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In Western Bhutan Himalayas leucogranite dykes en@d in sub-vertical hybrid fractures

Abstract

that cut across the high-grade rocks of the upper atér Himalayan Sequence just below to
the South Tibetan Detachment. The granitic dyke@to the North often showing a mylonitic
deformation with a top-down to-the-N se shear. The high-angle fractures are
interpreted to be related to the evolution off¢he South Tibetan Detachment toward a brittle
regime of deformation. U-Pb monazite Jages constrain the leucogranite emplacement at
13.9+06 Ma implying that brittle-ducti rmation of the South Tibetan Detachment was
active at that time. NNE-SSW to K -W trending large scale antiforms and synforms
mapped in NW Bhutan affecteQ Greater Himalayan Sequence and South Tibetan

Detachment only after 14 Ma. @

O
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The Greater Himalayan Sequence (GHS) is the metamorphic core of the Himalayan belt

Introduction

(Fig. 1) and consists of medium to high-grade metamorphic rocks widely intruded by Miocene
leucogranites in its upper portion (the upper GHS, GHSu) (DEBON et alii, 1986; VISONA &
LoMBARDO; 2002; VISONA et alii, 2012; SEARLE, 2013). Leucogranites form both large-size

granitic plutons such as the Makalu (STREULE et alii, 2010), Manaslu (GUILLOT et alii, 1994),



Nuptse (JEssup et alii, 2008) and Bura Buri (CARosI et alii, 2013) and smaller sized melts whose
emplacement was controlled by tectonic structures (SEARLE et alii, 2010). The volume of syn-
orogenic granites varies along the strike of the belt, reaching greatest volumes in the eastern
part of the Himalayas (LEECH, 2008 with references).

Himalayan leucogranites are commonly subdivided in two groups: (i) biotite or two mica
granite (* tourmaline #* cordierite *+ sillimanite + andalusite * kyanite * garnet) and (ii)
tourmaline granite (* andalusite * sillimanite + garnet). In Bhutan, leucogranites intruded in
the upper GHS and in the overlying Checkha Formation beth-U Ma (EDWARDS &
HARRISON, 1997; VISONA & LoMBARDO 2002; VISONA et alii, 2012, et alii, 2002; KELLETT et
alii, 2010). The origin of these leucogranites is attributed to hpression melting at 25-11
Ma during the exhumation of the GHS (HARRIS & MASSEY, 1994; PATINO-DOUCE & HARRIS, 1998;
SEARLE, 2013). In addition to this, recent reports of mel sions of tonalitic compositions
within garnets of the GHS in Central Nepal that forme ~41-36 Ma (CARoSI et alii, 2015;
IACCARINO et alii, 2015) suggest that melts were alsc@ent at peak metamorphic conditions
(KING et alii, 2011).

Geological investigations in Western Bhuta @‘ecognized two different generations of
Higher Himalayan leucogranites emplaced j GHS, characterized by different age and
tectonic setting. (1) A first generation of concordant leucogranites intruded the core of the
GHS (Gasa-Koina-Laya area; Fig. 2) at 20 a (CARrost et alii, 2006). Their emplacement and
cooling are closely related to the deve@ent of high-grade, ductile and normal-sense shear

zones with a top-to-the SE sense of (CaRrosl et alii, 2006). The normal-sense shear zones
have been interpreted to accom te the lengthening of the inner part of the GHS in
response to the pure shear com t of the flow as indicated by kinematic vorticity analysis

(CARosI et alii, 2006; Law ettalii)2004; LARSON & GODIN, 2009). (2) A second generation of
leucogranite dykes have béen found northeast of Laya village in Western Bhutan (Fig. 1; Fig.
2) associated with a s high-angle fractures, with a width of few meters and length of
several hundred meters, that occur just below the South Tibetan Detachment (STD) and above
the Laya Thust (Grujic et alii, 2011). Regarding the second group, because of their defined
structural position, geochronology of leucogranites has been used to constrain the age of STD
in the inner part of the belt (inner STD; KELLETT et alii, 2009, 2010).

The GHS as well as its tectonic boundaries (i.e. the Main Central Thrust and STD) were
later deformed in a system of large-scale antiforms and synforms occurring at the regional
scale (CARosI et alii, 1999). This late folding event is responsible for the formation of outer

klippen of GHS and overlying Tibetan Sedimentary Sequence cropping out in the frontal part



of the belt. Once these late antiforms and synforms were activated, slip movements along the
STDS became difficult and deformation retreated to the inner part of the belt (KELLET et alii,
2009). Despite the regional importance of this "late" folding event in shaping the frontal part
of the belt, its timing is still poorly investigated. In this framework, we describe the structural
position and constrain the chemistry and emplacement age of the leucogranite dykes in the
nearly vertical fractures and in turn provide a lower limit for the timing of the large scale

folding event.

Geological background . \Q

The Himalayan belt is characterized by the occurre Q system of top-to-the North
normal-sense ductile to brittle shear zones puttin %contact the upper low-grade
Paleozoic-Mesozoic rocks of the Tethyan Sedimentar uence (TSS) with the tectonically
lower medium- to high-grade metamorphic rocks he Greater Himalayan Sequence (GHS)
(BURCHFIEL et alii, 1992; BURG et alii, 1984; CABY e@1983; CAROSI et alii, 1998; SEARLE, 1999;
SEARLE et alii, 2003). This system, known as the Seuth Tibetan Detachment System (STDS),
extends for almost the entire 2400 km length'®fthe Himalayan belt.

Two major discontinuities are reﬁed as having a major role in the tectonic
mechanisms invoked for the exhumati he GHS; they are the STDS and the lower Main
Central Thrust (MCT), a ductile sh @e separating the GHS from the structurally lower
Lesser Himalayan Sequence (LHS) tonic models of channel flow (BEAUMONT et alii, 2001),

critical taper (KoHN, 2008), wed ion (WEBB et alii, 2007) and wedge extrusion (HODGES

et alii, 1992, GRrujic et alii, 19 NAY & GRASEMAN, 2001; GOSCOMBE et alii, 2006) all refer to

these two major disconti . More recently it has been proposed that tectonic and
metamorphic discontinuitieS*#within the GHS, and older than the MCT, divide this high-grade
unit in two portions: a er and an upper GHS (GHSI and GHSu; MonTOMOLI et alii, 2013,
2015). The existence of such intermediate discontinuities puts into questions models based

only on MCT and STDS (e.g. MoNTOMOLI et alii, 2015).

In central Nepal, the STDS was initially defined as a brittle fault (BURCHFIEL et alii, 1992)
and later recognized as a system made by a lower ductile shear zone and an upper brittle fault
(CaRosl et alii, 1998). However, along the belt and depending on the structural level of the

exposed STDS, the ductile shear zone is always recognizable whereas the upper brittle fault is



sometimes lacking or not exposed (COTTLE et alii, 2007; KELLETT & GRUJIC, 2012).

In nearby Bhutan, KELLETT et alii (2009, 2010) recognised a different architecture of the
STDS in a N-S section from the orogenic front to the inner portion of the belt where the
portion of the discontinuity closer to orogenic front is called outer STDS whereas the internal
portion is called inner STDS. They define the outer STDS as mainly a ductile shear zone that is
not affected by brittle faults and is folded in synformal klippen. The outer STDS is traceable all
along the belt and it better preserves the Miocene ductile structures of the STDS. According to
KELLETT et alii (2010), ductile shearing is temporally constraine&wveen c. 23 to 16 Ma,
following the peak metamorphism in the GHS and Chekha fo n. The inner STDS is a
younger ductile to brittle shear zone active in more recent @Wlth respect to the outer
STDS (KELLETT et alii, 2009; 2010). According to KELLETT @ (2009) the normal sense of
shear of the inner STDS could be related to out-of-seq thrusting along the Kakhtang
thrust (DANIEL et alii, 2003) allowing the extrusion of t@ging wall of that thrust.

Along the strike of the belt, the geometry a e of the STDS appear to be more
complicated. In Western Nepal a large body of Hi alayan leucogranite has been found
intruding the STD at ~24-25 Ma in the inner of the belt with no evidences of later
brittle reactivation (CARoSI et alii, 2013). On her hand, younger ages at ~ 16 Ma for the

ductile strand of the STD have been regently reported by COTTLE et alii (2015) in the Mt.
Everest section pointing out the lack ob\tinuous and contemporaneous STD structure

along the strike of the Himalaya (KELL@GHL 2013).

Structural setting Q

The study area is located in t er portion of the GHS just below the lower ductile portion
the STDS, i.e. near the b between Chekha formation and garnet and sillimanite-

bearing gneisses of thE:iH ig. 2). In the area between Sinche La (pass) and Laya village

(Fig. 2) a system of a dozén of high-angle leucogranite dykes has been recognised (Fig. 3a and

b).

The dykes are emplaced in a system of fractures striking E-W and steeply dipping to the N and
NE (~ 80°) with a steeply plunging to moderately oblique mineral lineation. The fractures are
hybrid fractures showing both sub-horizontal extension and shearing (RAMSEY & CHESTER,
2004). Sense of shear is highlighted by the drag of the foliation in the host gneiss at the
mesoscale. At microscale leucogranites often show-solid state deformation and mylonitic

texture with microscale kinematic indicators such as mica fish (Fig. 4a) and sigma - type



rotated porhyroclasts. Both meso- and microscale observations indicate that sense of shear is
top-down-to-the N and NE (Fig. 4a and b). The stretching lineation is nearly down-dip

indicating a minor component of horizontal displacement.

Petrology and Geochemistry
The leucogranite dikes include two-mica leucogranite, pegmatite and locally two-mica granite
with layers or pegmatitic pockets. The two-mica granites are fine-we'd and exhibit an equal

L 4

amount of biotite and muscovite. The foliated leucogranites intergranular fibrolite
developed after muscovite. \

Sample 10-41 (coordinates N28°03°47.7” E089°35'27.3”, alfitude 4300 m.a.s.l.) is a mylonitic

leucogranite filling a high-angle fractures in biotite - sillj ite bearing gneiss of the GHS in

Limithang area (Figs. 2, 3). Q

In this paper we compare sample 10-41 with previeusly published geochemical analyses of a
two-mica mylonitic leucogranite (sample 10-53) weakly deformed biotite tourmaline-
bearing leucogranite (sample 10-56) dated at nd ~ 20, Ma respectively and located in
the GHS few kilometres to the South of the st&e;l (Fig. 1) (Carosi et alii, 2006).
The three analysed samples (Table 1) e similar geochemistry to that of the typical
leucogranite in the GHS (VisoNA & ARDO, 2002; VISONA et alii, 2012) They are
peraluminous leucogranite with a olecular ratio of Al203/(Ca0+Na20+K20)) of 1.11-
% ForT, 1983) )<40. Tourmaline granite 10-56 shows
and of the most incompatib S (Cs and Rb) (Fig. 5). Moreover sample 10-56 shows
higher contents of compati ments such as Nb, U, Ta, W and Sn (Fig. 5) with respect to
@10-41, this study and sample 10-53 from CARosI et alii, 2006).

1.15 and a B value (Fe+Mg+Ti, DE
a flat REE pattern characteri@ arked Eu anomaly, and high concentrations of B, Be

the two-mica granites (sam
Similarly to the two-micafleucogranites of the GHS (VisoNA & LoMBARDO, 2002), the two-mica
leucogranites presented here show a steeper REE pattern with a less pronounced Eu anomaly,
and higher contents of less incompatible LILE (Sr and Ba), Pb and Th (Fig. 5). The only
remarkable difference between the analysed granite and the two-mica granite of the GHS is

the higher content of Ba (1246 ppm), Pb (127.7 ppm) and Sr (238 ppm) (Table 1).

Thermometry based on accessory monazite and zircon (WATSON & HARRISON, 1983; MONTEL,

1993) gives Tree and Tzr temperatures of 819-887°C °C and 731-797 °C, respectively. As the



granite contains inherited zircon and monazite (see below) these are maximum temperatures

only.

Geochronology

Monazite and zircon were recovered after rock crushing and heavy liquid and magnetic
separation. The grains were mounted in epoxy resin and polish down to expose their near
equatorial section. Cathodoluminescence (CL) for zircon and baMtered electron (BSE)
images for monazite were carried out on a scanning electr roscope (SEM) at the
Australian National University (ANU) in Canberra. Operating Mions for the SEM were 15
kV/60 pA and 20 mm working distance. Imaging revealed that %ircon contains only rare and
thin overgrowths that have oscillatory zoning and likel ed during emplacement of the
granite. Because of their small size (<30pm) and low abundance the zircon rims were not

dated. Monazite is more abundant and crystals ay erally euhedral and show a weak,

oscillatory and polygonal zoning parallel to th tal faces. A number of crystals are

homogeneous in BSE images and others have s -bright cores.

Monazite was analysed for U, Th and Pb i es using the sensitive high resolution ion
microprobe (SHRIMP II) at the ANU. I mental conditions and data acquisition were
generally as described by WiLLIAMS (1 nd energy filtering (RUBATTO et alii, 2001) was
applied to remove interferences an matrix effects. The measured 206Pb /238U ratio was
GS44069 (425 Ma, ALEINIKOFF et alii, 2007). The

based on the measured 2°7Pb/20%Pb according to the

corrected using reference mona
analyses were corrected for co
method of WILLIAMS (1998). S w for discussion of the possible effect of excess 206Pb. U-
Pb data were collected ove alytical session having calibration errors of 1.8% (2 sigma),
which was propagated_to Qe analyses. The common Pb composition was assumed to be
that predicted by STACEYWND KRAMERS (1975) model. Data evaluation and age calculation were
done using the software Squid 1 and Isoplot/Ex (Lubwic 2003), respectively. Average ages are

quoted at 95% confidence level (c.l.).

Homogeneous or oscillatory-zoned monazites have similar U, Th and Pb isotopic composition
(Table 1). Nine analyses out of 11 form a cluster that defines and age of 13.9+06 Ma (MSWD
1.6) (Fig. 6). The few BSE-bright cores have much higher U content (15-18,000 ppm) and
lower Th/U (5.6-13). Three analyses out of four define a good correlation line with an age of

15.8+0.3 (MSWD 0.42) (Fig. 6). With relatively young Th-rich phases, there is the possibility



that excess 206Pb, derived from the decay chain of Th, affects the 206Pb /238U age. This has been
documented in Himalayan granites (SCHARER, 1984), but is much less common in migmatites
(RuBATTO et alii 2013). Excess 2°Pb can be detected by comparing 200Pb /238U ages with
207Pp /235U or 208Pb/232Th ages. In the investigated sample, 207Pb /235U ages are always within
error of the 206Pb /238U ages, but they are imprecise and thus not a good enough test for excess
206Pbh. Measured 298Pb/232Th ages are systematically 10-15% younger than 206Pb /238U ages.

This discrepancy could however be aggravated by the ion microprobe set up that is optimized

for U-Pb ages and does not necessarily measure accurately the la signal. Therefore, in
the absence of other independent constraints, the calculated 2° 8U ages are to be taken
as maximum ages and the geological interpretation has to beak in tind that the actual age of
monazites in the dike could be 1.4 to 2.1 Ma younger. O
%

The oscillatory zoning in the main monazite domai 0gests crystallization from a magma
and thus their age of 13.9+0.6 Ma is interpret dating the maximum age of granite
emplacement. The monazite cores that yield er age are considered inherited to the
magma and either crystallized from a previ tch of magma or were digested from the

country or source rock. ]

The investigated leucogranites system of high-angle fractures (striking nearly E-W

Discussion and conclusion

and dipping 80° to the north developed in the sillimanite-bearing gneiss of the upper
GHS, just below the STDS 'Qestern Bhutan. The high-angle fractures are hybrid-type,
showing both nearly horiz extension and a component of shear parallel to the walls. In
Mohr space, hybrid fractdres develop under very low confining pressure where Mohr circle
approaches the tensile field (Fig. 7). The emplacement of leucogranites along these fractures
testifies to the occurrence of melt migrating upward, filling the space opened by the
extensional component of deformation at ~ 14 Ma and possibly as young as 12 Ma. The close
relation between hybrid fractures (or “dilatant shear fractures”) and melt emplacement has
been recognized by DAVIDSON et alii (1994) and ANDRONICOS et alii (2003) in the migmatites of
the Central Gneiss Belt (British Columbia, Canada). According to DAVIDSON et alii (1994) this

could even indicate the simultaneous activity of deformation mechanisms provoking both



brittle and ductile behaviour within the same outcrop due to melt-enhanced embrittlement.

The origin of the studied hybrid fractures can be related to the evolution of STD deformation
from the ductile to the brittle realm. The hybrid fractures showing both nearly N-S extension
and top-to-the North sense of shear developed at a small angle to the nearly vertical principal
stress o 1 in the footwall rocks of the STDS. This hybrid behaviour indicates an evolution
toward lower confining pressure of the host-rocks previously deformed under medium- to
high-grade metamorphic conditions. Up to ~ 14 Ma the upper GHS and the overlying Chekha
formation were affected by ductile top-to-the North shearing M higher temperature
conditions (KELLETT et alii, 2010) at which extensive fracture de ent is unlikely. On the
other hand extension along the STD progressively brough@ot rocks in the footwall

toward the surface at lower confining pressure. The occurrehce of a km-scale system of

hybrid fractures filled by leucogranites in high-grade roc ther testifies the exhumation of
the hot footwall rocks. Q
We propose that exhumed “hot rocks” in the foot of the STDS produced melt for several

Ma since ~ 20 Ma, (sample 10-56 in CAROSI et 0@6; Fig. 2). This melt migrated upward
and was emplaced in the new opening sub-verticalMractures. As the melt cooled down, active
shear deformation occurred in the solid-sta ndition with the development of mylonites

showing a top-to-the North sense of sheabrly contemporaneous with the fractures.

According to VISONA & LOMBARDO (Zo@rograde metamorphism of micas-rich metapelitic
source in the GHS produced both t f leucogranite found in the study area: tourmaline
leucogranite at lower temperatur o mica leucogranite at higher temperature. The first
anatectic melts correspond to @\aline leucogranite sample 10-56 which formed at ~ 20
Ma (CaRrosl et alii 2006; Fig. y dehydration melting of muscovite occured at relatively
lower T with respect to melting)involving biotite (i.e. sample 10-53 at ~ 17 Ma in CARoSI et alii
2006). Melts at 20-17laced in top-to-the South normal-sense shear zones have been
linked to the ductile extrusSion of the core of the GHS (CARosI et alii 2006; Fig. 2).

The leucogranite emplaced in the hybrid fracture of Limithang at ~ 14-12 Ma (sample 10-41)
shows a similar composition to the two-mica leucogranite emplaced at ~17 Ma in the nearby
GHS (CaRrosi et alii 2006; Fig. 2). Moreover, the monazite relict cores in the sample 10-41 yield
ages up to 15.8+0.3 Ma, close to the ~17 Ma age of the other two-mica leucogranite. We
speculate that melting of muscovite-rich metapelites to produce two-mica leucogranite lasted

from 17 to 14 Ma and possibly as late as 12 Ma in the upper GHS of Western Bhutan. This is in



line with protracted melting within the GHS documented in several sections of the Himalaya:
the Leo Pargil dome of northwestern India (LEDERER et alii, 2013), the Annapurna and Nyalam
regions of central Nepal (KoHN & CORRIE, 2011; WANG et alii, in press), east-central Nepal
(LARSON et alii, 2011), the Mount Everest region (COTTLE et alii, 2009), eastern Nepal (IMAYAMA
et alii, 2012) and Sikkim (RUBATTO et alii, 2013). Our findings are also in good agreement with
the recent results of zircon U-Th-Pb analysis on deformed leucogranites and metapelites from
the footwall of the STD in Western Bhutan where metamorphism and deformation related to
STD displacement continued until ~ 14 Ma (COOPER et alii, in press).\,
.

The occurrence and the geometry of the hybrid fractures is %er just above the inferred
trace of the Laya Thrust (GRUJIC et alii, 2011) the trace of which%s just south of the study area
(Fig. 2). This could suggest an alternative hypothe@ which hybrid fractures are
interpreted as Riedel antithetic fractures related to the topsto-the South out of sequence Laya
thrust. The sense of shear is consistent with the ation of Riedel antithetic fractures.
Anyway Riedel fractures are shear fractures wit ?
the recognized hybrid type and, in addition, t l?uures should dip to the South, whereas
they actually dip to the North. These consid@ rule out a link between hybrid fractures

and the Laya thrust.

extensional component occurring in

KELLETT et alii (2009) dated the ductil STDS at ~ 13-11 Ma so that the hypothesis of
linking the hybrid fractures to stre& elated the STDS activity is in good agreement with
it. In this case the rotation due Q\G later antiform should be very small with a low

amplitude.

The occurrence of large-scalg antiforms and synforms affecting the GHS, TSS as well as the
STDS and MCT (CARrosSI e@ 1999; UPRETI, 1999; KELLETT et alii, 2010) prevented the
continuation of shean?!ng the STDS because movements along curved shear zones
became very difficult. Accarding to KELLETT et alii (2009) shearing along STDS stopped in the
outer part of the belt and migrated in the inner part at 11 Ma. Therefore we conclude that the
age of the sheared dykes in the inner part of the belt at ca. 14-12 Ma predates the age of
orogen-parallel large-scale antiforms and synforms affecting the outer part of the Himalayan
belt.
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Figures captions O

Fig. 1 - A: Geological ap of the Himalaya, with location of study area (after GANSSER,
1964 and LAw et alii, 2004). A. SSZ= Shyok suture zone; ZSZ: Zanskar shear zone; MKT: Main
Karakoram Thrust; MMT: Main Mantle Thrust; TB: Tibetan Block; ITSZ: Indus Tsangpo Suture
Zone; GCT: Great Counter Thrust; TSS: Tibetan Sedimentary Sequence; GHS: Greater
Himalayan Sequence; STDS: South Tibetan Detachment System; MCT: Main Central Thrust;
MBT: Main Boundary Thrust; MFT: Main Frontal Thrust; K: Kashmir basin; P: Peshawar

basin; S: Sutlej basin. B: NS cross section of the Himalayan belt.



Fig. 2 - Geological sketch map of the Thimpu-Laya area (modified from GANSSER, 1983; GRuJIC
et alii, 2002; 2011; CARosl et alii, 2006; LoNG et alii, 2011). 1: Quaternary; 2: Tethyan
Sedimentary Sequence; 3: Chekha Formation; 5: Greater Himalyan Sequence; 5: High
Himalayan Leucogranite; 6: mafic pods; 7: Calcsilicates GHS; 8: Paro Formation; 9: Marble (of
the Paro Formation); 10: main foliation; 11: main sillimanite lineation; 12: Thrust faults (LT:
Laya Thrust , MCT: Main Central Thrust); 13: Inner South Tibetan Detachment (I-STDS); 14:
Outer South Tibetan Detachment (O-STDS); 15: Normal faults (YF: Yadong fault); 16: Synform;
17: Antiform; 18: Sample location (this study); 19: Sample after CaN alii, 2006.

Fig. 3A, B - High-angle hybrid fractures (striking nearly E-W ping 80° to the north)
filled by mylonitic leucogranites occur in the highest porticb e GHS, just below the STD

(view to east). :

Fig. 4 - A: Shear sense indicators (mica fish) pointto a t own-to-the-North sense of shear

(FOV is 0.8 mm) in mylonitic leucogranites (B) (in t sent position). FOV is 1 cm.

Fig. 5 - Rare Earth Element plot of the study sam@-éﬂ (Limithang) compared to the other

two leucogranite samples from CARos!I et alii (2

Fig. 6 - SHRIMP U-Pb analyses of monazite plotted on a Tera-Wasserburg diagram (left) and
ii: i’ght)

representative BSE images of dated cryst

Fig. 7. Hybrid fractures in the Mohr& eveloped in low normal stress condition (left side

of the diagram) (redrawn from SIQ GupTa, 2010).

Table 1. Geochemical compositi leucogranite dikes
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Fig. 1 - A: Geological sketch map of the Himalaya, with location of study area (after GANSSER, 1964 and
LAW et alii, 2004). A. SSZ= Shyok suture zone; ZSZ: Zanskar shear zone; MKT: Main Karakoram Thrust;
MMT: Main Mantle Thrust; TB: Tibetan Block; ITSZ: Indus Tsangpo Suture Zone; GCT: Great Counter
Thrust; TSS: Tibetan Sedimentary Sequence; GHS: Greater Himalayan Sequence; STDS: South Tibetan
Detachment System; MCT: Main Central Thrust; MBT: Main Boundary Thrust; MFT: Main Frontal Thrust; K:
Kashmir basin; P: Peshawar basin; S: Sutlej basin. B: NS cross section of the Himalayan belt.
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Fig. 2 - Geological sketch map of the Thimpu-Laya area (modified from GANSSER, 1983; GRUIJIC et alii,
2002; 2011; CAROSI et alii, 2006; LONG et alii, 2011). 1: Quaternary; 2: Tethyan Sedimentary Sequence;
3: Chekha Formation; 5: Greater Himalyan Sequence; 5: High Himalayan Leucogranite; 6: mafic pods; 7:

Calcsilicates GHS; 8: Paro Formation; 9: Marble (of the Paro Formation); 10: main foliation; 11: main
sillimanite lineation; 12: Thrust faults (LT: Laya Thrust , MCT: Main Central Thrust); 13: Inner South Tibetan

Detachment (I-STDS); 14: Outer South Tibetan Detachment (O-STDS); 15: Normal faults (YF: Yadong
fault); 16: Synform; 17: Antiform; 18: Sample location (this study); 19: Sample after Carosi et alii, 2006.
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Fig. 3A, B - High-angle hybrid fractures (striking nearly E-W and dipping 80° to the north) filled by mylonitic
leucogranites occur in the highest portion of the GHS, just below the STD (view to east).
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Fig. 3A, B - High-angle hybrid fractures (striking nearly E-W and dipping 80° to the north) filled by mylonitic
leucogranites occur in the highest portion of the GHS, just below the STD (view to east).
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Fig. 4 - A: Shear sense indicators (mica fish) point to a top-down-to-the-North sense of shear (FOV is 0.8
mm) in mylonitic leucogranites (B) (in the present position). FOV is 1 cm.
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Fig. 4 - A: Shear sense indicators (mica fish) point to a top-down-to-the-North sense of shear (FOV is 0.8
mm) in mylonitic leucogranites (B) (in the present position). FOV is 1 cm.
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Fig. 5 - Rare Earth Element plot of the study sample 10-41 (Limithang) compared to the other two
leucogranite samples from CAROSI et alii (2006).
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Fig. 6 - SHRIMP U-Pb analyses of monazite plotted on a Tera-Wasserburg diagram (left) and representative
BSE images of dated crystals (right)
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Fig. 7. Hybrid fractures in the Mohr space developed in low normal stress condition (left side of the diagram)
(redrawn from SINGHAL & GUPTA, 2010).
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10-41 10-53 10-56

SO, 7344 7363 7548
Al,O, 1518  15.11 14.34
Fe,0, 0.98 1.25 0.88
MnO 0.01 0.02 0.03
MgO 0.23 0.26 0.12
Ca0 0.71 1.37 0.57
Na,O 3.67 3.67 3.57
K20 5.44 4.65 4.83
TiO, 0.15 0.12 0.05
P,0s 0.06 0.13 0.08
PF 0.97 0.77 0.69
Total 100.84  100.97  100.62
Ba 1246 3223  58.08
Be 4.062 3.95 11.1
Bi 2.044 0286  8.976
Ce 57.68  49.95  17.36
Co 0.817 173 0593 Q

Cr <5 6.395 <5

Cs 18.82 7144 39.14

Cu <3 <3 <3
Dy 2.532 5.584 3.205
Er 0.826 3.03 1.529
Eu 1.385 0.692 0.132
Ga 18.67 18.06 24.84
Gd 5.543 4.984 2.46

Ge 1478 1818  3.15
Hf 1.429 315 1.9
Ho 0343 1073 0.
La 2658 2397 o 7.751
Lu 0101 0432 4
Nb 7677 1067
Nd 2576  20.08
Ni <4 </
Pb 127.70 71\' 52.16
Pr 6.741 6 2.005
Rb 1902 29.1)  469.7
Sb 0.966 0% 0226
Sm 6.781 S04 ' 2266
Sn 4753 $58  18.23
Sr 238.0 326 2258
Ta 1, 2214 1377
To 0. 091 052
Th 157  7.681
Tm 03 0447 0246
U 06 6237  16.75
v <15 6464 1945
W 377 1.027 1267
Y 1042 3433  19.35
Yb 0631 2968 1674
Zn 3221 3222 2875
zr 4591  99.98  47.51
ASI 115 1.11 118
B 1872 2208  13.39
T_monaz 845.00 819.00 750.00
Tzm 731.00 79400  701.00

AS|=A|203/(CaO+Nazo+K20)
B=(Fe+Mg+Ti); Debon & Le Fort, 1983



