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Abstract: U-Pb zircon and U-Th-Pb EPMA monazite dating of one metamafic sample and two metapelitic samples are
studied from Karakoram Metamorphic Complex, Hunza NW Pakistan. These new geochronological results address
the collision—related metamorphic evolution of the thickened Asian Plate crust with the Kohistan Island Arc and then with
the Indian Plate. Following the collision and accretion of the Kohistan Island Arc during the Late Cretaceous, the Kara-
koram Metamorphic Complex experienced crustal thickening and sillimanite—grade metamorphism at the southern apex.
Two new chronological events have been recorded in the investigated Hunza Valley region. U-Pb zircon ages of
103.1+2.9 Ma and 100.0+5.3 Ma represent the peri—plutonic thermal metamorphism before the India—Asia collision,
whereas U-Th—Pb monazite age of 47+4.3 Ma documents the peak sillimanite grade metamorphism with ongoing
India—Asia collision. These zircon ages of the metamorphic crystallization are inferred to be related to the subduction of
the Tethys Ocean beneath the southern Asian margin which finally led to the south-ward collisional thrusting of
the Cretaceous Hunza Plutonic Unit of the Karakoram Batholith in the Hunza Valley over the Karakoram Metamorphic
Complex in the Eocene. Crustal thickening and the metamorphic evolution from sillimanite to kyanite to staurolite grade
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and granitoid magmatism are related with the Kohistan Island Arc—Asia and the India—Asia collision zones.
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Introduction

Karakoram—Hindu Kush-Lhasa and Qiangtang orogenic ter-
ranes formed due to episodic collision between the Kohistan
Island Arc and amalgamated southernmost margin of the
Asian plate followed by the final collision of the Indian Plate
and complete closure of the Tethyan Ocean (Searle et al. 1999;
Palin et al. 2012; Larson et al. 2019; Soret et al. 2019).
The Karakoram terrane of the Gondwana affinity is nicely
exposed in Pakistan that provides a natural laboratory to
understand syn and post tectonic magmatism, multiple phases
of metamorphism and deformations associated with sequential
collision of plates and closing of the intervening oceans
(Gaetani 1997; Hildebrand et al. 1998, 2000, 2001). The dex-
tral Karakoram Fault separates the Karakoram terrane from
the southern Tibet (Mahar et al. 2014). The Rushan—Pshart
Suture Zone separates the Karakoram from the Hindu Kush,
whereas the Shyok Suture Zone, also termed the Main Kara-
koram Thrust (MKT), delineates the southern plate boundary
with the Kohistan Island Arc (Searle 2011).
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Three successive subduction related tectonic events have
been documented in the Karakoram terrane. The Karakoram
basement rocks are intruded by the Cretaceous calc—alkaline
axial batholith (Crawford & Searle 1992; Debon & Khan
1996). This event led to the Shyok back-arc basin formation in
the Mid-Cretaceous (Rolland et al. 2000, 2002). The complete
closure of the intervening Paleo-Tethys between the Late
Cretaceous Kohistan Island Arc and Karakoram terrane is
characterized by the formation of the Shyok Suture Zone
(Petterson & Windley 1992; Weinberg et al. 2000). The final
closure of the Neo-Tethys in the Eocene caused crustal
thickening, mid crustal anatectic melting and amphibolite
facies metamorphism in the Karakoram terrane. Crustal
thickening, metamorphic episodes from sillimanite to kyanite
to staurolite grade metamorphism and magmatism are related
with the Kohistan Island Arc—Asia and India—Asia collision
zones (Searle et al. 1989, 2010; Lemennicier et al. 1996;
De Sigoyer et al. 2000; Fraser et al. 2001; Rolland et al. 2001;
Green et al. 2008).

The Karakoram Metamorphic Complex (KMC) preserves
a complex history of metamorphism and magmatism (Palin et
al. 2012; Faisal et al. 2014; Mabhar et al. 2014; Soret et al.
2019). However after Palin et al. (2012), further investigation
is required to explain briefly the geochronological studies on
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amphibolite grade metamorphic rock units for tectonic evolu-
tion of the KMC. Pressure—temperature (P-T) conditions of
metamorphic rocks can be calculated using phase equilibria
modelling and metamorphic history preserved in zoned meta-
morphic index minerals (Palin et al. 2014; Soret et al. 2019).
Metamorphic history of multiply deformed rocks can be plot-
ted on P-T pseudosection using zircon and garnet geoche-
mistry (Foster et al. 2000, 2002; Kohn et al. 2005; Larson et
al. 2011). In pelitic rocks heavy rare earth elements (HREEs)
dominantly partitioned into garnet as compare to monazites
(Pyle et al. 2001; Corrie & Kohn 2008). During synchronous
growth of garnet and monazite HREESs partitioning into garnet
have important tectonic implications to interpret the monazite
petrochronology and garnet growth (Kohn et al. 2005; Corrie
& Kohn 2008; Larson et al. 2019). The partitioning of HREEs
and light rare earth elements (LREEs) between garnet and
monazite gives constrain on syn- versus post-metamorphic
growth of garnets in the pelitic rocks. Past thermochrono-
logical investigation of the KMC has utilized U-Pb dating
techniques from garnet porphyroblasts containing staurolite
inclusions with accessory minerals include apatite, ilmenite,
rutile, zircon and tourmaline (Searle et al. 2010). During this
previous study, the P-T conditions of 648+30 °C and 7.7
+1.8 kbar and 22+0.3 Ma for monazite growth age were inter-
preted as the timing of peak metamorphism from kyanite-
grade pelite in the Panmah-Braldu confluence region.
Similarly, the samples from garnet amphibolite orthogneiss in
Bullah dome (northeast of Hunza valley) yielded 766+54 °C
and 11.9+1.5 and 28.0+1.7 Ma and Dassu orthogneiss in Dassu
gneiss dome (east of Hunza valley) produced 689+48 °C and
5.7+1.9 kbar and 5.4+0.1 Ma (Fraser et al. 2001; Searle et al.
2010).

Why we used monazite dating from metamorphic rocks?
Monazite is a common accessory mineral in peraluminous
metapelitic rocks (Spear & Pyle 2002) which is widely used
for geochronology as it has the tendency for having higher
concentrations of U and Th (Kohn & Malloy 2004). Similarly
monazite is also characterized by low initial absorptions of
common Pb (Parrish 1990). Monazite also shows enormous
resilience to U-Th—Pb internal diffusion at temperature less
than 900 °C (Cherniak et al. 2004). This is governed by multi-
ple stages of growth recorded within multiply deformed meta-
morphosed rocks (e.g., Kohn et al. 2005). Appearance and
growth of metamorphic monazite in pelitic rocks during pro-
grade metamorphism at the staurolite or kyanite isograd is
aided by the coeval breakdown of allanite and P-bearing
phases such as apatite (Wing et al. 2003; Kohn & Malloy
2004; Yang & Pattison 2006; Janots et al. 2008). Such mona-
zite growth condition is mostly possible in lower/middle
amphibolite facies rocks. Further, the presence of monazite
as inclusions in garnet may help in understanding the age
interpretation for porphyroblast growth during amphibolite
facies metamorphism. This scenario assumes that monazite
recrystallization has not taken place due to later fluid pene-
tration along micro-fractures in the host mineral (e.g., Carson
et al. 2004). According to some studies, the high grade
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metamorphic conditions responsible for partial melting to
occur, the pre-existing monazite becomes unstable and easily
dissolve into early formed silicate melt, recrystallizing on melt
solidification (e.g., Hawkins & Bowring 1999; Rubatto et al.
2001; Kohn et al. 2005). Though the laboratory experiments
results show that monazite has a somewhat low solubility in
peraluminous rocks (e.g., Rapp & Watson 1986) and so
prograde monazite has the ability to be preserved together
with younger grains that are associated to partial melting
progressions.

In this contribution, we present a new U-Pb zircon and
U-Th-Pb EPMA monazite geochronological investigation of
specimens collected along the Hunza Valley in the Karakoram
region. Monazite and zircon ages revealed two (Cretaceous
and Eocene) collision events recorded in KMC in the Kara-
koram terrane of northwest Pakistan (Fig. 1). These new age
data help close a gap in our understanding of the tectonic evo-
lution of the southernmost plate margin of the Karakoram
terrane in the Karakoram Block. For this purpose we used
3 representative samples for our study. Samples RA-M-08
(Grt—Cpx—Hbd orthogeniss), RA-M-10 (metapelitic schist)
and RA-M—41 (metapelitic schist) lie in the KMC (Fig. 1).
The obtained results may serve for correlation studies of
the Alpine—Carpathian and Himalayan Tethyan systems
evolution.

Geological settings

The Karakoram Range, ~700 km long and 100x150 km
wide, extends in a broad arc along the northern border of
Afghanistan, Pakistan, India and the southern border of
China (Fig. 1). Geological investigations in the Karakoram
terrain show that the seismic activity in the upper mantle crust
is low with occasional earthquakes at depth of 70-100 km
(Chen & Molnar 1983) indicating that the upper mantle is cold
(Brandon & Romanowicz 1986). Caporali (2000) showed that
the axis of range agrees to a large negative gravity anomalies
(<500 mGal) and extreme heat flow, which suggest the exis-
tence of strong basement similar to that present under Tibet
today. Massive rock formation, uplift and erosion have created
the highest Asian Plate and many deep crustal outcrops,
several of which are equivalent exposures in the Tibet today.
The rocks exposed between the Karakoram Batholith and
Shyok Suture Zone or MKT to the south is considered the
Karakoram Range (Searle & Tirrul 1991; Crawford & Searle
1993; Fraser et al. 2001; Rolland et al. 2001, 2006; Searle et al.
2010). The area in the KMC provides excellent exposure and
has been the object of detailed studies in the past.

The lithology of KMC consists of marble, metamorphic
marls and chalcosilicates with secondary metamudstone and
orthogneiss (Searle et al. 1989; Searle 1991; Rolland et al.
2006). A brief summary of the geological evolution of the
Karakoram Range is presented below; however, the subse-
quent discussion of metamorphic evolution is limited to meta-
morphic units due to their superior ability to modify the P-T—t
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events. Subduction of the Tethys ocean towards the south
Asian margin led to the formation of the Karakoram Batholith,
a mixed intrusion of I-type granodiorite and monzogranite
that crystallized between 120 and 180 Ma (Rb—Sr whole rock;
Debon et al. 1987; Searle et al. 1992). Therefore, the rocks in
Asia may have undergone high—temperature metamorphism
(MO) associated with magma intrusion. Such magmatism
ceased upon the closure of the Shyoke Suture and the accre-
tion of the Kohistan Island Arc to the Asian margin (Mahéo et
al. 2004). This accretion event resulting in a prolonged period
of sillimanite grade metamorphism (M1) between c. 83 and
c. 53 Ma (U-Pb monazite; Fraser et al. 2001; Foster et al.
2004). However, the lack of data severely limits the period of
metamorphism before and after the Shyok Suture Zone clo-
sure; thus MO and M1 may be a continuous event.

Following the consequent closure of the Indus Suture and
beginning of the India—Asia collision, thrusting of rocks to the
south-west caused in extensive crustal thickening and regional
kyanite- and sillimanite-grade metamorphism (M2) between
c. 50 and c. 22 Ma with peak metamorphic conditions ranging
between 8—10 kbar and 600-700 °C (U-Pb monazite and zir-
con; Bertrand et al. 1988; Searle et al. 1989, 2010; Allen &
Chamberlain 1991; Searle & Tirrul 1991; Lemennicier et al.
1996; Rolland et al. 2001). As a result, this event ended in the
large scale crustal melting within the Baltoro region resulting
in the formation of Baltoro Plutonic Unit (east of Hunza

Valley) of Karakoram Batholith. The Baltoro Plutonic Unit
composed of biotite monzogranite and garnet two-mica leuco-
granite with crystallization ages ranging between c. 25 and
13 Ma (U-Pb zircon and monazite; Parrish & Tirrul 1989;
Schérer et al. 1990; Searle et al. 2010). Similarly in the mean-
time, the staurolite grade metamorphism (M3) occurred in the
Hunza Valley at 16.0+1.0 Ma (U-Pb monazite; Fraser et al.
2001). The most recent episode of metamorphism and crustal
melting (M4) is observed within the cores of the Bullah and
Dassu gneiss domes in the Baltoro region, which contain silli-
manite- and K-feldspar-grade migmatites (Rolland et al. 2001,
2006) that formed between 5.4+0.2 Ma (U-Pb monazite;
Fraser et al. 2001) and 6.7+0.5 Ma (U-Pb monazite; Smith
1993) at pressures of 4-7.5 kbar (Villa et al. 1996). It can be
seen from these data that significant differences exist in the
magmatic—-metamorphic evolution of the Hunza Valley and
Baltoro regions.

Material and Methods
Zircon U-Pb dating
For the separation of zircon grains the samples were crushed

and grinded using a jaw crusher and disk miller. The grinded
samples were passed through 350 pum sieve to eliminate the
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coarser particles. In order to split the heavy minerals from
<350 pm fragments the water shaking table was used. Frantz
isodynamic magnetic separation technique was further adop-
ted for heavy mineral fraction to efficiently clean it from mag-
netic materials. The remaining portions were passed through
the heavy liquid (Di-iodomethane) to get the clean zircon
fraction. Zircon grains were handpicked from both samples
(RA-M-08 and RA-M-41) using a binocular microscope,
mounted in epoxy resin, and polished to expose their
surfaces.

To determine the age of metamorphism, U-Pb zircon dating
of one metamafic (RA-M-08) and one metapellitic schist
(RA-M-41) samples were carried out at the Geochronology
and Tracers Facility (GTF) British Geological Survey
(Nottingham, UK). For reference material sample BB9
206pp/238U age=573.2+4.2 (26, MSWD=1.17, n=18; Santos
et al. 2017) and Temora 2 2%Pb/**U age=419.2+3.0 (20,
MSWD=0.55, n=18; Black et al. 2004) were used in the
current analyses.

All U-Pb analyses were performed on a Nu Attom single
collector inductively coupled plasma mass spectrometer
(SC-ICP-MS) coupled to a New Wave Research 193UC exci-
mer laser ablation system fitted with a TV3 cell. Standard-
sample bracketing was employed with the full setup and
protocols described previously in Roberts et al. (2016) and
full analytical data provided in the supporting information.
All data and ages are shown and quoted at 26, are 2°°Pb/3%U
ages, and follow uncertainty propagation guidelines of Horst-
wood et al. (2016). The data are presented as common—Pb
weighted mean plots and Tera—Wasserburg plots using a reg-
ression through the data anchored at a 2*’Pb/**Pb value of
0.84+0.02 based on Stacey & Kramers (1975).

Monazite analytical techniques (EPMA) and U-Th—Pb geo-
chronology

To determine chemistry and metamorphic age of monazite,
one metapelitic sample RA-M-10 was chosen with 45 ana-
lyzed spots in monazite grains to ensure the precision of
the data. Geochronology of monazite was carried out by the
monazite age reference correction (MARC) method develo-
ped by Konecny et al. (2018). This method is using micro-
probe analyses from the CAMECA SX 100 at the Dionyz Stir
State Geological Institute in Bratislava. The analyser was
equipped with four wavelength-dispersive spectrometers
(WDS). Before the analysis, thin section of more than 30 um
thickness was coated with a thin carbon film. Monazite spot
analyses were acquired under 15kV accelerating voltage,
180 nA beam current, and a 3 pm beam diameter with the aim
of increasing both counting efficiency and spatial resolution.
For MARC correction a set of 7 age monazite reference stan-
dards was measured for assessment of minor systematic errors
that cannot be suppressed within currently used measuring
procedure. These systematic errors are regardless of the num-
ber of accumulated analyses. Natural and synthetic standards
were used for calibration of following elements and
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corresponding spectral lines: orthoclase (K Ka), wollastonite
(Si Ka , Ca Ka), AL,O, (Al Ka), hematite (Fe Ka. ), chromite
(Cr Ka), SrTiO3 (Sr La), UO, (U M), ThO, (Th M), PbS
(Pb Ma), LaPO, (La La), CePO, (Ce La), PrPO, (Pr Lp),
NdPO, (Nd LB), SmPO, (Sm Lp), EuPO, (Eu L), YPO,
(Y La), GdPO, (Gd La), TbPO, (Tb La), DyPO, (Dy L),
HoPO, (Ho LP), ErPO, (Er LB), TmPO, (Tm La), YbPO,
(Yb La), LuPO, (Lu LB), GaAs (As La), apatite (P Ka), barite
(S Ka), AlL,O, (Al Ka) and wollastonite (Ca Ka). Long coun-
ting times were used to increase the analytical precision: for
Pb (300 s peak and 2x150 s backgrounds), Th (35 s peak and
2x17.5 s background), U (80 s peak and 80 s background), and
Y (40 s peak and 2x20 s background). Other details and prin-
ciples of MARC dating technique can be found in Konecny et
al. (2018).

Results
U-Th—Pb monazite-(Ce) chemistry and geochronology

Monazite crystals in sample RA-M-10 range from 20 to
50 pm in size. These grains are mostly found in association
with foliation parallel phases such as biotite and plagioclase.
The studied monazite grains are homogenous and lacking any
internal zonation or overgrowth (Fig. 2). Monazite contains up
to 4.4 to 8.7 mol.% of cheralite component [Ca,Th,(PO,),].
Huttonite component [Th(SiO,)] is generally 1 mol.%, while
the monazite content is ranging from 91.7 to 95 mol.% and
is therefore dominated by monazite substitution (Fig. 3a,b;
Table 1). The increase in Th concentration is compensated by
elevated U and Y, i.e. 0.34-0.68 % UO,, 1.62-2.39% Y,0;.

Thorium and uranium concentration of monazite ranges
from 1.86—4.37 and 0.31-0.59 wt. % respectively. Th/U ratios
for monazite are showing low values of 4.39 to 12.52 typi-
cal of the metamorphic origin (Table 2). The Th+U+Si vs.
P+Y+REE compositional plot for monazite spot analyses
illustrates more restricted scatter towards monazite substitu-
tion vector (Fig. 3b).

In situ U-Th-Pb analyses of monazite grains was carried
out for 14 grains from sample RA-M—-10 (Fig. 4; Table 2).
All the grains occurred in the main matrix of the sample with
long axis generally parallel to the foliation, no monazite was
observed in garnet. Chemical ages from 34 spot analyses of
monazite grains range from 28 to 91 Ma yield a mean age of
47+4.3 Ma (Fig. 4a,b).

U-Pb zircon geochronology

Fifty four zircon grains (fourty six grains from sample
RA-M—-08 and eight grains from sample RA-M—-41) were
analyzed for U, Th and Pb isotopes using the LA-ICP-MS
system. The zircon crystals contain relatively low amounts
of uranium 12.5-291.7 ppm in RA-M-08 (Grt—Cpx—Hbd
orthogeniss) and 10.0-74.6 ppm in RA-M—41 (metapelitic
schist; Table 3), reliable with their lack of metamictization or
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Table 1: EPMA chemical analyses of all monazite grains dated in sample RA-M-10.

Grain No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14
An. No. 1 2 1 1 3 1 1 1 3 1 1 1 2 2
P,O; (Wt. %) 30.89 30.28 30.61 30.98 30.67 30.74 30.82 30.71 30.66 31.05 30.83 31.17 30.62 30.96
As,O; 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SO, 0.02 0.02 0.02 0.03 0.03 0.03 0.01 0.02 0.02 0.02 0.02 0.02 0.01 0.01
Sio, 0.00 0.05 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00
ThO, 4.35 4.83 4.57 423 2.84 4.93 4.07 4.49 4.54 4.00 4.97 3.83 3.07 2.74
uo, 0.49 0.38 0.62 0.50 0.40 0.48 0.51 0.57 0.58 0.49 0.49 0.36 0.35 0.37
AlLO, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Y,0, 2.02 1.79 2.39 2.14 1.67 1.89 1.75 225 2.20 1.89 1.79 1.65 1.62 1.75
La,0, 13.75 13.67 13.80 13.94 15.15 13.65 14.42 13.74 13.86 14.06 13.74 14.46 14.36 14.63
Ce,0, 28.28 27.62 27.64 28.26 29.33 27.36 28.89 28.23 28.01 28.51 27.88 29.04 29.30 28.85
Pr,0, 2.83 2.83 2.66 2.87 2.93 2.86 2.89 2.77 2.79 2.86 2.81 2.82 2.88 2.94
Nd,0, 12.43 12.24 11.88 12.68 12.70 12.38 12.43 12.08 12.38 12.46 12.41 12.28 13.03 12.98
Sm,0, 2.23 2.29 2.06 2.33 2.25 2.31 2.21 2.25 2.23 2.29 2.28 2.19 2.39 2.38
Eu,0, 0.26 0.22 0.22 0.25 0.16 0.26 0.26 0.19 0.17 0.27 0.23 0.26 0.28 0.19
Gd,0, 1.62 1.52 1.44 1.62 1.47 1.63 1.56 1.53 1.63 1.65 1.56 1.48 1.53 1.70
Tb,0, 0.21 0.24 0.23 0.30 0.21 0.23 0.24 0.26 0.22 0.21 0.21 0.25 0.24 0.26
Dy,0, 0.49 0.46 0.56 0.43 0.39 0.46 0.40 0.55 0.53 0.45 0.43 0.37 0.43 0.49
Ho,O, 0.03 0.03 0.03 0.04 0.05 0.07 0.01 0.03 0.02 0.06 0.03 0.00 0.07 0.03
Er,0, 0.48 0.53 0.46 0.42 0.43 0.45 0.43 0.49 0.42 0.41 0.45 0.40 0.43 0.39
Tm,0, 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01
Yb,0, 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00
Lu,0, 0.07 0.02 0.01 0.10 0.05 0.08 0.11 0.02 0.03 0.08 0.06 0.06 0.10 0.01
CaO 0.87 0.93 1.01 0.85 0.47 0.92 0.83 0.95 0.94 0.77 0.95 0.78 0.63 0.55
SrO 0.01 0.00 0.01 0.02 0.02 0.00 0.01 0.02 0.00 0.01 0.04 0.02 0.00 0.00
FeO 0.08 0.17 0.14 0.20 0.15 0.31 0.14 0.32 0.12 0.24 0.09 0.16 0.18 0.08
PbO 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.02
K,0 0.01 0.01 0.01 0.02 0.01 0.92 0.83 0.95 0.94 0.77 0.95 0.78 0.63 0.55
Total 101.46 100.15 100.40 102.25 101.40 101.10 102.05 101.54 101.35 101.82 101.30 101.62 101.55 101.35
formulae based on 4 oxygen atoms

Pt 1.025 1.021 1.024 1.022 1.023 1.024 1.021 1.020 1.021 1.026 1.025 1.029 1.021 1.028
As** 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
N 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.001 0.000 0.001 0.001 0.001 0.000 0.000
Si* 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000
Th* 0.039 0.044 0.041 0.038 0.025 0.044 0.036 0.040 0.041 0.035 0.044 0.034 0.028 0.024
U 0.004 0.003 0.005 0.004 0.004 0.004 0.004 0.005 0.005 0.004 0.004 0.003 0.003 0.003
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Table 1 (continued)

Grain No. 1 2 3 4 5 6 7 8 9 10 1 12 13 14
An. No. 1 2 1 1 3 1 1 1 3 1 1 1 2 2
A 0.000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000
Y 0.042 0038 0050 0044 0035 0040 0036 0047 0046 0039 0037 0034 0034 0037
La* 0199 0201 0201 0200 0220 0198 0208 099 0201 0202 0099 0208 0209 0212
Cev 0406 0403 0400 0403 0423 0394 0414 0405 0403 0407 0401 0415 0422 0414
pr 0.040 0041 0038 0041 0042 004 004 0040 0040 0041 0040 0040 0041  0.042
Nd* 0174 0174 0168 0176 0179 0174 0174 0169 0174 0.174 0174 0171  0.183  0.182
Sm* 0030 0031 0028 0031 0031 0031 0030 0030 0030 003 0031 0029 0032 0032
Eu* 0.004 0003 0003 0003 0002 0003 0003 0002 0002 0004 0003 0003 0004  0.003
G 0021 0020 0019 0021 0019 0021 0020 0020 0021 0021 0020 0019 0020 0022
o™ 0003 0003 0003 0004 0003 0003 0003 0003 0003 0003 0003 0003 0003  0.003
Dy 0006 0006 0007 0005 0005 0006 0005 0007 0007 0006 0005 0005 0005  0.006
Ho™ 0.000 0000 0000 000 000l 000l 0000 0000 0000 000l 0000 0000 000l  0.000
Er 0006  0.007 0006 0005 0005 0006 0005 0006 0005 0005 0006 0005 0005 0.005
Ybi* 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000  0.000
Lo 0001 0000 0000 000 000l 000l 000l 0000 0000 000l 000l 000l 000l  0.000
Ca® 0036 0039 0043 0035 0020 0039 0035 0040 0040 0032 0040 0033 0027 0023
S 0000 0000 0000 0000 0001 0000 0000 0001 0000 0000 0001 0000 0000  0.000
Fo> 0.003 0006 0005 0006 0005 0010 0004 001 0004 0008 0003 0005 0006 0.003
K 0001 0000 0001 000 000l 000l 000l 0002 0001 0001 000l 000l 000l  0.000
Total 2041 2045 2044 2044  2.043  2.044 2045  2.049  2.045  2.042  2.040  2.040  2.047  2.040
Position A 1015 1021 1019  1.022  1.020 1018  1.023  1.028 1.024 1.015 1014 1010 1.025 1012
Position B 1026 1.024  1.025  1.023  1.023  1.025  1.022  1.021  1.021  1.027 1027 1030 1021  1.028
SLREE (apfu) 0.849  0.851  0.835 0852 0894 0839 0867 0843 0849 0855 0845 0863 0888 0882
?asflj)EE” 0079 0074 0085 0082 0068 0077 0072 0084 0083 0076 0073 0067 0070  0.074
X hut 0000 0.85 0000 0000 0000 0028 0000 0000 0000 0000 0074 0000 0000  0.000
X chrl 7843 8312 8763  7.575 4777 8546 7396 8305 8342  7.085 8661 6913 5575 5012
X mnz 92.157 91.503 91237 92425 95223 91425 92604 91.695 91.658 92915 91.265 93.087 94425 94.988
12 140
E Mean age: 47+4.3 120 m
10 N = 34
100
s é 80
: s
Q =
i S 4
20 Mean age: 47+4.3 Ma
0
-20
10 20 30 40 50 60 70 80 90 100 0 5 10 15 20 25 30 35
Age (Ma) Spot (#)

Fig. 4. a — Monazite age probability plot with histograms for sample RA-M-10. b — Diagram showing the single age sigma errors for
monazite ages.

radiating fractures as the high concentration of uranium dama-  Therefore in the current scenario, the 2°Pb/>*U Concordia
ges the crystal structure and makes it amorphous. The »*U  dates were used for age calculation.

concentration is higher than *°U concentration and therefore, 206ph/28U ages of sample RA-M-08 zircons typically ran
the 28U is easier to measure precisely (Hefferan & O’Brien  ging from 87.6 to 123.6 Ma (Fig. 5a,b, Table 3). A total of
2010). The low concentration of *’Pb will make it difficult 46 zircon grains were analyzed for dating which produced
for determining the apparent °’Pb/*U age as the data is areliable consistent age of 103.1+2.9 Ma (Fig. 5a). The inhe-
less accurate and less precise (Hefferan & O’Brien 2010). rited zircon grains yielded age c. 460 Ma. Th/U ratio for
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Table 2: U-Th-Pb geochronological data for all monazite analyses in sample RA-M-10.

An. No Th U Th/U Pb Y Th U Pb Y Th? U2 Pb? Age Montel ¢

[ppm] [ppm] [ppm] [ppm] corr corr corr corr c c c [Ma] [Ma]
mnzl-1 3.82 0.44 8.8 0.01 1.59 3.78 0.43 0.01 1.57 0.03 0.01 0.01 40.40 24.49
mnzl-2 3.73 0.37 10.1 0.01 1.37 3.69 0.36 0.01 1.36 0.03 0.01 0.01 35.63 25.55
mnz1-3 297 0.33 9.0 0.01 1.32 2.94 0.33 0.01 1.30 0.03 0.01 0.01 55.15 31.11
mnzl1-4 2.84 0.30 9.4 0.01 1.34 2.81 0.30 0.00 1.33 0.03 0.01 0.01 16.98 2597
mnzl-5 3.68 0.42 8.7 0.02 1.46 3.64 0.42 0.02 1.45 0.03 0.01 0.01 71.80 24.88
mnzl1-6 3.78 0.52 7.2 0.02 1.78 3.74 0.52 0.01 1.76 0.03 0.01 0.01 60.60 22.97
mnz1-7 3.68 0.51 7.2 0.01 1.83 3.64 0.51 0.01 1.81 0.03 0.01 0.01 27.78 23.60
mnz2-1 4.05 0.60 6.8 0.02 1.80 4.01 0.59 0.01 1.78 0.03 0.01 0.01 44.73 21.05
mnz2-2 4.24 0.34 12.5 0.02 1.41 4.20 0.34 0.01 1.40 0.03 0.01 0.01 44.09 23.51
mnz2-3 3.76 0.42 9.0 0.02 1.48 3.73 0.42 0.01 1.46 0.03 0.01 0.01 57.34 24.52
mnz3-1 4.02 0.55 73 0.01 1.88 3.98 0.54 0.01 1.86 0.03 0.01 0.01 34.72 21.75
mnz3-2 3.75 0.50 7.5 0.02 1.73 3.71 0.49 0.01 1.72 0.03 0.01 0.01 56.77 23.45
mnz3-3 3.71 0.47 7.9 0.01 1.74 3.67 0.47 0.01 1.73 0.03 0.01 0.01 27.56 24.07
mnz4-1 3.72 0.44 8.4 0.02 1.69 3.68 0.44 0.01 1.67 0.03 0.01 0.01 45.82 24.41
mnz5-1 3.83 0.55 7.0 0.02 1.83 3.79 0.54 0.01 1.81 0.03 0.01 0.01 55.41 22.83
mnz5-2 1.86 0.42 4.4 0.02 1.36 1.84 0.42 0.01 1.35 0.02 0.01 0.01 81.76 38.87
mnz5-3 2.49 0.35 7.0 0.02 1.31 2.47 0.35 0.01 1.30 0.03 0.01 0.01 76.70 34.49
mnz6-1 4.34 0.42 10.3 0.02 1.49 4.29 0.42 0.01 1.48 0.03 0.01 0.01 45.31 22.47
mnz7-1 3.58 0.45 7.9 0.01 1.38 3.54 0.45 0.01 1.37 0.03 0.01 0.01 46.00 24.95
mnz8-1 3.95 0.50 7.8 0.02 1.77 391 0.50 0.01 1.76 0.03 0.01 0.01 57.04 22.53
mnz8-2 3.93 0.49 8.0 0.01 1.58 3.89 0.49 0.01 1.57 0.03 0.01 0.01 35.33 22.80
mnz8-3 3.80 0.35 10.9 0.01 1.45 3.76 0.34 0.01 1.44 0.03 0.01 0.01 31.45 25.54
mnz9-1 4.25 0.53 8.0 0.02 1.72 4.21 0.53 0.01 1.70 0.03 0.01 0.01 39.14 21.06
mnz9-2 3.69 0.40 9.2 0.02 1.38 3.65 0.40 0.01 1.37 0.03 0.01 0.01 59.82 25.16
mnz9-3 3.99 0.51 7.9 0.02 1.73 3.95 0.50 0.01 1.72 0.03 0.01 0.01 45.12 22.32
mnz9-4 4.38 0.38 11.5 0.02 1.31 433 0.38 0.01 1.30 0.03 0.01 0.01 55.82 22.36
mnz10-1 3.51 0.43 8.1 0.02 1.49 3.48 0.43 0.01 1.47 0.03 0.01 0.01 60.17 26.03
mnzl11-1 4.37 0.43 10.2 0.01 1.41 4.32 0.42 0.01 1.39 0.04 0.01 0.01 22.61 22.29
mnzl1-2 4.22 0.40 10.5 0.02 1.43 4.18 0.40 0.01 1.41 0.03 0.01 0.01 56.70 22.76
mnz12-1 3.36 0.31 10.7 0.02 1.30 3.33 0.31 0.01 1.29 0.03 0.01 0.01 67.17 29.17
mnz13-1 2.89 0.34 8.4 0.01 1.32 2.86 0.34 0.01 1.31 0.03 0.01 0.01 47.65 31.44
mnz13-2 2.70 0.31 8.7 0.01 1.28 2.67 0.31 0.01 1.26 0.03 0.01 0.01 42.26 34.01
mnz14-1 2.48 0.31 7.9 0.01 1.38 2.46 0.31 0.01 1.37 0.03 0.01 0.01 49.08 35.93
mnz14-2 241 0.32 7.4 0.02 1.38 2.38 0.32 0.01 1.37 0.03 0.01 0.01 90.62 36.93

the sample ranges up to 0.4, with most values arround 0.2 Discussion

typical for metamorphic zircons (Table 3). Similarly, a total 8
analyses are obtained from zircon grains in sample RA-M—41
ranging in age from 98.6 to 764.9 Ma (**Pb/**U) and 87.9 to
825.9 Ma (*"Pb/**°Pb; Fig. 5c¢,d, Table 3). Intersect age dia-
gram provides age 100.0+£5.3 Ma (Fig. 5¢). The divergence
between the two data sets is accompanied by a significant dis-
cordance in both the Wetherill and Tera—Wasserburg diagrams
(Fig. 5a—d). The inherited zircon grains yielded discordant
ages with apparent ages ranging from c. 566 to 765 Ma
(Fig. 5d). These inherited zircons may be acquired from
the nearby country rocks or may have either been derived from
the source rocks itself. Th/U ration for young ages ranges up
to 0.2 pointing out the metamorphic origin. Inherited ages
provide higher Th/U ratio between 0.5 to 0.9 (Table 3).

Tera Wasserburg Intersect ages (***U/?%Pb) generated for
the two samples are within the analytical error of one another:
103.1+2.9 Ma (sample RA-M—08) and 100.0+5.3 Ma (sam-
ple RA-M—41).
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The new U—Pb age data presented in this paper are plotted
on Figure 5a—f, together with U-Th-Pb data from southern
KMC, Hunza region. In the southern KMC, Hunza region of
the Asian Plate margin Searle & Tirrul (1991) and Fraser et al.
(2001) have defined the metamorphism and deformation in
DI, MO and M1 (M1-a, M1-b and M1—c) from Late Creta-
ceous—Early Paleocene to Late Eocene—Oligocene in the result
of accretion of the Kohistan Arc to the southern margin of
Asia and then India—Asia collision. Searle & Tirrul (1991)
suggested the early subduction related metamorphism in the
Hunza Valley as contact metamorphism and termed as M1 like
in Baltoro region, but Fraser et al. (2001) define as MO for
both the Hunza Valley and Baltoro region. Based on the dating
of sample K98-6P by Fraser et al. (2001), they concluded the
early stages of metamorphism in Hunza Valley occurred more
than 60 Ma ago in contrast of Searle & Tirrul (1991) as they
suggested the high—grade metamorphism along the southern
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Table 3: U-Pb geochronological data for zircon grains in samples RA-M—-08 and RA-M—41.

RA-M-08 Th U Th/U 2Pb/*U o6  2Pb/>¥U +o p WPh/U  +26  WPH/AU 26 206pp/238Y +26 Disc.
An. No. [ppm] [ppm] [%] [%] Age [Ma] [Ma] Age[Ma] [Ma] Age[Ma] [Ma] [%]

Ola 32 18.8 0.2 0.0933 4.44 0.0137 2.62  0.59 171.4 171.4 90.6 7.7 87.6 4.6 3.31

01b 6.7 25.6 0.3 0.1102 2.92 0.0166 1.60 0.55 106.8 106.8 106.2 5.9 106.2 34 —0.02
Olc 6.2 24.9 0.2 0.1064 3.24 0.0162 1.79 0.55 89.5 89.5 102.7 6.3 103.3 3.7 -0.60
02a 2.5 32.0 0.1 0.0987 2.45 0.0153 1.40 0.57 41.2 41.2 95.6 4.5 97.8 2.7 -2.34
02b 3.6 27.8 0.1 0.1025 2.42 0.0165 1.60 0.66 —58.8 —58.8 99.0 4.6 105.8 34 -6.79
03a 4.2 13.1 0.3 0.1330 3.38 0.0188 228 0.67 251.5 251.5 126.8 8.0 120.3 5.4 5.13

03b 4.4 14.1 0.3 0.1267 2.97 0.0188 1.85 0.62 140.9 140.9 121.1 6.8 120.2 4.4 0.79
04a 12.6 40.3 0.3 0.1193 2.16 0.0177 1.52 0.70 141.6 141.6 114.4 4.7 113.2 34 1.09
04b 22.0 58.7 0.4 0.1128 2.05 0.0166 1.47 0.72 159.5 159.5 108.6 4.2 106.3 3.1 2.08
05 9.1 33.1 0.3 0.1088 2.46 0.0166 143 0.58 76.3 76.3 104.9 49 106.2 3.0 -1.25
06 1.2 15.6 0.1 0.1321 4.82 0.0182 222 046 309.3 309.3 126.0 11.4 116.5 5.1 7.51

07a 5.6 253 0.2 0.1285 2.62 0.0183 1.81 0.69 238.7 238.7 122.7 6.0 116.9 42 4.77
07b 2.1 12.2 0.2 0.1549 3.25 0.0181 1.94  0.60 675.5 675.5 146.2 8.8 115.7 4.5 20.85
08 7.7 31.8 0.2 0.1094 2.95 0.0163 2.03  0.69 139.2 139.2 105.4 5.9 104.0 4.2 1.37
09a 3.0 23.1 0.1 0.1213 343 0.0177 212 0.62 176.7 176.7 116.2 7.5 113.3 4.8 2.48
09b 2.9 17.8 0.2 0.1033 3.44 0.0162 2.04 0.59 4.6 4.6 99.8 6.5 103.9 4.2 —4.08
10a 2.3 103.6 0.0 0.0915 4.29 0.0141 249 0.58 44.2 442 88.9 7.3 90.6 4.5 -1.92
10b 2.3 56.7 0.0 0.0985 4.79 0.0153 2.69 0.56 41.7 41.7 95.4 8.7 97.6 5.2 -2.31
10c 1.5 57.0 0.0 0.0988 4.62 0.0140 292 0.63 248.9 248.9 95.6 8.4 89.7 5.2 6.27
Ila 4.6 27.8 0.2 0.1295 2.78 0.0188 1.90 0.68 190.3 190.3 123.7 6.5 120.3 4.5 2.74
11b 9.6 57.7 0.2 0.1027 2.38 0.0154 1.64 0.69 120.8 120.8 99.2 4.5 98.4 3.2 0.86
12 5.6 190.3 0.0 0.5970 1.68 0.0740 145 0.86 549.8 549.8 475.3 12.7 460.2 12.8 3.18
13a 2.5 14.3 0.2 0.1103 3.32 0.0169 1.77 0.53 64.3 64.3 106.3 6.7 108.2 3.8 -1.82
13b 4.2 20.5 0.2 0.1072 543 0.0156 2.86 0.53 180.3 180.3 103.4 10.6 100.1 5.7 3.16
14a 4.5 28.1 0.2 0.1054 3.97 0.0151 2.13  0.54 228.4 228.4 101.7 7.6 96.4 4.1 5.19
14b 12.2 39.0 0.3 0.1186 2.81 0.0177 2.09 0.74 134.7 134.7 113.8 6.0 112.8 4.7 0.83

15 10.3 349 0.3 0.1066 2.87 0.0153 1.76  0.61 228.2 228.2 102.9 5.6 97.6 34 5.14
16a 5.2 31.6 0.2 0.1007 3.76 0.0151 2.00 0.53 116.0 116.0 97.5 7.0 96.8 3.8 0.73

16b 5.4 30.2 0.2 0.0964 3.19 0.0156 1.97 0.62 —65.6 —65.6 93.4 5.7 99.8 3.9 —6.83
17 11.6 26.2 0.4 0.1059 2.84 0.0163 1.69  0.60 63.3 63.3 102.2 5.5 104.0 3.5 -1.69
18 15.3 158.2 0.1 0.1050 2.83 0.0158 1.93 0.68 112.6 112.6 101.4 5.4 101.0 3.9 0.42
19a 2.3 291.7 0.0 0.0938 2.22 0.0144 1.75 0.79 66.7 66.7 91.1 3.9 92.1 32 -1.07
19b 2.0 2543 0.0 0.0970 2.05 0.0143 1.57 0.77 152.8 152.8 94.0 3.7 91.7 2.9 2.41

20 4.2 27.5 0.2 0.1245 3.52 0.0157 1.95 0.55 518.7 518.7 119.2 7.9 100.2 3.9 15.96
21 8.8 43.6 0.2 0.1123 2.16 0.0162 1.49  0.69 205.8 205.8 108.0 4.4 103.7 3.1 4.02
22a 20.9 54.3 0.4 0.1082 243 0.0168 1.66 0.68 34.0 34.0 104.3 4.8 107.5 3.5 -3.02
22b 31.2 72.1 0.4 0.1122 1.91 0.0167 1.29  0.67 133.6 133.6 108.0 3.9 106.8 2.7 1.03

23 43 36.9 0.1 0.1326 2.24 0.0194 1.65 0.73 181.0 181.0 126.4 53 123.6 4.0 2.24
24 3.0 12.5 0.2 0.1088 3.50 0.0167 1.89 0.54 55.8 55.8 104.9 6.9 107.1 4.0 -2.12
25a 33 343 0.1 0.1065 4.39 0.0157 2.14 049 159.4 159.4 102.7 8.5 100.4 4.3 2.32
25b 2.6 54.5 0.0 0.1059 3.42 0.0149 222 0.65 258.8 258.8 102.2 6.6 95.6 4.2 6.41

26 4.1 21.0 0.2 0.1115 3.01 0.0162 1.65 0.55 189.7 189.7 107.3 6.1 103.7 34 3.38
27 22.1 123.8 0.2 0.1139 2.08 0.0166 1.55 0.75 188.7 188.7 109.5 4.3 106.0 32 3.25

28a 3.5 20.7 0.2 0.1114 3.39 0.0168 232 0.68 108.0 108.0 107.3 6.9 107.3 49 —0.02
28b 2.6 214 0.1 0.1255 3.56 0.0179 2.09 0.59 233.5 233.5 120.0 8.0 114.4 4.7 4.66
29 6.3 38.9 0.2 0.1037 2.65 0.0151 1.55 0.58 191.7 191.7 100.2 5.0 96.5 3.0 3.75

RA-M-41 Th U Th/U 2Pb/*U 0  Pb/*¥U +o p WPh/AU 26 MPH/AU 26 206pp/238Y +o Disc.
An. No. [ppm] [ppm] [%] [%o] Age [Ma] [Ma] Age[Ma] [Ma] Age[Ma] [Ma] [%]

Ola 2.9 19.4 0.1 0.1015 3.69 0.0154 2.39  0.65 87.9 133.3 98.1 6.9 98.6 4.7 —0.48
01b 12.2 74.6 0.2 0.1144 2.23 0.0162 1.46  0.66 245.6 71.7 110.0 4.6 103.9 3.0 5.56
Olc 7.1 24.8 0.3 0.1078 2.56 0.0171 1.68 0.66 —14.7 92.9 104.0 5.0 109.3 3.6 -5.09
01d 6.9 25.2 0.3 0.1106 2.60 0.0163 1.46 0.56 156.3 100.8 106.5 5.2 104.3 3.0 2.04
02a 3.5 11.2 0.3 0.9926 2.38 0.1081 2.05 0.86 825.9 49.9 700.0 23.8 661.7 25.8 5.47
02b 4.4 10.0 0.4 1.1319 2.21 0.1260 1.95 0.88 780.7 43.8 768.7 23.6 764.9 28.1 0.50
03a 2.8 24.4 0.1 0.8360 2.72 0.0918 2.36 0.87 808.7 57.1 617.0 24.9 566.2 25.5 8.22
03b 2.8 24.4 0.1 0.9192 2.55 0.1052 2.08 0.82 721.9 62.7 661.9 24.5 644.7 25.5 2.60
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data-point error ellipses are 68.3% conf.
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Fig. 5. U-Pb diagrams. a — Tera—Wasserburg diagram showing zircon intersect ages from sample RA-M-08. b — Conventional Wetherill
concordia plot showing all zircon ages from sample RA-M-08. ¢ — Tera—Wasserburg diagram showing zircon intersect ages from sample
RA-M-41. d — Conventional Wetherill concordia plot showing all zircon ages from sample RA-M—41. e, f — Combined Tera—Wasserburg
and Wetherill concordia plot for samples RA-M—08 and RA-M—41. The plots were produced using the Isoplot program (Ludwig 2011).
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Karakoram occurred after the India—Asia collision i.e.
54-50 Ma. In result, Fraser et al. (2001) define this metamor-
phism as M1-a in the Hunza Valley as a result of collision
between the Kohistan Island Arc and southern Asian Plate
margin during the Late Cretaceous. Similarly, the related
deformation was named as D1 in the result of closure across
the Shyok Suture Zone (Fig. 1). In addition, the peaked silli-
manite grade metamorphism in the Hunza Valley is termed as
M1-b influenced by the consequent accretion of India to Asia.
The youngest episode of continuous crustal thickening related
to India—Asia collision is termed as M1—c in the form of later
sillimanite grade metamorphism (U-Pb monazite; 44.0+2.0;
Fraser et al. 2001).

The Hunza Plutonic Unit of Karakoram Batholith resulted
from the subduction of the Tethys Ocean beneath the southern
Asian margin during the Cretaceous experiences the crystalli-
zation ages ranging between c. 105 and c¢. 95 Ma (Palin et al.
2012). There is no such geochronological evidence reported in
the Hunza Valley in the west and Baltoro region in the east
(fig. 1 in Palin et al. 2012) due to complex tectonic setting and
polymetamoprhic history of southern KMC of the Asian Plate
margin. The polymetamorphic characteristics lead to recrys-
tallizing the original monazite within high-grade units of mul-
tiply deformed rocks. Notably, garnet can serve as a protective
shield for monazite, preventing the alteration of its compo-
sition even in temperatures exceeding 850 °C (Montel et
al. 2000). The geochronological interpretations of samples
RA-M-08 and RA-M-41 for zircon analyses suggest
the pre India—Asia collision and produce the U-Pb ages of
103.1+2.9 Ma and 100.0£5.3 Ma Ma respectively (Fig. Sa,c).
This period may be linked to peri-plutonic thermal metamor-
phism tied to the development of the axial Karakoram
Batholith. Similar ages might thus be retained in various other
rocks distributed throughout the Karakoram Range that were
in close vicinity near subduction—associated components of
the Karakoram Batholith (Palin et al. 2012).

Well exposed metamorphic stacks in the Hunza Valley
exhibit a general trend of increasing age and peak pressure—
temperature conditions toward north. These units have been
located alongside one another through a series of east—west
trending thrust faults (Fraser 2000; Fraser et al. 2001).
Metamorphic P-T—t information for specific tectonostrati-
graphic units (kyanite- and garnet—chloritoid-grade) is pre-
sently lacking, and the chronology of movements along certain
bounding faults remains somewhat uncertain (see Palin et al.
2012 for detail). With the acquisition of new U-Pb age data
regarding the sillimanite—grade, sillimanite—kyanite—grade
and staurolite grade overprinting of pelitic rocks, we can
impose strict constraints on the timing of metamorphism in
the garnet—chloritoid-grade units.

The emplacement of Hunza Plutonic Unit on the upper silli-
manite zone metamorphic suits (Palin et al. 2012) by Hunza
Thrust is well constrained by set 1 and set 2 Hunza dykes
intrusion. Set 1 dykes documented with U-Pb zircon crystalli-
zation ages of 52—-50 Ma (Fraser et al. 2001) intruded the
Hunza Plutonic Unit rocks and are reported with deformation

along the Hunza Thrust in the southward direction. The youn-
ger set 2 dykes (U-Pb zircon; 35.0+£1.0 Ma) passed through
the tectonic fabrics in both the Hunza Plutonic Unit and upper
sillimanite zone (Fraser et al. 2001). This strongly give the
evidence for the final motion along the Hunza Thrust between
¢. 50 and c. 35 Ma in the Hunza region in the southern KMC
of the Asian Plate margin that is consistent with our monazite
age of 47+4.3 Ma.

Further south, staurolite-grade metamorphic units dated
16.0£1.0 Ma (U-Pb monazite; Fraser et al. 2001) are exposed
in the Hunza region which are overthrusted by kyanite-grade
units along the North Murtzabad Thrust (see fig. 11 for details
in Palin et al. 2012). Similarly, the lower sillimanite zone units
separate these kyanite-grade units along the Hassanabad
Thrust Fault. According to Fraser et al. (2001), metamorphism
occurred at 44.0+2.0 Ma (U-Pb monazite) and data from our
sample RA-M-10 (U-Pb monazite; 47+4.3 Ma) may show
peak sillimanite grade metamorphism within the region.

Further south, younger kyanite-grade metamorphism is
reported as 28.2+0.8 Ma. All data show the relative timing of
metamorphism and structural movements within the Hunza
region along the southern margin of Asian Plate margin.
Similarly the emplacement of post collisional Miocene S—type
Sumayar Granite (Hussain et al. 2024) at 9.3+0.1 Ma (U-Pb
uraninite; Fraser et al. 2001) separates the staurolite and kya-
nite-grade units and shows the thermal metamorphism within
the country rocks (Crawford & Searle 1993). Overall these
data agree to conclude that the final peak metamorphism in the
Hunza region occurred between c. 16 and c¢. 9 Ma. The data
broadly support the chronology of metamorphism and defor-
mation events proposed by Searle (1991), Searle & Tirrul
(1991), Fraser et al. (2001), and Palin et al. (2012).

The Cretaceous collision metamorphic event in the Kara-
koram tectonic unit, related to subduction of the Tethys Ocean
beneath the southern Asian margin, can be timely correlated
with the subduction and closure of the southern Alpine
(Piemont—Liguria) Tethys in the Alps. Similarly, the Eocene
India—Asia collision and the final Tethys closure is contempo-
raneous with the northern Alpine (Valais) Tethys subduction
and Adria—Eurasia collision event (e.g., Schmid et al. 2008).
Cretaceous collision metamorphic event was detected in the
Inner (Central) Western Carpathians with the Austroalpine
affinity (Plasienka et al. 1997), whereas the Eocene tectono-
metamorphic event was constrained in the Inner Western
Carpathians orogenic front Infratatric Unit (Puti§ et al.
2021).

Conclusions

U-Pb zircon ages of 103.1+2.9 Ma and 100.0+5.3 Ma
obtained from samples RA-M-08 (Grt—Cpx—Hbd orthogeniss)
and RA-M-41 (metapelitic schist), respectively from the
KMC in Hunza Valley reveals sillimanite—kyanite grade and
staurolite grade peri-plutonic thermal metamorphism related
to the Tethyan Ocean subduction that resulted in the formation
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of the Cretaceous Hunza Plutonic Unit of the Karakoram
Batholith.

U-Pb monazite age of 47+4.3 Ma from sample RA-M—-10
(pelitic schist) shows the peak sillimanite grade metamor-
phism and continued further after its initial collision, followed
by the later India—Asia collision.

This suggests that the earliest metamorphic event is related
to collision of the Kohistan Island Arc with the Asian Plate,
whereas the later India—Asia collision is represented by a new
increment of crustal thickening-related deformation, meta-
morphism and magmatism in the region.
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