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Abstract

The Tethyan Sedimentary Sequence, one of th¢ majer tectonic units of the Himalayan belt
cropping out in the inner portion of the Himalayar{ bélg, has been investigated in SE Tibet to unravel
its tectonic and metamorphic evolution.
The Tethyan Sedimentary Sequence recordedhat least three phases of ductile defomation, all of them
associated to the development of folds_ands¢related axial plane foliations. A prominent D1
deformation is progressively overprintedibysa D2 deformation approaching the Yarlung Tsangpo
suture zone to the North. Structural amalysis allowed to recognise two first-order different structural
domains: a southern domain in which™2] is the prominent deformation and a northern domain in
which the D2 overprint predomindtes’ up to transpose D1 deformation. F2 folds show a regional
backward vergence (northwardwwith respect to the southward verging F1 folds. Finite strain data
show an increase of D2-related strain moving to the North. It is worth to note that new P-T-d data
on polydeformed chloritoid/schists point out an increase of both temperature and pressure from D1
to D2 deformation indicating prograde burial during D1-D2 phases and support that F2 folds
developed in a compressive tectonic framework during crustal thickening in the time span of 35-25
Ma. The integration of our new deformation and P-T data with available literature data will help to

deconvolve the long lasted history of this tectonic unit, far away to be well understood.
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INTRODUCTION

Collisional orogens are associated to the development of folds and thrusts linked to several
steps of collision leading to the development of nappe stacks with different metamorphic imprints.
Folds and thrusts have respectively different facing/vergence and sense of tectonic transport
depending on their structural position in the belt architecture and to the timing of their development
within the frame of the whole tectonic history ranging from collisional to extensional tectonic
setting. Opposite vergence is a quite common feature in many orogenic belts and double vergence
orogens have been well described since a long time e.g. Alps (ARGAND#Q16; SCHMIDT et alii 1996)
and Pyrenees (CHOUKROUNE et alii 1990; TEIXELL, 1998).

The Himalayan belt, derived from the collision of the India afid Asia®plates (HODGES, 2000) is

characterized by a spectacular structural continuity of the mainftectenic units divided by important
regional tectonic boundaries for more than 2000 km. The maifi gectonic transport, due to continent-
continent collision is towards the S and SW and moving to the,ifiher zone of the belt top to the north
backthrusts put the Indian derived tectonic units over thesAstaft plate.
This work focuses on the tectonic evolution of the Tethyam, Sedimentary Sequence (TSS) that is one
of the main tectonic units building up the Himalay@n/chain. Its deformation and metamorphic
history and its timing is essential to understand thig evolution of the Himalayan Belt. However, the
great majority of the tectono-metamorphic studiesia the Himalaya focused on the medium- to high-
grade metamorphic rocks of the Greater Hifhalayan Sequence (GHS), the tectonically lower unit,
respect to TSS, in the Himalayan orogenig™pile.

TSS is the northern and uppethost™tectonic units made by a polydeformed package of
predominantly very-low-grade to low-gfade metamorphic sedimentary sequence derived from the
northern Indian plate margin (GANSSERw1964; FuCHS, 1967; BORDET et alii, 1971; GAETANI &
GARZANTI, 1991). To the sough”the TSS is bounded by the South Tibetan Detachment System
(BURCHFIEL et alii, 1992; CAROSI'¢t alii, 1998), a top-down-to-the north shear zone putting the TSS
in contact with the lower meditim and high-grade metamorphic rocks of the Greater Himalayan
Sequence (Fig. 1). To the#orth the TSS is separated from the Lhasa block by the Yarlung Tsangpo
Suture Zone and the top-to-the-North thrust (Great Counter thrust, YIN, 2006) gets it over the
melange complex of the suture zone (Fig. 1).

Although the TSS crops out for hundreds kilometres, there is a lack of a coherent regional
deformation scheme and there are currently limited field-based works focusing on its deformation
history and tectonic evolution (GODIN, 2003; AIKMAN et alii, 2008; RATCHBACHER et alii, 1994;
ANTOLIN et alii, 2010, 2011). In spite of the fact that a general assessment exists regarding the

oldest deformation phase linked to the first stage of continental collision an open debate exists



about the later tectonic phases, on their kinematics and genesis, especially regarding the North
verging folds that have been described along several sections of the belt.

Detailed works on the tectonic evolution of the TSS have been performed in areas close to the
STDS (GODIN, 2003; CAROSI et alii, 2002, 2007; KELLETT & GODIN, 2009; COTTLE et alii, 2011)
focusing on the relations between the development of several generations of folds and the activity
of this important tectonic discontinuity.

Aim of this work is to describe the structural and tectonic evolution and the kinematics of
deformation of the TSS cropping out in a key area of the Himalayan belt, .and to compare it with
other significant structural sections where the tectonic unit is well represgnted, mainly focusing on
the post-D1 tectonic evolution. Moreover, P-T estimations have (echyobtained on a selected key
sample, showing clear (micro-) structural relationships. The intggration of our new deformation and
P-T data with available literature data (e.g. ANTOLIN et alii, 2011s DUNKL et alii, 2011), will help to

unravel the long lasted history of this tectonic unit, far away*te,be well understood.

OVERVIEW OF THE HIMALAYAN GEOLOGY*

The Himalayan belt derives from the collision of the Indian plate, to the south, and the
Eurasian plate, to the north, starting from about®88-50"Ma (MOLNAR, 1984; ROWLEY, 1996, 1998;
DE SIGOYER et alii, 2000; LEECH et alii, 2005; SEARLE et alii, 1997; SEARLE, 2001; GUILLOT et alii,
2003, NAIMAN ET ALi1, 2010). During the cglliSien the Tethyan ocean, interposed between the two
plates, was completely consumed and itssf@mnants can be now followed along the Indus-Tsangpo
suture zone running from western Ladgkh 6 south-eastern Tibet (HEIM & GANSSER, 1939; DEWEY
& BIRD, 1970; FRANK et alii, 1977; MOBNAR & TAPPONIER, 1977; GANSSER, 1980; SEARLE, 1983;
BURG & CHEN, 1984).

The major lithotectonic umits are divided by a series of southwards-propagating, south verging
thrusts rooting into a commowbasal thrust, known as the Himalayan sole Thrust (HODGES, 2000).

Moving from south_to ferth, i.e. from the lowest to the uppermost tectonic units, we can
recognize the Subhimalay@n unit, made up by a Tertiary molasse (Siwalik Group) (DECELLES et
alii, 1998), deposited in a foreland basin formed by flexural down-warping of the Indian plate
beneath the Himalayan load.

The Main Boundary Thrust divides the Siwalik Group from the structurally upper Lesser
Himalayan Sedimentary Sequence (LH) made by sediments deposited in a proximal position on the
Indian shelf from Proterozoic to Cambrian, reaching Paleocenic ages in the more eastern sectors of

the belt (STOCKLIN, 1980; VALDIYA, 1980). The LH has been deformed by thrusts and folds under



low-to medium grade metamorphic conditions (LE FORT, 1975; PAUDEL & ARITA, 2005; DE
CELLES, et alii, 2001; ROBINSON et alii, 2003).

The Main Central Thrust zone, a crustal scale top-to-the South ductile — brittle shear zone,
juxtaposes the Greater Himalayan Sequence (GHS) over the LH.

The GHS consists of medium and high-grade metasedimentary and meta-igneous rocks (Le
Fort, 1975, HODGES, 2000) from Neoproterozoic to Ordovician in age (HODGES, 2000), intruded in
its upper portion by Miocene leucogranites (HODGES, 2000; VISONA et alii, 2012).

The GHS is divided at least into two sub-units, the lower GHS#made mainly by micaschist
and paragneiss, and the upper GHS made by para and orthogneiss, calcsilicates and migmatite
divided by a top to the S and SW tectono-metamorphic discontiffuityn(MONTOMOLI et alii, 2013,
2015)

Two main metamorphic events affected the GHS:gthe, first one, associated to crustal
thickening, is bracketed at > 44 Ma in SE Tibet (AIKMAN ef'@idii, 2008;, 2012) and from 45 to 32 Ma
in Nepal (COLEMANN, 1998; Godin et alii, 1999; CAR@SI e alii, 2010, 2014; IACCARINO et alii,
2015), while the second one occurred at 22-18 Ma, during GHS exhumation and related
decompressional melting (HODGES. 2002; IACCARINO &t glii, 2015).

The South Tibetan Detachment System (SEFRS),’a top-to-the-North brittle-ductile shear zone
(BURCHFIEL et alii, 1992; CAROSI et alii, 1998)ndivides the GHS from the upper tectonic unit,
named Tethyan Sedimentary Sequence (TSS).

TSS is a sedimentary sequence, spanfiing from Paleozoic to Eocene, deformed under very-low
and low-grade metamorphic conditiofig&(GARZANTI et alii, 1994, CROUZET et alii, 2007, DUNKL et
alii, 2011). TSS is intruded by biotite-muscovite granites and leucogranites, emplaced during the
Eocene-Miocene (AIKMAN et alii 42008, 2012) and with their metamorphic carapaces they form the
North Himalayan Gneiss Dount€s ,(NHGD) where highest metamorphic conditions have been
registered (LEE et alii, 2000, XlAN"e? alii, 2012).

To the North the LSS 1s*6ounded by the Great Counter Thrust getting it in contact with the
Lhasa batholith (YIN, 20065 HARRISON et alii, 2000; HODGES, 2000).

TETHYAN SEDIMENTARY SEQUENCE IN SE TIBET AND GEOLOGY OF THE STUDY
AREA

The study area is located in south-eastern Tibet, south of the Yarlung Tsangpo River, and it extends
from Qonggyai in the west until east of Gyaca (Fig. 1). Meso and microstructural analyses have
been conducted along several profiles perpendicular to the main WNW-ESE structural trend of the

belt where the TSS presents superb exposures and crops out for several tens kilometres



The TSS is an almost complete sedimentary sequence deposited on the northern Indian passive
continental margin and it registers the evolution of the Neo-Tethys sea, from the pre-rift stage
(Cambrian — Ordovician) to the final break-up of Gondwana in early Cretaceous and subsequent
sedimentation till Eocene (FUCHS, 1967; GAETANI & GARZANTI, 1991; DUPUIS et alii, 2006; L1U &
EINSELE, 1994; GARZANTI, 1999; HODGES, 2000; YIN, 2006).

During field work we focused on the portion of the TSS constituted by a turbiditic sequence of
Middle Triassic to Early Jurassic age (ANTOLIN et alii, 2010; 2011; CHANG 1984, MERCIER et alii,
1984; PAN et alii, 2004; WEBB et alii, 2013) that crops out for about [0 kilometres along the N-S
study sections (Fig. 1). The flysch is made up by turbiditic sandstone, slates, black shales
interbedded with sandstone and siltstone and locally some limestghe (DUPUIS et alii, 2006; DUNKL
et alii, 2011). The sequence is intruded by Cretaceous mafic dikes and contains also some
ultramafic bodies (ZHU et alii, 2008; XU et alii, 2009; DUNK14€% @lii, 2011).

To the north the TSS is delimited from a mélange complex*and the Cretaceous clastic rocks by the
top-to-the North Renbu-Zedong thrust (YIN et alii, 1994,"1999) and correlated with the Great
Counter Thrust cropping out westward (YIN et alii, 19945 HARRISON et alii, 2000) active between
19 and 15 Ma (QUIDELLEUR et alii, 1997; LI et ality 2045). The mélange complex (constituted by
cherts, shales, marbles, andesite, diorites, mafic and ultramafic bodies, limestones and phyllite) has
been deposited on the growing Neo-Tethys oceamsfloor and incorporated in a subduction complex
mélange (SEARLE et alii 1987). The Crg¢tadeous clastic rocks were deposited in the active
palacomargin of the Indus Yarlung Suturg®Zone (HARRISON et alii, 2000; PAN et alii, 2004; DUPUIS
et alii, 2005).

The southward dipping Renbu—Zeddng thrust has been dated from 19 to 11 Ma (QUIDELLEUR et
alii, 1997).

To the south the Triassic flyschis lithited by the north dipping Lhunze fault (Fig.1), that divides it
from the Jurassic and Cretacgous portion of the TSS sequence (PAN et alii, 2004). The Lhunze fault
has been correlated with the Gyrong-Kangmar thrust, mapped 200 km westward (AIKMAN et alii,
2008)

AIKMAN et alii (2008) recognized in the study area a polyphase tectonic history. E-W trending
south-verging folds, due to N-S shortening event, have been later reoriented by the Great Counter
Thrust giving rise to North verging back-folds. The subsequent tectonic evolution is linked to East-
West extension with the development of North-South trending graben (AIKMAN et alii, 2008;
ANTOLIN et alii, 2010).

Close to our investigated area, near Kangmar, in a zone located between Gyantze and Lhaze,

RATCHBACHER et alii (1994) distinguished syn- and post-collisional structures. The sin-collisional



ones are represented by F1 southverging folds, while the second ones are represented by faults and
top-to-the South foreland-directed thrusts and backthrusts and minor upright folds. While the sin-
collisional structures are widely spread, the post-collisional ones are concentrated, according to
RATCHBACHER et alii, (1994), only close to the suture zone.

In the study area the TSS has been intruded by Eocene-Oligocene granitoids (Yala Xiangbo Dome
and Dala granitoids) (AIKMAN et alii, 2008, 2012; ZHANG et alii, 2005, 2012; Hou et alii, 2012;
Zeng et alii, 2011).

STRUCTURAL DATA

Meso- and microscopic structural analysis has been pefformed” along several sections
perpendicular to the trend of the belt (Fig. 1). Field and microsfructural data point out the presence
of three main ductile deformation phases.

The study area has been divided into two structural démdins based on the dominant phase of
deformation and related fabric orientation (Fig. 1). ThesfirstStructural domain is characterized by
the predominant development of D1 deformation phaséwand it is located southward of the Yala
Xiangbo dome (Fig. 1). The second structural domain is /more to the north and it is characterized by

the predominant development of the D2 tectonic phase (Fig. 1).

1 - D1 tectonic phase

D1 phase is very well expressed ufthe southern sector of the study area (Fig.1) and it is
characterized by the occurrence of meftict6 decametric F1 folds. Their geometry can be referred
mainly to classes 1B (parallel folds); 16, and subordinately to class 2 (similar folds) according to
Ramsay’s classification (RAMSAY#1967):

Best examples have beengdbscrved south of Qonggyai where F1 folds reach decametric size.
Well-preserved sedimentary gtructtires, such as graded bedding and load structures, led to determine
the southward facing of E1 folds*(Fig. 2a).

F1 axial planes arc\{from moderately to steeply dipping toward the north pointing out a
southward vergence of F1 folds. Al axes trend between ENE-WSW and plunge a few degrees both
to the NE and to the SW (Fig. 1).

On F1 fold limbs extensional fibrous composite veins (made by quartz and calcite fibres),
from millimetres to centimetres in size, have been observed. Veins are confined in the more
competent levels and they can be related to the beginning of boudinage processes during folding.
Fibres in veins are oriented parallel to the stylolitic foliation plane and perpendicular to Al fold

axes. Along folds profiles bedding parallel calcitic veins have been detected too. They developed at



the beginning of shortening when fluids were channelized between bedding interfaces along the
clay layers.

Parallel to F1 axial plane a penetrative S1 foliation has been observed (Fig. 2a). S1 strikes
mainly WNW-ESE and dips predominantly towards the NE. The development of S1 foliation is
strongly influenced by rock composition and competency and it shows different aspects in different
sampled areas.

On S1 surfaces object lineations (sensu PASSCHIER & TROUW, 2005) are represented by
mineral lineations made by quartz and calcitic fibres around rigid %®bjects. Best examples are
represented by fibres grown around pyrite crystals that in some cases\reagh centimetric size. Fibres

mainly strike NW-SE (Fig. 2b).

1.1 - Microstructures and deformation mechanisms.

To the South, at the microscopic scale, S1 varieSwftOm a stylolitic foliation to a fine
continuous foliation. In the first case pressure solution igsthe*dominant deformation mechanism and
no dynamic recrystallization has been observed alohg, dissolution planes. Pressure solution
mechanisms are highlighted by the presence of dark{stylolitic surfaces along which undissolved
material is concentrated and by the abundance ofttuncated detrital quartz grains.

A weak dynamic recrystallization along SIwfoliation surfaces and in strain fringes around
porphyroclasts have been observed whenf STy becomes a fine continuous foliation (Fig. 3a).
Synkinematic recrystallization is represent€@ by white mica, chlorite, quartz, calcite and opaques.

Moving to the North, dynamic fgerystallization increases, and S1 becomes a well expressed
fine continuous foliation in the mor€ pelitic layers and an anastomosing spaced foliation in more
arenitic ones. Detrital quartz cryst@lS&how evidence of undulose extinction.

Fibres around pyrite crystals, defining object lineations, are of pyrite type (RAMSAY, 1980)
and at the microscale both face*and displacement controlled types occur (DURNEY & RAMSAY,
1973).

Calcite crystals of bedding parallel veins registered syntectonic twinning that are mostly
referable to type II (BURKHARD, 1993), and only in very few cases Type I and Type III have been
observed, pointing out to deformation temperatures between 200 and 300°C in accordance also with

undulose extinction observed on quartz grains.

2 - D2 tectonic phase
D2 tectonic phase overprints older D1 structures and it can be detected all over the study

outcrops with different characteristics and strain intensity.



In the southernmost outcrops D2 tectonic phase is detectable just by the presence of
millimetric to centimetric F2 folds whereas, moving to the North, F2 folds are better developed
reaching metric size. F2 folds have mostly southward dipping axial planes supporting a northward
vergence i.e. opposite to F1 folds vergence, even if in the more southern areas it dips to the north
(Fig. 2c¢).

According to Ramsay’s classification F2 can be ascribed mainly to classes 1B (parallel) and 2
(similar). They show different opening angles varying from 25° to 85°. A general decrease of
opening angle values can be observed moving from South to North.

A2 axes and intersection lineations (between S1 and S2 surfages) trend NW-SE and plunge
both toward the SE and the NW (Fig. 1).

Parallel to F2 axial planes an S2 foliation has been recogftized. S2 strikes E-W with variable
dipping values both towards the North (southern areas) andgothe South (northern areas). S2 is a
crenulation cleavage in the more southern areas, while meying to the North it becomes a fine

continuous foliation.

In the northern sector of the study area, approaching the suture zone several brittle-ductile
shear zones have been detected (Fig. 2d). In thedsouthernmost outcrops they have been observed
they are localized on the overturned limbs of F2%olds. Overprinting criteria point out that shear
zones developed during the late stages of D2 tegtonic event. Moving to the north, i.e. approaching
the suture zone, the shear zones completelytranspose F2 structures.

When the shear zones are locatédion™the overturned limbs of F2 folds they are centimetric in
thickness, while they reach metric thickness when they completely transpose the folds.

Kinematic indicators are mainlyyrepresented by C-S fabric (BERTHE et alii, 1979), deflection
of the main foliation and minos™drag folds (Fig. 2d). C surfaces strike mainly N080, 20S while S
surfaces are N110, 45S. Stretehifig lineations trend N170 and dip e few degrees towards the South
(Fig. 1). Kinematic indicators peint out a top-to-the-North sense of shear (Fig. 2d).

2.1 -Microstructures and deformation mechanisms.

Moving from South to North S2 is increasingly well developed and primary structures are no
longer detectable.

In the southern areas S2 is a discrete crenulation cleavage and it is not associated to
synkinematic recrystallization (Fig. 3a). Moving to the north a gradual transition to a fine

continuous foliation can be followed (Fig. 3b). S2 develops as a fine continuous foliation in narrow



zones whose thickness varies from few centimetres to decimetres. Moving to the North S2 becomes
the main surface at the outcrop and it completely transposes the S1 foliation. In the northernmost
outcrops it can be classified as a fine continuous foliation associated to a dynamic recrystallization
represented by white mica, chlorite, quartz, calcite and oxides (Fig. 3c¢).

It is worth to note that moving from South to North, the spacing among S2 foliation domains
(sensu PASSCHIER & TROUW, 2005) changes. An estimation of the spacing of foliation domains has
been attempted at the microscale comparing the same lithotypes, i.e. pelitic arenites predominant in
the Triassic flysch. The spacing between foliation domains decreases mg@ving from south to north

and, at the same time, the thickness of foliation domains grows up.

Deformation mechanisms are mainly represented by dugtileqdeformation of quartz crystals
with evidences of undulose extinction. Ductile deformatiop”has been recognized also in calcite
crystals in shear veins developed parallel to shear zone bouftdarics. The calcite crystals show e-twin
lamellae (BURKHARD, 1993). The thickness of a singleslamella is, usually greater than 1 mm. In
some cases the twins are gently bended mainly alongsthe external border. These features are
consistent with the types II and III defined by* BURKHARDT (1993) confining deformation

temperature range between 200 and 300°C.

2.2 - Finite strain analyses

Measurements of finite strain havegb@en performed on fold profiles and on selected samples
from metarenites levels of the TriassiCyflySeh in order to constrain strain partitioning during the D2
tectonic event. We estimated the fifiite §train along a S-N section in relation to the D2 tectonic
events following Lisle’s method ATISLE;*1992). We analyzed F2 folds that show no evidence of
flexural slip deformation mechaffisal and which are not affected by later F3 folds.

The Lisle’s method is pasc@ on the geometrical analyses of folds, measuring the orthogonal
thickness of folded layers (¢) ‘@ different dips of the limbs (a). The method’s basic assumption is
that, at the beginning of fold development, buckling is the main acting mechanism and folds firstly
developed with a constant thickness around their profile. With subsequent increasing of
deformation folds profiles are modified becoming more and more flattened so that thinning along
their limbs and thickening in the hinge zones are registered. Following Ramsay’s classification
(1967) the progressive strain results in the transformation of class 1B folds into class 1C folds.

If deformation is homogeneous, after flattening, the folds profiles are modified so that the
orthogonal thickness of the layer at any point, around fold profile, is inversely proportional to the

stretch. In such a way it is possible to directly construct the strain ellipse plotting in a graph, in



polar co-ordinates, the inverse of the thickness (///) as a function of orientation of the layer tangent
(a). The strain ellipse is fitted through the points on the inverse thickness graph.

We measured the orthogonal thickness of layers in sections perpendicular to the fold axes so
the estimated ellipse axial ratio corresponds approximately to the XZ plane of finite strain ellipsoid
(Fig. 4)

Strain ratio values are shown in Table 1 and they point out an increase moving from the
southernmost outcrops to the northernmost ones, approaching to the Great Counter thrust. Strain
values vary between 4.4 (northernmost analised F2 fold) and 1.27 (southetnmost outcrops).

Finite strain analyses have been performed also on selected mgtarenite samples coming
from the same N-S transect applying both Fry and Ramsay method§ (FRy,1979; RAMSAY, 1967) on
section parallel to XZ plane of finite strain ellipsoid. Sampleg haye been cut parallel to mineral
lineation and perpendicular to S2 foliation.

Basic assumptions for the Fry method to get good ré$ultS are that the distribution of markers
has to be homogeneous and isotropic (see GENIER & ERARD¥2007 for a critical review). We used
detrital quartz grains as strain markers that are quite homegeneously distributed in the samples and
size distribution of particles are well sorted so“that we obtain good regular vacancy fields
surrounded by a higher density corona in the Frydiagrams (Fig.5).

Fry’s method has been applied using EllipseFit 3s2.0. program (VOLLMER, 2015) on six samples
and from 91 to 282 centers have been consid€réds

Rxz values vary from 1.23 to 1.48 (Table#yimoving from South to North showing an increase along
the sampled section.

On the same samples, applying Radmsay’s method (1967), we obtained the same finite strain
increasing trend and Rxz values vatyfzomr2.07 to 2.66 moving along the same S-N direction (Table
1).

The second applied mgthod"shows generally higher values than the first one. This could be
probably due to the factthat the"Rxz values measured are the results of two superimposed tectonic
events (D1 and D2) so that the elliptical shape of quartz grains could be acquired during the
polyphase tectonic history, i.e. during D1 and D2. Fry’s method could be the best one because it is
not dependent on the shape of the strain makers, but it is just a function of particle centers
distribution. In both cases an increase in deformation has been observed moving from the south to

north, approaching to the suture zone.

3 — D3 tectonic phase



This tectonic phase is not ubiquitously developed in the study area. It is associated to the
development of decametric upright folds deforming all the previous structures. Folds are
characterized by rounded hinges and quite wide opening angle. F3 fold axes trend E-W.

The S3 axial plane foliation is a crenulation cleavage (Fig. 3d). No dynamic recrystallization

has been observed along S3 foliation.

METAMORPHIC DATA

1- Overview of metamorphism in the TSS
The Tethyan Sedimentary Sequence experienced, generally, very-low t@ low-grade metamorphic
conditions during deformation (GARZANTI et alii. 1994; HODGES, 20007 CROUZET et alii, 2007,
AIKMAN et alii, 2008; DUNKL et alii, 2011). Several applied faethods such us: illite crystallinity
(GARZANTI et alii, 1994, CROUZET et alii, 2007), RSCM gthegmometry (COTTLE et alii, 2011;
KELLETT & GRUJIC, 2012) and classical thermometry (CRQUZEt et alii, 2007) estimated peak
palaeo-temperatures from 250°C to 450°C. In the study asea"®UNKL et alii (2011) through illite and
chlorite cristallinity obtained diagenetic to high anchizone-low epizone conditions for D1 tectonic
phase, whereas middle epizone conditions were det€rthined for the D2 tectonic event. Beside,
DUNKL et alii (2011) in the study area, determingdyhigher metamorphic conditions, for two samples
(WE-12 and SR-21a of DUNKL et alii, 2011) forwhich they determine P of about 7.8 Kbar and T
around 600°C respectively.
Higher metamorphic conditions have b€en, detected for the lower portion of the TSS, that
discontinuously crops out along the *belt ¥€aching amphibolite facies conditions (JESSUP et alii,
2008; CORRIE et alii, 2012, CAROSI ¢t alfi, 2013).
In order to carry a contribution towardSvthe understanding of tectono-metamorphic evolution of

TSS, in this work we studied a ghloritoid - bearing schist sample (WE-09 in Fig. 1).

2 —Samples petrography and*microstructures

WE-09 sample has a pofphyroblastic texture with large (up to 1 mm in length) chloritoid
porphyroblast, whereas micas have a finer grain size (Fig. 6a-b). The sample has a paragenesis
made of chloritoid + white mica + chlorite + quartz + rutile (Cld + Wm + Chl + Qz + Rt following
mineral abbreviations after WHITNEY & EVANS, 2010 except for Wm), whereas zircon, tourmaline,
minor allanite and (detrital?) monazite (Zrn, Tur, Aln, Mnz abbreviations after WHITNEY & EVANS,
2010) have been detected as accessories phases. Cld grains are optically zoned, with an inclusions

(tiny Wm, Qz, Chl and Rt) rich greenish core and pale-green inclusion-poor rim (Fig. 6a-b-d).



WE-09 sample registered the three ductile described tectonic phases and S1, S2 and S3 foliations
can be recognized (Fig. 6). The earlier foliation (S1), is a continuous slaty cleavage defined by
GSPO (i.e. Grain Shape Preferred Orientation, PASSCHIER & TROUW, 2005) of synkinematic Wm,
Chl, £CId, preserved within the microlithons of the S2 foliation, that could be classified as a
crenulation cleavage defined by GSPO of synkinematic Wm, Chl and Cld (Fig. 6a-b). The late
foliation, S3, is a smooth and wider spaced (with respect to S2) crenulation cleavage oriented at
high angle respect to the S2 (Fig 6d). S3 is defined by insoluble material and rarely by re-
orientation of former mica grains. Cld shows a quite complex blastesisgdeformation relationships
respect to the deformation picture described above (Fig. 6a-d ). Cld dissolution along S3 planes
(Fig. 6d) testifies how Cld is a pre-D3 mineral, whereas relationghipawith D1-D2 are much more
complex. Cld oriented at high angle respect to S2 with its interdal f@liation (Si) discordant with the
main external one (S2), strain caps and Qz pressure shadow§ asound Cld testifies how its growth
occurred in the late stages of D1 deformation event (Fig. 6a), ‘On the contrary, some Cld crystals
show a nearly continuous internal foliation Si with the,eXt€rnal S2 supporting that part of Cld
growth is synkinematic with respect to the developmient of S2 (Fig. 6d). Sporadic decussate
chloritoid overgrowing S2 is also observed (Fig.* 6c)! These observations together support a

continuous growth of this mineral from late D1 phase up to late/post D2 phase and before D3 phase.

3 - Mineral chemistry

Mineral phases have been qualitative identified with EDS system during SEM work at University of
Turin, where also X-ray element map$i6n CId were acquired. After, the main silicate minerals (Cld,
Wm and Chl) were quantitative chenlically characterized at the Dipartimento di Geoscienze
(Universita di Padova) with a CAMECA»SXS50 Electron Microprobe (EMP), using the analytical
protocol reported in CAROSI et @i (2010). Multiple points and grain traverses have been obtained
in order to cover the whole f&Xturally different minerals. Mineral structural formulae were
calculated with the A-X™Software obtained from Tim Holland personal webpage

(http://www.esc.cam.ac.ukitesearch/research-groups/holland/ax).

Chloritoid porphyroblast could be classified as “Fe-rich” Cld (Tab.2) as defined in POURTEAU et
alii, 2014. Alyy p.f.u. ranges from 1.97 to 2.01, whereas Fe’" p.fu. is < 0.01 (Tab.2). Cld shows a
clear zoning from core to rim in major elements with a progressive increase of XMg
(Mg/(Mg+Fe*") from ¢. 0.12 up to nearly 0.18 also coupled with a reduction of manganese (Fig.
7a).



White mica is a celadonite-poor muscovite with a clear interlayer cations deficit (K+Na+Ca<0.91)
that may be due to some substitution of the pyrophyllite end member (e.g. WILLNER ef alii, 2009).
Si*" p.f.u. ranges from 3.02 up to 3.16 (Tab.2, Fig. 7b) and a correlation between Wm composition
and microstructural position is also suggested, indeed SI Wm have generally a lower Si*" p.f.u.
content respect to S2 Wm (3.02-3.10 vs 3.07-3.16 p.f.u., respectively). XPg (Na/(Na+K) is in the
range of 0.12-0.20.

Chlorite is characterized by a quite homogeneous composition with XMg in the range of 0.44—0.50
and Si p.fu. varies between 2.97-3.07. No clear correlation is presentamong Chl microstructural

position and its chemistry.

4 - P-T estimates

4.1- Methodology

Constrains on the P-T history of sample WE-09 was obtaincd either with P-T pseudosections
approach either with empirical chloritoid-chlorite Fe-Mgsexchange, pressure independent, empirical
thermometer of VIDAL et alii (1999). A P-T pseudosectionyin the ten components, MnO-Na,O-CaO-
K,0-FeO-Mg0O-Al,03-Si0,-H,0-TiO, (MnNCKFMASHT) model chemical system, was
constructed with the software Perple X (CONNQELY, 2005) in the P-T range of 0.05-1.05 GPa &
350-600 °C. Iron was assumed as ferrous, since: ) low amount of ferric iron in mineral formulae
was estimated with the A-X software and (i) the presence of Rt (as inclusion and matrix mineral)
and the lack of Mag should indicate lg%Wp oxidation conditions (e.g. LO PO & BRAGA, 2014).
Calculations were performed with the'thermodynamic data set of HOLLAND & POWELL (1998, with
the 2002 upgrade) and with the CORK fluid equation of state (HOLLAND & POWELL, 1991). Solid
solution models used in the calculétions Were: TiBio(HP) for biotite, Pheng(HP) for potassic white
mica, Ctd(HP) for chloritoid, CHI{HP) for chlorite, Gt(HP) for garnet, [IGkPy for ilmenite, Carp for
carpholite, St(HP) for staurolite, HCrd for cordierite, T for talc (further details on solution models
see http://www.perplex.ethz.ch/perplex solution model glossary.html). The models used for
feldspars (plagioclase and'K-feldspar) and paragonitic mica were reported by MASSONNE (2012 and
references therein). Raw graphical results were manually redrawn as shown in CONNOLLY (2005).
Bulk rock composition was obtained, on thin section chip, by X-ray fluorescence spectroscopy
(XRF) analysis using WDS sequential Philips PW2400 spectrometer, hosted at Dipartimento di
Geoscienze (Universita di Padova) equipped with a 3 kW Rh X-ray tube, 4 filters (Al 200 wm,
Brass 100 pum, Pb 1000 um and Brass 300 um), 3 collimators (150 pum, 300 um and 700 um), 5
analyzing crystals (LiF220, LiF200, Gelll, PE002, TIAP100), 2 detectors (flow counter and
scintillator), and the sample changer Philips PW2510 with 30 sample holders. The analyses,



performed under vacuum conditions, and using the SuperQ software from Panalytical, were based

on calibrations calculated on geological reference standards (GOVINDARAJU, 1994).

4.2 - P-T results

Sample WE-09 bulk composition plots in the high-Al pelite field of AFM diagram according to
SPEAR (1993), whereas in the HERRON (1988) classification it falls in the shale field.

The WE-09 P-T pseudosection is presented in Fig. 8a. Cld is predicted to be stable in a very large
part of the calculated P-T space, except in the HT side (timbered part¥of Fig. 8a) where Cld is no
more stable (e.g. consumed to produce St).

The observed WE-09 phase assemblage (in bold in Fig. 8a) occupies“a latge part of the P-T range
and it is limited by the occurrence of garnet, ilmenite, plagioclaseepidote and staurolite (Fig. 8a,
Fig.9 ), not observed in the sample. Small modal amount (<5%)ef Pg is predicted to be stable in the
P-T field, even if was not observed, and it could be reasonably ‘inferred to occur in submicroscopic
interlayers in white mica (e.g. WILLNER et alii, 2009; PQURTERU et alii, 2014).

Relevant isopleths are shown in Fig. 8b,c. XMg isopleth$sin Cld have an almost always sub-vertical
shape and are largely function of the T. Si p.f.u. isopleths in potassic white mica (Fig. 8b) have a
nearly flat slope and increase with rising pressurgs

According to isopleths contouring (i.e. XMg @ld, Fig. 8c) the observed Cld zoning (XMg
core=0.118-0.122, XMg rim=0.167-0.177) t€stifies a prograde T increase from c. 425-450°C up to
500-550°C.

T estimates, with empirical calibratiofyef VIDAL et alii (1999) for chloritoid rim (XMg rim=0.167-
0.177) matched with matrix chlorite (XMg= 0.48-0.50) gives T in the range of 494-541 °C (£60°C,
VIDAL et alii, 1999). Coupling CId fumswwith matrix chlorite with lowest XMg (0.44), gives still
higher temperature 571-599°C,g%hich appears too much high if compared with mineral assemblage
predicted by P-T pseudosection at the same temperature (Cld absent fields, Fig. 8), and it could
indicate non-equilibrium,_conditfion among these selected mineral pairs (e.g. FRANCESCHELLI &
MEMmMI, 1999). The lack of suitable chlorite grains in the core of the chloritoid prevents a strictly
constrained application of this thermometer for the chloritoid core. If we assume that Cld core
(XMg=0.118-0.122) was in equilibrium with matrix chlorite with the lowest XMg (i.e. XMg=0.44)
temperature values 0f 448-458°C (+60°C, VIDAL et alii, 1999) are obtained, in good agreement
with pseudosection estimates. If Cld core is coupled with Chl with the highest XMg (0.50) still
lower T, in the range of 390-398°C, are obtained. Despite VIDAL et alii (1999) cautioned to use this
empirical thermometer for extreme rich Fe- and Mg- composition, we observe a good overlap

between this thermometer and P-T pseudosection results and in both cases core to rim estimates



(see also Lo PO & BRAGA, 2014), testifies a prograde growth of Cld. Indications on pressure change
could be obtained with Wm chemistry. Lower Si*" (p.f.u.) observed on Wm on the S1 (see above),
indicates a P of equilibration of nearly 0.35-0.55. Wm on S2 show higher Si (with an average of
3.11 p.f.u.) and they indicate equilibration of the rock at a peak pressure of nearly 0.75-0.85 GPa.

These chemical pattern (Cld zoning and Wm heterogeneity) coupled with microstructural
observations suggest that WE-09 sample experienced an increase of P during the prograde growth
of Cld reaching “P-T-peak conditions” of ¢. 0.75-0.85 GPa, 500-525°C%

In this way a “clockwise” P-T path is reconstructed in the WE-09 saniple (Fig. 9), where a T as well
P increase occurred from D1 to D2 stages. The lack of Ilm, P1, Grt and St production on cooling,
permits to exclude substantial heating on decompression (Fig{ 9)4of the P-T path segment after

metamorphic peak (red dashed line in Fig. 9), likely related tofD3yevent.

DISCUSSION

Meso- and microstructural analyses highlighted theypresence in the study area of three main
ductile events followed by a brittle phase of deformation. The first D1 deformation phase is linked
to the development of south-facing E-W trending\F1 folds with associated a very-low grade axial
plane foliation. The D2 tectonic phase is heterogencous and it is associated to E-W trending F2
folds, from upright to North-verging, associgtcdto an axial plane foliation. During the late stages of
D2 tectonic event top-to-the north brittle-d@getile shear zones developed.

A further D3 tectonic phase, nef ubiquitously developed, gives rise to hectometric upright
open folds. Later NE-SW normal(faults cut the sequence developing the Yadong Gulu rift
(RATSCHBACHER et alii, 1994; ANFOLWN é¢ alii, 2010).

Structural analysis allow€d t0 individuate in the study area two main structural domains: a
southern domain where the @1 ductile event predominates and a northern domain where the D2
ductile event is the main.one afid S2 is the main structural surface at the mesoscale.

All along the chain & polyphase tectonic history of the TSS has been already recognized by
previous studies (BURG & CHEN, 1984; COLCHEN et alii, 1986; BROWN & NAZARCHUK, 1993;
RATCHBACHER et alii, 1994; GODIN, 2003; GODIN et alii, 1999; VANNAY & STECK, 1995;
WIESMAYR & GRASEMANN, 2002; CAROSI et alii, 2002 and 2007; ARMUO et alii, 1986; MURPHY &
YIN 2003; AIKMANN et alii, 2008) and most of the Authors agree that the principal deformation
phase D1 is related to Tertiary shortening and led to the development of widespread south verging

folds during a compressional tectonic setting. Geochronological data for D1 deformation phase are



around 50 Ma (RATCHBACHER et alii, 1994) and ~ 45 Ma (GODIN, 2003; KELLET & GODIN , 2009;
DUNKL et alii, 2011)

A minor amount of data is available for the post-D1 tectonic evolution and there is a not a
general agreement on the tectonic interpretation and kinematics of the later folding events.

In addition most of the studies about the D2 tectonic phase are concentrated close to the South
Tibetan Detachment (KELLETT & GODIN, 2009; CAROSI et alii, 2002 and 2007). Detailed structural
analyses have been performed in central and western Nepal. In central'Nepal (Annapurna Range),
some Authors (GODIN et alii, 1999; GODIN, 2003; KELLETT & GODIN, 2009; GODIN et alii, 2011)
agree that the D2 deformation phase associated to North-vefging, F2 folds developed in a
compressive tectonic setting (D2 of GODIN, 2003) and pre-détesqthe activity of the STDS (D3
tectonic phase of GODIN, 2003).

A different interpretation has been proposed by CAROSI et alii (2002 and 2007) which
interpreted, in western Nepal, the north-verging F2 folds ®6eval with the activity of the STDS
developed in an extensional tectonic setting. A recent reinterpretation in the Annapurna range by
SEARLE (2010) confirms the extensional tectonic setting for the F2 folds.

Structural studies closer to our investigatedsarea (RATSCHBACHER et alii, 1994) distinguished
a post collisional deformation event, whose main‘effect is the reactivation of the suture zone along
which most of the deformation is concentratéd.

Post-collisional deformations are uepresented by several fault sets and by top-to-the south
foreland-directed thrusts and backthrtists. Also minor folds, from open to tight, generally upright
are associated to the post-collisiondl evient. Most of post-collisional structures are concentrated
along the boundaries of tectono-stfatigraphic units between the Gandgese belt in the north and the
TSS, i.e. Indian shelf, in the South. Backthrusts mainly developed in the Xigaze group cropping out
in between the TSS and the Gandg€se batholith.

Post-collisional deformatiéns are not widespread in the TSS and develop only very close to
the Suture zone deforming\previous sin collisional structure.

In the study area, AIKMAN et alii (2008) described north-verging folds interpreted as the result
of a passive reorientation of older south-verging F1 folds due to the activity of the Great Counter
Thrust towards the North. So they assess that the recognized north verging folds are not due to an
additional folding phase, but F2 structures are just due to a local reorientation of F1 axial planes.

Data collected during this work are in agreement with previous Authors regarding the oldest

D1 tectonic phase and the youngest tectonic phase linked to E-W extension, but some main points



have to be discussed regarding the D2 tectonic event, as our data point out a much more complex
evolution for this deformation phase.

Meso and microstructural analyses highlighted that D2 did not developed only close to the
suture zone (RATSCHBACHER et alii, 1994) but it is widespread all over the study area and it can be
recognized at least 100 kilometres southward of the suture zone itself.

D2 has a marked heterogeneous development. In the southern structural domain it is
associated to the development of a crenulation cleavage and only centimetric minor folds can be
observed. Moving towards the North (northern structural domain) F2 felds developed from metric
to decametric scale and from upright they become overturned approaching the suture zone. S2
foliation, moving northward, becomes progressively much better defified ahd it is also associated to
dynamic recrystallization. S2 transposes completely the oldef” Sl foliation, becoming the main
structural surface in the field.

Our data suggest that the northward vergence of F2 félds™is not an apparent one (AIKMAN ef
alii, 2008) and it is not due to a local reorientation of Ed aXial planes due to the activity of STD-
MCT fault system (AIKMAN et alii, 2008); on the bastsyof meso and microstructural data (clear
development of S2 foliation parallel to F2 axial planésfand folding of S1 foliation in the hinge zones
of F2 folds) we can asses that D2 is a distinct tecenic phase linked to a N-S shortening event.

The end of D2 tectonic event in the study®area has been dated, in the Northern structural
domain, at about 24-22 Ma (DUNKL et alii, Z0M,) predating the STDS activity. The STDS closer to
the study area crops out southward jfApBhutan several tens kilometres southwards. Th/Pb
geochronology dating in granites beloAging™o its footwall indicates that it was active at 12.5-12 Ma
and 15.5-11.0 Ma in the Khula Kangf1 Massif and the Masang Kang area respectively (EDWARDS &
HARRISON, 1997; WU et alii, 1998) KELLETT et alii (2009) through U-Pb geochronology of
magmatic zircons in deformed J€ucogranites and sills give ages between 15.5 and 10 Ma. A strand
of the STDS cropping out @*litff€ bit westward, in Sikkim, has been dated through zircon and
monazite at ca. 17 and 15-14 Ma& (CATLOS et alii, 2004).

This can be in agreenient with what has been proposed for the F2 folds in central Nepal. Here
GODIN et alii (1999, 2011), GODIN (2003) and KELLETT & GODIN (2009) proposed that F2 folds
may have originated during an Oligocene contractional event before the ductile motion of the
Annapurna detachment (i.e. STDS in Kali Gandaki area, central Nepal) on the basis of crosscutting
relationships, geometric and kinematic constraints and U-Pb geochronology.

By the way an open question regards the relations among the TSS deformation events and
granitoids emplacements. AIKMANN et alii (2008) report that the Eocene granitoids (Dala granitoid)

emplaced after the D2 deformation, placing an older lower bound to the D2 tectonic phase. By the



way this supported that a significant crustal thickening should have been occurred during the first
tectonic phases of Himalayan orogenesis, according to the Authors during the first 10-20 Ma
(ATKMANN et alii, 2008).

Our metamorphic data indicate prograde burial during D1-D2 phases (Fig. 9) and support that F2
folds developed in a compressive tectonic framework during crustal thickening. Moreover, our
“peak” estimates for the study sample, are in good agreement with previous estimates of
“relatively” close WE-12 sample (meta-mafic dyke) in DUNKL et alii, 2011, which reported
equilibration T-P values of 474+35°C (or better +50°C, see DUNKL efé@idii, 2011) and 0.64 (= 0.16
GPa) and with SR-12a sample (531+13°C and 0.94+0.1 GPa). Thepresent metamorphic findings
are further evidences that “the multiple folded thrust pile of TS has ¢xperienced thermal peak
conditions up to amphibolite facies (DUNKL et alii, 2011). Thesey medium-grade TSS rocks are
preserved, beside to near the STDS and to the NHGD, also uf seme localities (as for instance WE-
09, SR 12a localities) where sufficient structural thickening%eldted to thrust imbrications and large
scale folding is observed (e.g. HODGES, 2000).

Older ages for D2 tectonic phase have been proposed by CROUZET et alii (2007) that found, in
western Nepal, K/Ar ages around 30-25 Ma. Moreover secondary pyrrhotite remanences support
that F2 folding, in the same area, was about 35-32,Ma“(APPEL et alii, 1991, 2012; CROUZET et alii,
2001; ScHILL et alii, 2003).

In the northernmost sectors of the stgdy“area, i.e. close to the suture zone, brittle — ductile
shear zones developed always showing @ top-to-the-North sense of movement. The shear zones
developed on the reversed limb of F2%lorthi*verging folds but moving closer to the GCT and to the
SZ they become wider and completely transpose F2 folds. Overprinting criteria between shear zone
and F2 folds led us to conclude ghatyshear zone developed during or after the last stages of D2
deformation. Their sense of tegfdniC movement and the strengthening of non coaxial deformation
approaching the suture zone led uS'to correlate them with the GCT activity constrained between 18-

10 Ma bringing the TSS,over th€' Gangdese belt of the Lhasa block (Fig. 1).

CONCLUSIONS

In this contribution we present meso and microstructural data to better constrain the tectono-
metamorphic evolution of TSS in Southern Tibet. Structural and tectonic evolution of the TSS is
still poorly constrained due to the lacking of data and difficult access in Tibet.

- The TSS in the study area registered at least three ductile defomation phases all of them associated

to the development of folds and related axial plane foliations;



- two different structural domains have been recognized: a southern domain in which D1 is the
prominent deformation and a northern domain in which the D2 overprint predominates;

- D2 shows a backward vergence (northward) with respect to the D1 tectonic phase;

the northward vergence of F2 folds is not a local phenomena, related to the activity of the STDS,
but it is regionally developed

- D2 —related deformation is progressively more penetrative approaching the suture zone;

- finite strain analyses on F2 folds and on selected samples show a strain increase from South to
North for the D2 tectonic phase;

- in this work we confirm a T increase from D1 to D2 along a contiiuvous nearly N-S section and
for the first time we highlight a pressure increase from D1 to D2 téctonic phases.

Anyway, further investigations are necessary to better understdnd ¢he relationships among earlier

deformation event and magmatism in the inner portion of the ASS,
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LIST OF FIGURE AND FIGURE CAPTIONS

Fig. 1 — Schematic geological map modified after Antolim ef*a/ii (2010 and references therein)
where the two main structural domains are shown. In the ansets” structural projections (Wulff net,
lower hemisphere) of the main structural elements arc“shown. Abbreviations: TSS: Tethyan
Sedimentary Sequence; GHS = Greater Himalayan Sequence; NHGD: North Himalayan Gneiss
Dome; LB = Lhasa Block; STDS = South Tibetaih Détachment System; GCT = Great Counter

Thrust. . Red line: trace of geological cross section

Fig. 2 — Main outcrop’s features alohg a S-N structural transect. a) Southward facing
decametric F1 tight fold. In the insert loadeed8t structures from the upper limb of fold pointing out
normal polarity of bedding; b) Calcitiestramdfringes around pyrite crystal; ¢) Northward verging F2
fold; d) Brittle — ductile shear zonesfWith well developed C-S fabric pointing out a top-to-the-NE

sense of shear. See text for more explanations.

Fig. 3 — Microscopic aspeet of S1, S2 and S3 foliations moving from S to N: a) Fine
continuous S1 foliation deformed by a faible S2 crenulation cleavage in the southern portion of
domain 1; b) S2 Spaced feliation with dynamic recrystallization (central portion of the transect). In
the microlithons S1 is preserved; c¢) fine continuous transpositive S2 foliation with dynamic
recrystallization (Northernmost portion of the transect); d) Microscopic features of S3 gradational
crenulation cleavage. No dynamic recristallization has been observed. S1 and S2 foliations are also
present.

Fig. 4: Example of strain analyses on F2 fold profile according to Lisle’s method (1992)
(CM11 fold). Left: redrawn fold profile along which measurements of orthogonal thickness (t1, t2,
t3..) of folded layers have been taken at different dipping angles (1, 2, 3,...); Right: Construction of



strain ellipse plotting inverse thicknesses at different dipping angles (Inverse thickness

measurements have been plotted at 1:5 scale for graphical resolution of strain ellipse).

Fig. 5: a) Microphotograph of metarenites used for strain analyses (sample CM4). Quartz
pebbles have been used as strain markers (Crossed nicols); b) example of finite strain calculation
using Ellipse fit program (Vollmer, F.W,, 2015. EllipseFit 3.2.0.
http://www.frederickvollmer.com/ellipsefit) (N= number of centers, R= estimated strain ratio; a:

orientation of the strain ellipse long axes respect to a horizontal referenéeling)

Fig. 6: Microstructural aspects of sample WE-09. (a) General viewfof the Sample, showing the three
main foliations (S1, S2, S3); (b) relationship between main foliatien (S2), and Cld porphyroblast
internal foliation (Si). The Si is continuous with the extgthal S2 foliation; (c) decussate Cld

porphyroblast; (d) close up view of Cld dissolution along S3%surface (arrow);

Fig. 7: Chemical composition of main minerals: (a) XMgyCld vs MnO (wt%) showing Cld zoning.
In the inset qualitative (SEM based) Fe X-ray map of €ld porphyroblast shows Fe-rich core and Fe-
poor rim; (b) Compositions of Wm. The line reppesents ideal muscovite-(Fe,Mg) aluminoceladonite

join;

Fig. 8: (a) P-T pseudosection for samplg®WE-09; (b) Si (p.f.u.) isopleths in Wm (c) Isopleths of
XMg in Cld.

Fig. 9: Inferred P-T path for Cld-BearingsWE-09 sample based on P-T pseudosection and chlorite-

chloritoid thermometer (Tvg.a199)"0f VIDAL et alii (1999)

LIST OF TABLES

Table 1: Rxz finite strain data from metarenites applying Fry and Ramsay’s methods (Method
1: FRY, 1969, Method 2: RAMSAY, 1967) and from Lisle’s method (Method 3: LISLE, 1992) on

selected F2 folds along a S-N transect. See text for more details.

Table 2 : representative mineral chemistry of Cld, Chl and Wm. Abbreviations as follows: C=

core, R=rim, S1= foliation in the microlithons, S2=main foliation, nor.0= normalized oxygens.
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main structural elements are shown. Abbreviations: TSS: Tethyan Sedimentary Sequence; GHS = Greater
Himalayan Sequence; NHGD: North Himalayan Gneiss Dome; LB = Lhasa Block; STDS = South Tibetan
Detachment System; GCT = Great Counter Thrust. . Red line: trace of geological cross section
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Fig. 2 - Main outcrop’s features along a S-N structural transect. a) Southward facing decametric F1 tight
fold. In the insert load cast structures from the upper limb of fold pointing out normal polarity of bedding ;
b) Calcitic strain fringes around pyrite crystal; c) Northward verging F2 fold; d) Brittle — ductile shear zones
with well developed C-S fabric pointing out a top-to-the-NE sense of shear. See text for more explanations.
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Fig. 3 - Microscopic aspect of S1, S2 and S3 foliations moving from S to N: a) Fine continuous S1 foliation
deformed by a faible S2 crenulation cleavage in the southern portion of domain 1; b) S2 Spaced foliation
with dynamic recrystallization (central portion of the transect). In the microlithons S1 is preserved; c) fine
continuous transpositive S2 foliation with dynamic recrystallization (Northernmost portion of the transect);
d) Microscopic features of S3 gradational crenulation cleavage. No dynamic recristallization has been
observed. S1 and S2 foliations are also present.
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Fig. 4. Example of strain analyses on F2 fold profile according to Lisle’s method (1992) (CM11 fold). Left:
redrawn fold profile along which measurements of orthogonal thickness (t1, t2, t3..) of folded layers have
been taken at different dipping angles (1, 2, 3,...); Right: Construction of strain ellipse plotting inverse
thicknesses at different dipping angles (Inverse thickness measurements have been plotted at 1:5 scale for
graphical resolution of strain ellipse).
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N=282
| R=1,420
..,' a=175,45°

Fig. 5: a) Microphotograph of metarenites used for strain analyses (sample CM4). Quartz pebbles have been
used as strain markers (Crossed nicols); b) example of finite strain calculation using Ellipse fit program
(Vollmer, F.W., 2015. EllipseFit 3.2.0. http://www.frederickvollmer.com/ellipsefit/) (N= number of centers,
R= estimated strain ratio; a: orientation of the strain ellipse long axes respect to a horizontal reference line)
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Fig. 6: Microstructural aspects of sample WE-09. (a) General view of the sample, showing the three main
foliations (S1, S2, S3); (b) relationship between main foliation (S2), and Cld porphyroblast internal foliation
(Si). The Si is continuous with the external S2 foliation; (c) decussate Cld porphyroblast; (d) close up
view of Cld dissolution along S3 surface (arrow);
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Fig. 7: Chemical composition of main minerals: (a) XMg Cld vs MnO (wt%) showing Cld core-rim zoning; (b)
Compositions of Wm. The line represents ideal muscovite-(Fe,Mg) aluminoceladonite join;
106x51mm (300 x 300 DPI)

v

g
&
O
O
N~



Italian Journal of Geosciences

$i02 56.19, Ti02 0.81, A1203 21.46, FeO 8.86, MnO 0.21, MgO 3.03, Ca0 0.20, Na20 0.44, K20 2.80, H20 6.00 (w1%)
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Fig. 8: (a) P-T pseudosection for sample WE-09; (b) Si (p.f.u.) isopleths in Wm (c) Isopleths of XMg in Cld.
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Fig. 9: Inferred P-T path for Cld-bearing WE-09 sample based on P-T pseudosection and chlorite-chloritoid
thermometer (TV&al99) of VIDAL et alii (1999)
198x199mm (300 x 300 DPI)

<z
<



Italian Journal of Geosciences

4

Table 1: Rxz finite strain data from metarenites applying Fryfan

1: FRY, 1969, Method 2: RAMSAY, 1967) and from Lisle’s

selected F2 folds along a S-N transect. See text for more d
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South

North

https://mc.manuscriptcentral.com/ijg

Sample Method 1 Method 2 Sample Method 3

n° centers Rxz Rfmax Rf min Rxz Rxz
cM1 191 1.234 3.0 1.43 2.07 CM7 1.06
cMm2 91 1.251 3.14 1.40 2.09 cMm8 1.26
CM3 98 1.273 3.67 1.40 2.26 CM9 1.45
CM4 282 1.420 4.00 1.44 2.40 CM10 2.04
CM5 96 1.484 4.29 1.50 2.53 C& 2.26
CMe6 119 1.488 4.44 1.60 2.66 '&

amsay’s methods (Method

%) (Method 3: LISLE, 1992) on
S;
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Table 2: Representative mineral chemistry of Cld, Chl and Wm.
Abbreviations as follows: C = core, R = rim, S1 = foliation in the microlithons, S2= main
foliation, nor. O = normalized oxygens.

Cld Cld Cld Cld Chl Chl Chl Chl Wm Wm Wm Wm

© R) © R) (S1) (S1) (82) (82)
SiO, 24.44 24.65 25.99 24.02 24.42 24.34 24.59 25.11 44.64 45.58 46.78 46.86
TiO, 0.04 0.03 0.02 0.01 0.05 0.05 0.12 0.15 0.18 0.25 0.19 0.23
ALOs 40.92 41.18 39.81 41.35 24.05 23.98 24.12 24.44 34.69 35.19 33.98 34.95
Cr0; 0.00 0.02 0.05 0.01 0.02 0.00 0.04 0.04 0. 0.04 0.00 0.04
Fe,05* 0.00 0.00 0.00 0.32 0.00 0.00 0.00 0.00 227 51 0.00 1.40
FeO 24.39 23.48 23.86 23.00 25.18 25.33 25.08 24.39 8 0.58 1.14 0.54
MnO 1.46 0.78 1.37 0.65 0.27 0.32 0.32 0.37 0 0.03 0,02 0.00
MgO 1.82 2.70 1.87 2.77 13.90 13.83 12.53 10.95 1.5 0.65 1.06 1.09
CaO 0.01 0.01 0.01 0.01 0.02 0.01 0.00 0.03 . 0.03 0.00 0.03
Na,O 0.02 0.00 0.00 0.02 0.02 0.00 0.06 0.17 .08 1.07 0.89 0.87
K,O 0.00 0.04 0.02 0.01 0.00 0.01 0.19 A4 7.54 8.27 8.71 8.51
Total 93.10 92.89 93.00 92.17 87.93 87.87 87.06 6.1 93.02 93.21 92.77 94.51

nor. O 6 6 6 6 14 14 14 1 11 11 11 11

Si 1.007 1.009 1.065 . . . & 79 3.020 3.069 3.159 3.108
Ti 0.001 0.001 0.001 . . h .012 0.009 0.013 0.009 0.011
Al 1,987 1.988 1.924 3.074 2.767 2.794 2.705 2.733
Cr 0.000 0.001 0.002 0.004 0.001 0.002 0.000 0.002
Fe’ 0.000 0.000 0.000 0.000 0.116 0.077 0.000 0.070
Fe 0.840 0.804 0.818 2.176 0.050 0.033 0.064 0.030
Mn 0.051 0.027 0.048 0.033 0.003 0.002 0.001 0.000
Mg 0.112 0.165 0.114 1.741 0.161 0.066 0.107 0.107
Ca 0.000 0.000 0.000 0.003 0.004 0.002 0.000 0.002
Na 0.002 0.000 0.000 0.036 0.142 0.140 0.117 0.112
K 0.000 0.002 0.001 0.062 0.651 0.711 0.750 0.720




