth zoning.
The elevated zone of Mn is attributed to net transfer reactions [Kohn and Spear, 2000] and the development
of a resorption rind (Figure 8b and Table 2). Using the near-rim composition yielded a P-T estimate of 567
+105°Cand 6.7 + 1.6 kbar (Tables 1 and 2). Inclusions of ilmenite from two areas near the inner rim yield tem-
perature estimates of 549 + 26°C and 484 + 27°C (Figure 8b, boxes 1 and 2, and Tables 1 and 3).

9. Discussion
9.1. Metamorphic Field Gradients

Within the central portion (Figures 1c and 9) of the transect, isolated from the subsequent effects of exhuma-
tion along the SD and LPSZ, the Haimanta Group preserves Barrovian metamorphism (D2) [Chambers et al.,
2009; Langille et al., 2012, 2014]. Above the SD (Figure 9), a right way-up sequence from the kyanite-staurolite
zone to the biotite zone dips NE, defining the metamorphic field gradient (Figures 1d and 2a-2c) [Chambers
et al., 2009]. A NW trending F3 synform (Figures 1b-1d), cored by rocks within the biotite zone, creates a
region of SW dipping S2 (Figures 2d-2g). On the SW dipping limb of the F3 synform, a metamorphic field
gradient increases from the garnet zone (571 +92°C and 7.8 + 1.4 kbar; 499 + 99°C and 4.5 + 1.4 kbar) through
the staurolite-kyanite zone (567 + 105°C and 6.7 + 1.6 kbar) to the cordierite-sillimanite zone. The relationship
between metamorphic zones and S2 indicates that the isograds were folded by F3.

We interpret the biotite to staurolite-kyanite zones to record prograde metamorphism during crustal thicken-
ing. This timing of maximum burial of the Haimanta Group in the hanging wall of the SD was 30Ma
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Figure 9. Synthesis of data from the Main Central thrust (MCT) to the Leo Pargil shear zone (LPSZ). (a) P-T estimates from
the MCT to hanging wall of the Sangla detachment (SD) [Vannay et al., 1999; Chambers et al., 2009], the biotite to the kyanite
zones of this investigation, and the Sutlej-Spiti confluence to Leo Pargil dome [Langille et al., 2012, 2014].

(b) Thermochronometry [Vannay et al., 2004; Thiede et al., 2006; Chambers et al., 2009] and geochronology [Leech, 2008;
Chambers et al., 2009; Langille et al., 2012; Lederer et al., 2013] for the entire transect are included. Leucogranite sample (AW
9-24-04 4) from the LPD [Webb et al., 2011] was excluded because the age (50.4 + 2.40) represented inherited zircon.

(c) General structures and rock types shown in cross section are adapted from previous work [Vannay et al., 2004]. Cross-
section line used to project data is shown as dashed line in Figure 1b and differs from that used in Figure 1c. Vertical gray
dashed lines are the approximate boundaries of the metamorphic zones.

[Chambers et al., 2009]. Barrovian metamorphism near the LPD ceased at 29-27 Ma [Langille et al., 2012]. Aside
from biotite replacement by chlorite in some samples, the garnet to staurolite-kyanite zones contain assem-
blages with little evidence for retrograde reactions.

The sillimanite-cordierite zone contains overgrowths on staurolite (LP09-143) and kyanite porphyroblasts
[Langille et al., 2012]. Cordierite overgrowths on staurolite represent a disequilibrium texture that records near-
isothermal decompression [Langille et al., 2012]. Samples from this portion of the zone contain assemblages that
record prograde metamorphism (530-630°C and 7-8 kbar) that were overprinted by synkinematic sillimanite-
cordierite during decompression to ~4.5 kbar at >23 Ma [Langille et al., 2012].

Thermobarometric data from this investigation documented relatively isothermal conditions for the suite of
samples from which the estimates were derived. The biotite to the staurolite-kyanite zones define a Barrovian
sequence that increased in metamorphic grade toward structurally deeper positions. Near the margin of the
LPD, these assemblages were overprinted by cordierite and sillimanite during near-isothermal decompres-
sion. The resulting metamorphic field gradient is a consequence of two different metamorphic stages.
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Figure 10. Model for the Sutlej Valley, NW India is after Vannay et al. [2004] and Wiesmayr and Grasemann [2002]. Schematic
Indian plate and Greater Himalayan Series (GHS) are modified from Vannay et al. [2004]. (a) Interpretation of the Haimanta
Group, Tethyan Sedimentary Series (TSS), the North Himalayan nappes, and the North Himalaya Crystalline Series (NHCS) that
formed above the Indian plate during the Eocene-Miocene. Placement of the Sangla detachment depicts the Eocene position.
Geology from Pin Valley is after Wiesmayr and Grasemann [2002]. (b) Subsequent evolution of the region during the Miocene.
Exhumation rates and pressure-temperature estimates are from Chambers et al. [2009] and Langille et al. [2012]. Ages of leu-
cogranites are from Leech [2008] and Lederer et al. [2013]. Black lines bracket the upper and lower positions of the LPSZ.
Eigenvectors for general shear extrusion model are after Vannay and Grasemann [2001]. Representative samples from the GHS
[Vannay et al., 2004], the LPD [Langille et al., 2012], and the North Himalaya Crystalline Series (NHCS) [Vannay et al., 2004;
Chambers et al., 2009] are included: polygons, Langille et al. [2012]; squares, Chambers et al. [2009]; circles, Vannay et al. [2004].

9.2. Strain Gradients

Systematic collection of mesoscale structural data (n=1445) from the hanging wall of SD to the southern
edge of the LPD enabled this investigation to test for structural/strain changes when approaching the dome
(Figure 1d). These data are relatively consistent for ~25 km between Domain 1 and Domain 3. The majority of
the transect is characterized by an early phase (D2) of tight to isoclinal, NW trending, shallowly plunging F2
folds that thickened the Haimanta Group, resulting in Barrovian metamorphism. These F2 and S2 fabrics,
along with metamorphic zones, where subsequently folded by upright, open F3 folds.

Beginning ~ 2 km south of the Spiti/Sutlej confluence, NW trending F2 folds were rotated to an E-W trending
orientation, coinciding with the margin of the injection complex and the cordierite-sillimanite zone. Several pos-
sibilities could describe this transition within Domain 4. In one scenario, the north dipping S1/52 might be on the
northern limb of an F3 fold. Alternatively, the emplacement and/or exhumation of the LPD could have rotated the
NW trending F2 folds, dominant in Domains 1-3, to an E-W orientation in Domain 4. The LPSZ, exposed at struc-
turally higher levels near the village of Nako (Figure 1b), is a west dipping, high-temperature shear zone (>650°C
to 280°C) with a downdip stretching lineation [Langille et al,, 2014]. Perhaps the confluence area near Domain 4
represents the transition between Domains 1-3 and the rotation of F2 fold hinges into parallelism with the stretch-
ing lineation of the LPSZ near the villages of Leo and Nako [Langille et al., 2014]. Hintersberger et al. [2011] proposed
that these shear zone fabrics were part of D4 arc-parallel extension [Langille et al., 2014].

Microstructures and mineral assemblages record a transition, over ~12 km horizontal distance, between rocks
that are near the biotite zone (Figure 6¢) to those within the cordierite-sillimanite zone on the margin of the
injection complex (Figure 7f). This transition records two phases of metamorphism, involving Barrovian
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metamorphism followed by near-isothermal decompression [Langille et al., 2012]. D2 crenulation cleavage is
the dominant foliation within the garnet zone (Figure 7b). Staurolite and kyanite porphyroblasts overgrew F2
crenulations, indicating that they postdated the majority of D2 deformation (Figures 7a, 7d, and 7e). These
suggest that progressive D2 deformation occurred during progressive Barrovian metamorphism. This is com-
patible with microstructural evidence from the southwestern exposures of the Haimanta Group in the hang-
ing wall of the SD [Chambers et al., 2009]. Near the margin of the dome, cordierite and sillimanite overgrowths
occur on kyanite and staurolite (Figure 7f). Between biotite and cordierite zones the crenulation cleavage is
maintained, but some rotation of porphyroblasts occurred. Microstructures are dominated by 120° triple
junctions of quartz grain boundaries, which indicate some component of annealing through a process such
as grain boundary area reduction [Passchier and Trouw, 2005]. Grain boundary area reduction probably con-
tinued after deformation, suggesting that the temperatures were adequate for static recrystallization.

9.3. Summary of Strain and Metamorphic Field Gradients

Mesoscale and microscale structures, metamorphic porphyroblasts, compositional zoning in garnet porphyro-
blasts, and an injection complex define a gradient into the southern margin of LPD, beginning ~2 km south
of the confluence of the Spiti and Sutlej Rivers. Following Barrovian metamorphism, a ductile shear zone, within
the Haimanta Group and at structurally higher positions (e.g., Shian, Pin, and Muth Formations; Figure 1b) on the
southwestern margin of the LPD, formed to accommodate exhumation at >23 Ma [Hintersberger et al., 2011;
Langille et al., 2012, 2014]. Exhumation continued through the *°Ar/*?Ar closure temperature of white mica
(~350°C) at ~16 Ma [Thiede et al., 2006; Langille et al., 2012]. D4 shear fabrics overprinted garnet, staurolite,
and kyanite porphyroblasts during top west (255) extension [Langille et al., 2012]. D4 occurred during arc-
parallel extension [Hintersberger et al., 2011]. Data from this investigation did not locate an equivalent zone of
mylonitic rocks between the biotite zone and injection complex on the southern margin of the LPD. We propose
that the area near the confluence represents a deeper structural position within the southern margin of the
dome where D2 deformation is more distributed than in the LPSZ exposed near Nako (Figure 1b).

9.4. Proposed Conceptual Tectonic Models

To tie the evolution of the lithotectonic units in Sutlej Valley and the LPD into the regional context, we modify
Figure 11 of Vannay et al. [2004] and Figure 8 of Wiesmayr and Grasemann [2002] to create a schematic model,
exploring the interplay between crustal thickening, Barrovian metamorphism, partial melting, and exhuma-
tion (Figure 10). Because extensive data sets are available, models and interpretations of the cross sections of
the Sutlej Valley [Vannay et al., 1999, 2004; Vannay and Grasemann, 2001; Chambers et al., 2009] and Pin Valley
to the NW [Wiesmayr and Grasemann, 2002] create a framework for our proposed modifications of the north-
ern portion to build snapshots of (1) Eohimalayan phase (Eocene-early Miocene) of crustal thickening and
Barrovian metamorphism and (2) Neohimalayan phase (Miocene) of near-isothermal decompression for
the LPD beginning at >23 Ma that corresponds to extrusion of the GHS.

9.4.1. Eohimalayan (Eocene-Early Miocene)

A cross section (Figure 10a) for the Tethyan + Haimanta fold and thrust belt from the Pin-Lingti Valleys repre-
sents the conditions of the Eocene SD prior to Miocene rotation due to synclinal bending [Wiesmayr and
Grasemann, 2002; Neumayer et al., 2004] and includes (1) structural geometry and thicknesses of the rock
units, (2) 10 km depth of the Eocene SD using restoration of the Tethyan + Haimanta fold and thrust belt,
and (3) paleotemperature estimates and “°Ar/>°Ar ages from illite that grew parallel to the axial surface of
F2 folds at 45 Ma [Wiesmayr and Grasemann, 2002]. Assuming that these conditions represent the general
characteristics of the upper crust during the Eocene-Oligocene, they are schematically projected SE to
explore their relationship with deeper structural positions that are provided by exposures of the Haimanta
Group in Sutlej Valley, which are the focus of this investigation. The cross section for the northern portion
is taken directly from Pin-Lingti Valley [Wiesmayr and Grasemann, 2002; Neumayer et al., 2004], yet those pro-
jected to the SW are schematic and intended to show the possible structural depth and the style of deforma-
tion at these depths. The lowest units of the fold and thrust belt are the Haimanta Group with Paleozoic
Kinnaur Kailas granite. Wiesmayr and Grasemann [2002] proposed that this subhorizontal detachment accom-
modated underthrusting of the GHS and NHCS. This model represents the conditions after the Tethyan
+Haimanta fold and thrust belt and NHCS were tectonically juxtaposed along the Eocene SD [Wiesmayr
and Grasemann, 2002; Vannay et al., 2004]. The dip of the subduction interface (green line, Figure 10a) of
the Indian plate (e.g., future GHS bounded by the MCT and SD) was 30° [Vannay and Grasemann, 2001].
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P-T-t data from the Haimanta Group in the Sutlej River, located in the modern hanging wall of the SD, indi-
cates that these rocks reached ~515°C and 7-8 kbar at >34-28 Ma with peak burial at 30 Ma. This was fol-
lowed by slight decompression to 640-660°C and 6-7 kbar [Chambers et al., 2009]. Rocks that became part
of the LPD, the Haimanta Group, reached ~530-630°C and ~7-8 kbar during Barrovian metamorphism that
ended by 29-27 Ma [Langille et al., 2012]. An average lithostatic pressure gradient (3.7 km/kbar) was used
to estimate a minimum structural depth (26-30 km) of the Haimanta Group. Although the current exposures
are an artifact of several phases of deformation that occurred after crustal thickening (D1-D3), these depth
estimates are consistent with the P-T conditions that the upper structural positions of the GHS exposed in
Zanskar (660-720°C; 8-10 kbar) reached at 33 Ma [Vance and Harris, 1999; Dézes et al., 1999] and the North
Himalayan nappes reached (~600-700°C; ~8-8.5 kbar) at 37-36 Ma [Stiibner et al., 2014]. The composite
model cross section combined data from the fold and thrust belt at 45 Ma, the Eocene SD, and average depth
of porphyroblast growth (30-27 Ma). Representative samples from the GHS [Vannay et al., 2004], LPD [Langille
et al., 2014], and NHCS [Vannay et al., 2004; Chambers et al., 2009] are included (Figure 10a).

9.4.2. Neohimalayan (Early Miocene)

The second stage (Figure 10b) builds on the final conditions of the first (Eohimalayan) to demonstrate the relation-
ship between early Barrovian metamorphism (30-27 Ma) and subsequent exhumation of the GHS and LPD by coe-
val movement on the Miocene SD and LPSZ at ~23 Ma [Wiesmayr and Grasemann, 2002; Vannay et al., 2004; Langille
et al, 2012]. The Eocene SD is shown at the base of the Tethyan + Haimanta fold and thrust belt. The SW portion of
the Eocene SD, along with the Tethyan + Haimanta fold and thrust belt in the hanging wall, underwent a 15° passive
rotation toward the NE [Wiesmayr and Grasemann, 2002]. The approximate upper contact of LPSZ is shown in
Figure 10b as a black line. A dashed black line in the zone of partial melting represents the approximate lower limit
of the rock that the LPSZ eventually juxtaposed. The upper structural position of the LPSZ is similar to that of the
Eocene SD [Wiesmayr and Grasemann, 2002]. During this period of the ductile deformation, the LPSZ extended from
structurally higher positions of the TSS (e.g., Shian, Pin, and Muth Formations) to the deeper structural positions
within the Haimanta Group of the NHCS. This portrayal is schematic because at the end of its ductile deformation
the LPSZ juxtaposed migmatite in the core with the TSS above [Langille et al,, 2014]. The average depth of Barrovian
metamorphism (26-30 km) defined the starting conditions for near-isothermal decompression (~4 kbar; depth of
~15km) at >23 Ma [Langille et al., 2012]. Partial melting, which occurred at deeper structural positions within the
GHS (see section 9.7), fed the injection complex from 30 to 18 Ma [Lederer et al,, 2013]. An injection complex within
the Haimanta Group and a potential site of partial melt (yielding leucogranitic magma) within a deeper structural
position of the GHS and/or NHCS [Lederer et al, 2013] is shown in orange. Following peak metamorphism, meta-
morphic field gradients in the Haimanta Group, located in the hanging wall of the SD, were vertically thinned by
~47% during south directed extrusion of the GHS [Chambers et al., 2009]. Exhumation rates for the GHS and the
hanging wall of the SD were 2.2-3.0 mm/yr and 1.3 mm/yr, respectively [Chambers et al, 2009]. The LPD was
exhumed at a minimum rate of ~1.3 mm/yr (29-23 Ma) [Langille et al,, 2012]. To convey generalized particle paths,
new positions for the representative samples from the GHS [Vannay et al,, 2004], LPD [Langille et al., 2014], and NHCS
[Vannay et al, 2004; Chambers et al,, 2009] were added (Figure 10b).

9.5. Crustal Thickening and Shear Zone Localization

Crustal thickening above the Eocene SD created the Tethyan + Haimanta fold and thrust belt that culminated
in the formation of south vergent folds and thrust faults at ~45 Ma (Figure 10a) [Wiesmayr and Grasemann,
2002; Neumayer et al., 2004]. Buckling of sedimentary rocks created an S2 axial plane cleavage at anchizonal
to epizonal metamorphic temperatures [Wiesmayr and Grasemann, 2002; Neumayer et al., 2004]. Beneath the
Eocene SD, penetrative fabric development during the formation of F2 folds, as defined by this investigation,
culminated with the cessation of Barrovian metamorphism in the midcrust by ~30 Ma [Chambers et al., 2009;
Langille et al., 2012]. Using an approximate restoration of the upright F3 folds, it is possible to visualize the
geometry of F2 folds as they formed (Figure 4a). The isoclinal F2 folds would be close to recumbent
(Figures 1¢, 3a, and 10a). The Eocene SD separated the brittle upper crust (Tethyan + Haimanta fold and thrust
belt) above from the ductile midcrustal rocks (e.g., GHS or NHCS) below [Wiesmayr and Grasemann, 2002;
Vannay et al., 2004]. An upper crust dominated by brittle deformation and upright folds can also be described
as an orogenic superstructure, while ductile rocks with subhorizontal folds located structurally below a shear
zone or detachment are orogenic infrastructures [Culshaw et al., 2006]. One assumption of the model is that
the subhorizontal structures overprinted earlier upright structures [Culshaw et al., 2006]. Although some
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terminology of orogenic superstructure and infrastructure are appropriate for these conceptual models, data
from this investigation demonstrated that the upright F3 folds overprinted the early D2 recumbent fabrics. In
addition to the Himalaya, orogenic superstructures and infrastructures have been applied to many different
orogens [e.g., Jamieson and Beaumont, 2013].

The timing of Barrovian (Eohimalayan) metamorphism in the Haimanta Group from Sutlej Valley (~30 Ma) and
the depth of burial (26-30 km) are similar to the upper portions of the GHS near the sillimanite and the kya-
nite zones (i.e., Zanskar) as well as the North Himalayan nappes [Stiibner et al., 2014]. Following the logic of
Stiibner et al. [2014], we propose that folds and Barrovian metamorphism, within the Haimanta Group of this
transect, developed in response to crustal shortening and thickening during the Eohimalayan phase as part
of the North Himalayan nappes (Figure 10a).

9.6. Depth of Burial

The depth for Barrovian metamorphism (26-30 km), within the Haimanta Group of the North Himalayan
nappes, suggests that folds developed in the Haimanta Group at deeper structural positions than the
Eocene SD (Figure 10a) as projected to 10 km using the Tethyan + Haimanta fold and thrust belt in Pin
Valley [Wiesmayr and Grasemann, 2002]. Temperature estimates, derived from illite crystallinity (200-300°C)
in the Tethyan + Haimanta fold and thrust belt exposed in Pin Valley, indicate that deformation at 7-10 km
culminated at ~45 Ma [Wiesmayr and Grasemann, 2002]. At this time, underthrusting of the Indian plate along
the SD resulted in crustal thickening and metamorphism in the GHS and NHCS [Wiesmayr and Grasemann,
2002]. Rocks located between the Eocene SD and the underthrusting Indian plate reached ~600°C and 7-
8 kbar (26-30 km), with maximum burial at 30 Ma [Chambers et al., 2009; Langille et al., 2012].

Garnet growth during prograde metamorphism involved heating (from 550-570°C to 660-700°C) in the
Zanskar nappes (33-28 Ma) within 5-10 Ma of burial [Vance and Mahar, 1998; Vance and Harris, 1999]. In sam-
ples from Zanskar, thermal reequilibration following burial implies that the shortening structures (thrusts)
were between 10 and 15 km above the samples [Vance and Mahar, 1998; Vance and Harris, 1999]. Our pro-
posed model cross section for the Eohimalayan phase of metamorphism and deformation reveals that the
~20 km difference between structural positions of the Eocene SD at the base of the Tethyan + Haimanta fold
and thrust belt and the base of the North Himalayan nappes above the subducting Indian plate is of similar
range to those documented in Zanskar. As predicted by Vance and Harris [1999], movement on the Eocene
SD to the Tethyan + Haimanta fold and thrust belt during crustal thickening in the Pin Valley at 45 Ma could
have buried the deepest positions of the North Himalayan nappes, as exposed in this transect, to 26-30 km,
followed by thermal reequilibration and the end of Barrovian metamorphism at 30-27 Ma [Chambers et al.,
2009; Langille et al., 2012].

9.7. Depth and Source Region of Partial Melting

The maximum depth of burial in the Haimanta Group of the North Himalayan nappes can be used as a starting
point for exploring relationships between P-T-t paths and their control on crustal melting [Harris and Massey,
1994; Harris et al., 1995; Patifio Douce and Harris, 1998]. During crustal thickening, rocks in the study area
experienced Barrovian metamorphism in the GHS (600-750°C; 8 kbar) and the North Himalayan nappes (650—
700°C; 6-8 kbar) at ~30 Ma [Vannay et al,, 2004; Chambers et al,, 2009; Langille et al.,, 2012]. These depths are
equivalent to midcrustal structural positions of the GHS in the footwall of the Zanskar shear zone [Vance and
Harris, 1999; Dézes et al., 1999] as well as the North Himalayan nappes [Sttibner et al., 2014]. Rocks exposed within
the LPSZ record maximum temperatures of ~600-650°C, with likely higher temperatures in the migmatitic core
[Langille et al,, 2012, 2014]. Wet melting is predicted to occur between 750 and 800°C at 8 kbar [Patifio Douce and
Harris, 1998]. It is reasonable to assume that melt generation that fed the injection complex within the dome
came from deeper structural levels, potentially within the migmatitic core or deeper. The generalized model
(Figure 10b) indicates that the GHS [Vannay et al, 2004] and the base of the North Himalayan nappes were
located at greater depths than the maximum depth recorded by samples in the LPD [Langille et al, 2012].
Therefore, these areas are capable of partial melting [Patifio Douce and Harris, 1998; Vance and Harris, 1999;
Lederer et al,, 2013]. The period of semicontinuous partial melting of the GHS (30-18 Ma) was initiated by decom-
pression that caused muscovite dehydration reactions between 30 and 23 Ma [Lederer et al., 2013]. The onset of
near-isothermal decompression at >23 Ma [Langille et al,, 2012], driven by extension, resulted in the formation of
the extensive injection complex in the LPD and continued until 18 Ma [Lederer et al,, 2013]. Decompression
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should enhance melt production by movement through the fluid-absent incongruent breakdown of muscovite
as documented for similar structural positions in Zanskar [Vance and Harris, 1999]. For Zanskar, Steck [2003] pro-
posed that heating resulted in partial melting of the GHS. In some areas of NW India, located between the
Zanskar shear zone and this transect, extrusion did not involve significant melting [Stiibner et al., 2014].

Partial melting weakens the midcrust [Cruden, 1990]. In channel flow models, the relatively weak layer of par-
tial melting in the midcrust is driven laterally by gradients in lithostatic pressure [Beaumont et al., 2001; Grujic
et al., 2002; Godin et al., 2006]. When applied to the Himalaya-Tibet system, the weakened portion of the GHS
is extruded southward between the STDS above and MCT below [Beaumont et al., 2001]. These thermome-
chanical models include two main types of dome-forming mechanisms [Beaumont et al., 2001, 2004]: (1)
hinterland doming by crustal extension and (2) doming triggered by underthrusting. Hinterland doming
invokes thinning of the crust due to a zone of localized extension, resulting in additional crustal thinning
and channel exhumation [Beaumont et al., 2004]. This scenario arises when the timescale of channel flow into
the region of extension exceeds the timescale of thinning [Beaumont et al., 2004]. During thinning, zones of
partial melt are driven into areas of relatively lower pressure [Beaumont et al., 2004]. Doming triggered by
underthrusting results from a frontal ramp that cuts into the midcrustal channel, resulting in exhumation
of the channel into the upper crust as a dome above the ramp [Beaumont et al., 2004]. Domes triggered by
underthrusting can be translated toward the foreland [Beaumont et al., 2004].

Because of the overlap in timing between the period of partial melting, near-isothermal decompression, and
high-temperature top west deformation of the LPSZ, Langille et al. [2012] proposed that a modified version of
hinterland doming was the more appropriate model for the LPD. Hinterland doming by crustal extension
[Beaumont et al., 2004] could be applicable to the LPD because of its location within a region of oblique con-
vergence, which created a zone of transtension across the Karakoram fault between the Tibetan plateau and
NW India [Hintersberger et al., 2010, 2011; Langille et al., 2012, 2014]. Hinterland doming by crustal extension
creates a localized area of exhumation to the north [Beaumont et al., 2004]. Prior to exhumation, rocks of the
LPD were deep within the North Himalayan nappes (650-700°C; 6-8 kbar). P-T data from the GHS (750°C;
8 kbar) indicate that it reached slightly deeper structural positions [Vannay and Grasemann, 2001]. The posi-
tion is consistent with the P-T conditions for the GHS where partial melting was possible before the onset of
doming [Lederer et al., 2013]. Beginning at >23 Ma, the LPD experienced orogen-parallel extension in the hin-
terland [Langille et al., 2012, 2014]. Decompression by displacement on the LPSZ was active at ~20 Ma
[Lederer et al., 2013]. As proposed by Langille et al. [2012, 2014], thinning of the crust above this zone of partial
melting, below the base of the North Himalayan nappes, drove decompression and partial melting during
doming and orogen-parallel extension. Moderate partial melting was localized at the top of the GHS
[Vannay et al., 2004], while more extensive partial melting weakened the midcrust below the current expo-
sure of the LPD during orogen-parallel extension [Langille et al., 2012, 2014]. Although this model uses the
concept of hinterland doming by crustal extension to drive doming [Beaumont et al., 2004], the source of par-
tial melt was derived from muscovite dehydration within the GHS below the North Himalayan nappes instead
of from beneath the Tibetan plateau. Steck [2003] proposed this distinction between partial melt that was
derived from the base of the thickened crust and midcrustal flow from beneath the Tibetan plateau.

9.8. Exhumation of Midcrustal Rocks

Initiation of movement on the MCT (23 Ma) caused top-to-the-northeast extension within mylonites of the SD
and overprinting of earlier, south directed fabrics that were related to thrusting at the base of the Haimanta
Group or perhaps the North Himalayan nappes [Vannay and Grasemann, 2001; Vannay et al., 2004]. The paired
MCT-SD system continued to exhume the GHS between 23 and 16 Ma [Vannay et al., 2004]. Chambers et al.
[2009] proposed that during this time interval the GHS experienced a significantly faster exhumation rate
(~2.2 to 3.0mm year’1) than the TSS (1.3 mm yr”), implying that the TSS (e.g., the Haimanta Group and
overlying TSS) was decoupled from the extruding GHS by 23 Ma (Figures 9 and 10b). “°Ar/>*°Ar white mica
ages for the entire transect revealed that displacement on the SD ended prior to exhumation through
~350°C. By ~ 20-15 Ma, this system was locked in below the brittle-ductile transition zone. At the current level
of exposure, the SD did not propagate as a brittle fault in the upper crust.

Detailed kinematic analysis and the distribution of isograds in Sutlej Valley were the foundation for extrusion
models of the GHS [Grasemann et al., 1999; Vannay and Grasemann, 2001]. Vannay and Grasemann [2001] pro-
vide a detailed discussion regarding the validity of general shear extrusion versus channel flow and other

JESSUP ET AL.

DOMING AND EXTRUSION IN THE NW HIMALAYA 181

858017 SUOWILIOD 3A1Ie81D) 8|cealdde sl Aq peusenoh aJe ssoliie YO ‘SN JO S8|ni Joj Akeiqi8UlUO 8|1 UO (SUOTIPUOD-PUR-SLLIBYWI0D A8 1M AeIq 1 pUljuo//:SdNY) SUORIPUOD PUe SWLB L 81885 *[2202/TT/0z] Uo Ariqiauliuo A8|1M ‘010e11a 8y L A%iqiT eoIpe N uoleN A 2968000 1GT0Z/200T 0T/I0p/w0d" Ae M Aseiqijputjuo'sgndnbe//sdny wouy pspeojumod ‘T ‘9T0Z ‘v6T6rr6T



@AG U Tectonics 10.1002/2015TC003962

models. Because a general shear extrusion model was already established for the GHS in Sutlej Valley, it is incor-
porated into this model for the LPD. Quantitative kinematic analysis from the MCT defined an early stage of sim-
ple shear on the margins that was followed by a higher contribution of pure shear in the core of a tapered
wedge [Grasemann et al., 1999]. The distribution of isograds and near-isobaric (8 kbar) conditions across the
GHS resulted in a model of general shear extrusion of the GHS between the SD and MCT [Vannay and
Grasemann, 2001]. Because the isobaric samples were exhumed from peak burial without rotation, they were
interpreted to record the shortening eigenvector [Vannay and Grasemann, 2001]. The stretching eigenvector
was parallel to the boundaries of the shear zone (Figure 10b). The cosine of the dip of the SD and MCT (30°)
was used to estimate mean kinematic vorticity (W,,,) of 0.86 [Vannay and Grasemann, 2001]. General shear extru-
sion resulted in 43% thinning to recreate the 10 km thick GHS [Vannay and Grasemann, 2001]. Based on assump-
tions of the model, the two shear zones merged near an approximate depth of the Main Himalayan thrust (MHT)
at 50 km. The MHT would have extended beneath the zone of the LPD activity. During extrusion of the GHS,
rocks in the hanging wall were fixed relative to the footwall. The approximate duration for extrusion was
2 Ma [Vannay and Grasemann, 2001]. The LPD was located in the hanging wall of the stretching fault during
extrusion of the GHS. Decompression during hinterland doming by crustal extension would occur as the GHS
experienced general shear extrusion (Figure 10b). The stretching fault would decouple near-isothermal decom-
pression and partial melting of the LPD and extrusion of the GHS while both were active.

During the Miocene, the Eocene SD at the base of the Tethyan + Haimanta fold and thrust belt experienced
passive rotation of 15° toward the NE [Wiesmayr and Grasemann, 2002]. The projection of the SD, as a hori-
zontal surface to the NE, represented the original geometry of the Eocene SD prior to rotation [Wiesmayr
and Grasemann, 2002]. At 45 Ma, the horizontal detachment marked the contact between the underthrusting
GHS-NHCS below and Tethyan + Haimanta fold and thrust belt above [Wiesmayr and Grasemann, 2002].
Extrusion of the GHS did not appear to be decoupled along this shallow-dipping detachment (e.g., Eocene
SD) at the base of the Tethyan + Haimanta fold and thrust belt [Neumayer et al., 2004] but instead along
the 30° dipping surface of the Miocene SD that defined the base of the NHCS and the top of the GHS
[Vannay and Grasemann, 2001; Wiesmayr and Grasemann, 2002]. This Miocene SD acted as a stretching fault
during extrusion of the GHS as part of the general shear extrusion model [Vannay and Grasemann, 2001].

Exhumation of the LPD by >23 Ma occurred along the contact between the NHCS and Tethyan + Haimanta fold
and thrust belt (Eocene SD). The LPSZ was a >1 km thick shear zone in the Haimanta Group [Thiede et al., 2006;
Langille et al., 2014] as well as structurally higher marble and quartzite that are probably the Shian, Muth, and/or
Pin Formations [see Thiede et al.,, 2006]. At deeper structural positions, the LPSZ extended through the Haimanta
Group of the North Himalayan nappes and to the zone of partial melting (Figure 10b). Exhumation rates for the
LPD, between the end of Barrovian metamorphism at 29 Ma [see Langille et al., 2012] and initiation of decompres-
sion and extension at >23 Ma, were 1.3 mm/yr [Langille et al,, 2012]. Between 30 and 23 Ma, partial melting of the
GHS initiated [Lederer et al., 2013]. Decompression was followed by continued emplacement of the leucogranite
injection complex between 23 and 18 Ma [Lederer et al,, 2013]. Rapid uplift of rocks resulted in dome formation
that caused decompression of partially melted midcrustal rocks. Langille et al. [2012, 2014] proposed that the
localized dome could be, in part, due to hinterland thinning of the crust within a zone of transtension. The
LPSZ occurred at a similar structural level as the horizontal Eocene SD, with Tethyan + Haimanta fold and thrust
belt in the hanging wall and the Haimanta Group of the North Himalayan nappes in the footwall (Figure 10b). This
implies that during the Miocene, the LPSZ formed within the location of the Eocene SD. Undeformed quartzite
from the TSS in the middle of the transect, near Ropa, demonstrates that the southern extent of the LPSZ is lim-
ited to the area that coincides with the margin of the LPD and injection complex (Figure 10b).

At different times between the Eocene and the Miocene, deformation was localized along contacts between
the Eocene SD and the Miocene SD. These accommodated exhumation in response to the dominant kine-
matic setting in different portions of the orogen that favored foreland-directed extrusion or orogen-parallel
extension in the hinterland. While foreland-directed extrusion has been documented in many other portions
of the orogen, orogen-parallel extension in NW India is attributed to more regional processes that were
related to the far-field movement on the Karakoram fault [Thiede et al., 2006; Hintersberger et al., 2010,
2011]. These processes are more specific to this portion of the orogen [Langille et al., 2014]. Strain was loca-
lized near reactivated crustal anisotropies that formed during crustal thickening (e.g., GHS-NHCS or TSS-NHCS
contacts). In this portion of the Himalaya, multiple surfaces could have acted as localized zones for reactiva-
tion, including the contact at the base of the Tethyan+Haimanta fold and thrust belt [Wiesmayr and
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Grasemann, 2002; Neumayer et al., 2004] and the deeper NHCS-GHS contact [Vannay and Grasemann, 2001;
Vannay et al., 2004]. Additionally, the Eocene SD near the base of the Tethyan + Haimanta fold and thrust belt
was reactivated by the LPSZ to accommodate doming of the LPD in the hinterland during orogen-parallel
extension ~ 22 Ma after its initial formation (Figure 10b). The localization of shear zones was controlled by
a combination of rheologic contrasts, zones of partial melting, and the kinematic setting for a particular por-
tion of the orogen (e.g., foreland-directed extrusion versus orogen-parallel extension in the hinterland).

10. Conclusions

New mesoscale and microscale structural data were combined with pressure-temperature estimates from the
Haimanta Group in the upper Sutlej Valley, NW India, to characterize the relationship between crustal thickening,
metamorphism, strain localization, reactivation, and partial melting. Crustal thickening resulted in Barrovian meta-
morphism that culminated during the Oligocene. Our data define a metamorphic and deformational field gradi-
ent that increases from the garnet zone (571 +92°C and 7.8 + 1.4 kbar; 499 + 99°C and 4.5 + 1.4 kbar) through the
staurolite-kyanite zone (567 + 105°C and 6.7 £ 1.6 kbar) to the margin of the Leo Pargil dome. Mesoscale structural
data record two generations of NW trending folds that are consistent for the majority of the 28 km long transect
until the SW margin of the Leo Pargil dome. On the NE margin of the transect, porphyroblasts in the Haimanta
Group that grew during Barrovian metamorphism were overprinted by cordierite and sillimanite as decompres-
sion occurred on the Leo Pargil shear zone at >23 Ma. When combined with published data from deeper struc-
tural positions of the Sutlej Valley, as well as higher structural positions of Pin Valley, new results from this
investigation are used to modify a two-stage conceptual tectonic model for the Eocene-Miocene. These models
exclude the late Miocene to recent. Rocks located at positions below the horizontal Eocene Sangla detachment
at 10 km, which record Barrovian metamorphism, are correlated to the North Himalayan nappes. Partial melting
below the North Himalayan nappes, combined with localized orogen-parallel extension in the hinterland, resulted
in decompression of the Leo Pargil dome at >23 Ma. The Leo Pargil shear zone, which formed on the reactivated
contact (Eocene Sangla detachment) between the Tethyan + Haimanta fold and thrust belt above and North
Himalayan Crystalline Series below, accommodated exhumation. As the GHS was extruded between the Main
Central thrust and SD 23-16 Ma, the Leo Pargil dome was exhumed at a rate of ~1.3-1.1 mm/yr, injected by leu-
cogranites (30-18 Ma), and exhumed during top-down-to-the-west displacement.
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