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Abstract: Detailed microstructural analysis, mineral chemistry, as well as thermodynamic modelling for P-T estimates
were used to investigate the metamorphic evolution of diverse lithologies, including orthogneisses, metapelites, and
migmatitic gneisses within the Karakoram Metamorphic Complex (KMC) in Hunza, North Pakistan. The findings of this
study provide new insights into the tectonic evolution of the southern margin of the Eurasian Plate. Well-developed garnet
porphyroblasts record progressive polyphase deformation, where continuous S, inclusion trails and matrix S, fabrics are
overprinted by a late stage S; foliation, which record polyphase deformation histories during garnet growth. P-T esti-
mates and pseudosection plots in MnO-Na,0-CaO-K,0-FeO-MgO-Al,0,-Si0,-H,0-TiO,-O, (MnNCKFMASHTO)
system provide peak metamorphic conditions in the region. The peak P-T conditions of ~780-820 MPa and ~640-680 °C
are linked to the ongoing collision between the Indian and Eurasian plates. These data suggest that crustal thickening
during continental collision was followed by several stages of deformation, which likely reflect the redistribution of strain
during the late stages of orogeny, when the partially molten middle crust was uplifted and exposed by tectonic uplift and

erosion.
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Introduction

During the Eocene, the gigantic Himalayas were formed due
to the India—Asia continental collision along the northernmost
leading margin of the Indian plate, whereas the Hindu Kush,
Karakoram Range, and Tibetan Plateau were formed in the
Late Cretaceous along the Asian plate southern margin (e.g.,
Phillips et al. 2013; Borneman et al. 2015). The thermobaro-
metric and geochronological characteristics of the Indian plate
rocks have been thoroughly investigated in the past in the
Nanga Parbat, Besham, and Swat regions (Le Fort et al. 1995;
Searle et al. 2003; Cottle et al. 2009; Shah et al. 2011; Larson
etal. 2019 and references therein; Guevara et al. 2022), as well
as those of the Kohistan—Ladakh island arc between the two
continental plates (Villa et al. 1996; Rolfo et al. 1997). Unlike
the lithologies and tectonic units of the Indian Plate, the mul-
tiply deformed metamorphosed rocks exposed on the Eurasian
plate are more dispersed. As a result, understanding the overall
effects of the continent—continent collisional zones between
the Indian and Eurasian/Asian plates in central Tibet and north
Pakistan is considerably more challenging.
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Phase equilibria modelling of metamorphic mineral assem-
blages including garnet has been increasingly used in com-
bination with detailed microstructural analysis to reconstruct
complex tectonic histories (Sharib & Bell 2011; Ali et al.
2016; Larson et al. 2019; Putis et al. 2025). In particular, stu-
dies of matrix foliations and inclusion trails preserved in mul-
tiple porphyroblast generations can offer valuable insight into
complex regional tectonic scenarios (e.g., Lemennicier et al.
1996; Aerden 1998; Bell et al. 1998; Ali 2010). Thermodynamic
phase equilibria models can be combined with petrographic
data, mineral compositions, and accessory mineral dating to
effectively record the Pressure—Temperature-time—Deforma-
tion (P-T-t-D) paths of multiply deformed metamorphosed
rocks within an orogenic belt (e.g., Sanislav & Bell 2011;
Weller et al. 2013; Larson et al. 2019 and references therein;
Puti§ et al. 2025).

This paper presents amphibolite facies rocks of the southern
Karakoram Metamorphic Complex (KMC) representing the
Asian plate margin. They are well-exposed along the north
dipping Main Karakoram Thrust (MKT) in north Pakistan
(Fig. 1) and are highly suitable for constructing P-T pseudo-
sections because they preserve mineral assemblages that clo-
sely approach chemical equilibrium during metamorphism.

We present detailed petrographic descriptions with special
attention to micro—textures, combined with mineral chemistry
data and the intersection of garnet end member isopleths
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Fig. 1. (a) Regional overview of the Karakoram Block displaying significant tectonic subdivisions (after Zhu et al. 2013) and study area loca-
tion. (b) A simplified geological map of the study area, highlighting the KMC with sample locations (after Searle et al. 1999). The GPS coor-
dinates of the samples are as follows: 36°14”15”N 74°45°01”E (sample RA-M—08), 36°16°42”N 74°42°55”E (sample RA-M-10), 36°18°00”N
74°45°52”E (sample RA-M—13), 36°20°09”N 74°34°26”E (sample RA-M—34), 36°15°19”N 74°33°10”E (sample RA-M—41).

(Prp—Sps—Grs) on the P-T pseudosection plots constructed in
the MnNCKFMASHTO chemical system. The goal is to eva-
luate the tectonometamorphic evolution of the multiply
deformed KMC amphibolite facies rocks in Hunza, North
Pakistan.
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Geological setting

The Karakoram Range forms a broad arc along the northern
borders of Afghanistan, Pakistan, and India, as well as the
southern border of China. It is characterised by significant
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crustal thickening, uplift, and deep crustal exposures asso-
ciated with the tectonic evolution of the Asian continent
(Brandon & Romanowicz 1986). The KMC, exposed between
the Karakoram Batholith and the Shyok Suture Zone or MKT,
preserves important evidence of regional deformation and
metamorphism (Rolland et al. 2001, 2006; Searle et al. 2010).

The Karakoram Range is equivalent to the Lhasa Block and
the Qiangtang Block lying in the north of the Ladakh Gangdese
Batholith. The southern part of the Karakoram, characterised
by an amphibolite-facies, high-grade regional metamorphic
sequence with kyanite, sillimanite, and staurolite, as well as
gneiss domes containing partial melts, is classified as a major
component of the KMC (Palin et al. 2012 and references
therein). Karakoram Batholith forms the major part of this
terrane comprising pre-collisional quartz diorite, granodiorite,
adamellite and monzodiorite with post-collisional undefor-
med monzogranite and leucogranites (Searle & Hacker 2019).
The Paleozoic sedimentary formations lying in the northern
Karakoram terrane extend into the southern Pamir. U-Pb ages
of zircon and monazite from the KMC reveal significant
metamorphic events that occurred both prior to and following
the collision between India and Asia.

Monazites from andalusite hornfels in the Hunza Valley
reveal 105.5£0.8 Ma (Fraser et al. 2001; Palin et al. 2012),
while monazites obtained from sillimanite gneisses yielded
63.3+0.4, c. 52-50 and 44.0+2.0 Ma (Fraser et al. 2001).
Similarly, from the recent research of Ahmad et al. (2025) in
the Hunza Valley, zircons from orthogneisses and metapelitic
schist yielded 103+2.6 Ma while monazite from metapelitic
schist produced 47+4.3 Ma. Further southward, monazite
yields an age of 16.0+1.0 Ma, which indicates a systematic
decrease in monazite ages from north to south. U-Th-Pb ages
of granitic rocks in the Hunza Valley range from 105.7+0.5 Ma
for the pre-collisional Hunza granitoids (Fraser et al. 2001) to
52-50 Ma and ~35 Ma for the post-collisional Hunza dikes
(Crawford & Searle 1993; Fraser et al. 2001). The K2 and
Hushe gneisses were reported by Searle et al. (1990), whereas
the younger Sumayar granite yielded an age of 9.3+0.2 Ma
(Hussain et al. 2024 and references therein).

Palin et al. (2012) studied the kyanite—grade gneiss in
Baltoro region, where 28.0+0.5 Ma monazite ages for these
rocks with high temperatures persisted until ~22+0.3 Ma.
Similarly, leucogranitic dikes intruded within the Baltoro
Batholith pass through regional scale fabrics preserved in
the KMC, signifying that maximum metamorphism conditions
with intense ductile deformation occurred ~22 Ma. Further to
the north, Fraser et al. (2001) reported the Precambrian zir-
cons dated at 1855411 Ma, which indicates older protoliths,
while younger metamorphic monazite dates, ranging from
5.4 to 3.5 Ma, suggest more recent and deeper crustal meta-
morphism in the region. Similarly, Searle et al. (2010) inves-
tigated the extensive Baltoro granite batholith, which is
composed predominantly of monzogranites and muscovite+
biotite + garnet leucogranites. This Baltoro region granitic
batholith has yielded U-Pb ages between 19.8+0.5 Ma and
13 Ma.
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Peak metamorphism in southern Karakoram ended at ~37 Ma
(between c. 50 and 13 Ma), and most likely by 50 Ma (between
63 and 13 Ma). Significant crustal shortening and thickening
stages took place before the Baltoro granitic intrusion. How-
ever, with increasing depth, crustal metamorphism continues
up to 5 to 3 Ma, as evidenced from the Dassu Gneiss dome.
These findings indicate that the Karakoram microplate has
undergone sustained crustal thickening and synchronous
regional orogenic metamorphism resulting from the India—
Asia convergence; a tectonic mechanism that likely persists
up to now. This is supported by GPS data showing ongoing
continent-continent convergence across the Himalayan oro-
genic belt (Gan et al. 2007; Zubovich et al. 2016).

Methodology and analytical conditions

Polished sections of five selected samples were studied
under a transmitted polarised light microscope (Leica) at the
Department of Earth Sciences, Oxford University — UK and
Department of Mineralogy, Petrology and Economic Geology,
Comenius University — Bratislava. Additionally, EPMA for
mineral chemistry determination was conducted using a JEOL
Super-probe JXA—-8530F and Cameca SX—100 installed at
the Earth Science Institute of the Slovak Academy of Sciences
(SAS) Banska Bystrica and at the SGUDS in Bratislava,
Slovakia, respectively.

Using the JEOL Super-probe JXA—-8530F at SAS, Banska
Bystrica, the detection limits ranged from 0.01 to 0.05 wt.% of
oxide, with a focused beam diameter of 3—5 um, a beam cur-
rent of 20 nA, and an accelerating voltage of 15 kV. Different
standards were used for the analyses, including wollastonite,
LiF, NaCl, AL O,, apatite, fayalite, TiO,, orthoclase, albite,
forsterite, rhodonite and Cr. The analysing crystals and cor-
responding characteristic X-ray lines used were TAP (Ka) for
Si, LPET (Ka) for F, LiF (Ka) for Cl, TAP (Ka) for Al, LPET
(Ka) for Ca, LiF (Ka) for Fe, LPET (Ka) for Ti, TAP (Ka) for
K, TAP (Ka) for Na, LiF (Ka) for Mg, LiF (Ka) for Mn, and
LiF (Ka) for Cr.

To estimate the metamorphic stages of the amphibolite
facies rocks, the software packages Perple X—version 7.1.13
(e.g., Connolly 1990, 2005; Connolly & Petrini 2002) and
GeoPS—version 3.5.6; (Xiang & Connolly 2021) were emp-
loyed. These packages were employed to determine stability
fields of the primary minerals and their modal contents within
a P-T range of 0.5-1.2 GPa and 500 and 800 °C. The model-
ling was performed using an 11-component chemical system,
i.e., MnO-Na,0-CaO-K,0-FeO-MgO-Al,0,-Si0,-H,0—-
TiO,—O, (MnNCKFMASHTO). The initial components of the
analysed rocks were modified to align with this 11-component
system in the following ways: (a) water was set in excess;
(b) the entire rock composition applied for thermodynamic
modelling was converted from weight percentages of oxides
to molar percentages; (c¢) the amount of CaO was reduced
to account for the expected contribution from apatite, assu-
ming that all phosphorus is contained within that mineral, and
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(d) the ratio of Fe?*/Fe** for the calculations was established
based on a molar Fe,0,/(Fe,0,+FeO) ratio of 0.1 (Christie et
al. 1986; Berry et al. 2008; Palin et al. 2016).

The thermodynamic dataset from Holland & Powell (2011)
incorporates solid solution models, including Mica(W) and
Bi(W) for white mica and biotite. It also features Chl(W) for
chlorite, Gt(W) for garnet, [Im(W) for ilmenite, and melt(W)
for the melt phase (White et al. 2014). Additionally, plagio-
clase is represented by Fsp(Cl) (Holland & Powell 2003),
while clinozoisite—epidote is identified as Ep (HP11) (Holland
& Powell 2011), both of which were integrated into the
analyses.

Pure mineral phases scrutinized include quartz, rutile,
kyanite, sillimanite, iron oxides, and H,O. The ultimate pseu-
dosections and the contoured P-T diagrams were recon-
structed using mineral assemblage data sourced from Perple X
werami, which were specified for precise P-T conditions.
The garnet (Prp—Sps—Grs) chemical compositions were pivo-
tal for isopleths generation and P-T modelling. The pressure
uncertainties surrounding the boundaries of the assemblage
fields are approximately +0.1 GPa and assessed at a 26 confi-
dence level (cf. Powell & Holland 2008).

Results
Petrography

A total of five samples were chosen for petrographic analy-
sis, representative of high grade amphibolite facie metamor-
phic rocks from the Hispar, Murtzabad, Aliabad, Hassanabad,
and Baltit regions of the southern KMC at GPS coordinates
(see Fig. 1 caption for samples GPS coordinates).

Sample RA—M=08 (garnet—clinopyroxene—hornblende ortho-
gneiss)

Sample RA-M-08 is a garnet—clinopyroxene—hornblende
orthogneiss which hosts well-developed garnet porphyro-
blasts. These hypidioblastic to idioblastic garnet porphyro-
blasts range in diameter up to ~3 mm and exhibit spiral shaped
inclusion-trails further called S,, although these inclusion
patterns likely record a polyphase deformation history (e.g.,
Aerden & Ruiz-Fuentes 2020; Fig. 2a).

S, foliation identified in the garnet porphyroblast is deflected
by the main matrix S, foliation. The inclusions trails within the
garnet porphyroblast are truncated at the rims in S, main
matrix foliation (Fig. 2a). In the garnet core, sigmoidal inclu-
sion trails underlined by quartz muscovite and rare biotite are
truncated by the S, main matrix, while the well-developed S,
main matrix foliation is characterised by aligned biotite, mus-
covite, and amphiboles and deflects around garnet porphyro-
blasts (Fig. 2a). The fractured garnet rim contains quartz,
zircon, and monazite inclusions and show variable chemical
composition, while the core hosts biotite and quartz inclusions
(Fig. 2a). The rock also exhibits a well-developed foliation
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defined by the preferential alignment of elongated biotite
grains. The foliation is particularly evident around the garnet
grains, where the elongated biotite flakes are preferentially
aligned and locally wrap around the garnet porphyroblasts.
The matrix is predominantly composed of quartz and K feld-
spar, forming a quartz—feldspar-rich framework within which
the biotite defined foliation is developed (Fig. 2b). Matrix
minerals include micas (biotite and muscovite), quartz, and
plagioclase with accessory apatite, zircon, and monazite.
Quartz inclusions within the garnets are flattened and define
spiral geometry. Most inclusion trails are discontinuous with
the matrix foliation and terminate within garnet porphyroblast
(Fig. 2a). However, some inclusion trails exhibit local conti-
nuity with the S, foliation preserved in the surrounding matrix
(Fig. 2a). Most amphibole grains are preferentially aligned
parallel to the S, matrix foliation and are intergrown with bio-
tite and muscovite grains (Fig. 2a). Clinopyroxene, in asso-
ciation with amphibole, is also common in this specimen;
similarly, laths of plagioclase and K feldspar occur together
with clinopyroxene (Fig. 2¢,d).

Most of the amphiboles are chloritised and green to light
green in colour. They are aligned with S, and truncated by bio-
tite and muscovite (Fig. 2a). Clinopyroxene, in association with
amphibole, is also common in this specimen and form a net-
work with plagioclase and K feldspar laths. (Fig. 2¢,d).

Sample RA—M-13 (hornblende—garnet—biotite orthogneiss)

Sample RA-M-13 is essentially composed of hornblende,
garnet, quartz, biotite, plagioclase and muscovite with acces-
sory amounts of zircon, monazite and apatite (Fig. 2e and f).
This sample is characterised by highly fractured hornblende,
biotite, as well as deformed quartz exhibiting undulose extinc-
tion (Fig. 2e). Hornblende and biotite preferred orientation
contributes to the foliation observed in this amphibolite facies
orthogneiss. The anhedral to subhedral hornblende crystals are
partially replaced by quartz and muscovite (Fig. 2e) due to
retrogression. The matrix contains quartz, biotite, muscovite,
plagioclase, ilmenite, apatite, and opaque minerals. Similarly,
up to 0.3 to 0.6 mm sized garnet grains are randomly distri-
buted in the sample. Unlike the samples RA-M-08, RA-M-10,
and RA-M—41, these garnets are devoid of internal foliation

(Fig. 21).
Sample RA—M—-10 (metapelitic schist)

The sample RA-M—10 is medium to coarse-grained and is
characterised by garnet porphyroblasts, biotite, and quartz as
major minerals, as well as trace amounts of ilmenite, rutile,
monazite, and plagioclase. Subhedral garnet porphyroblasts
generally range in diameter from approximately 0.5 mm to
2 mm. They contain a sigmoidal S, foliation defined by
inclusions of quartz, ilmenite, rutile, biotite, and muscovite.
This internal foliation is truncated by the surrounding matrix
S, foliation composed of elongate quartz grains, biotite, and
muscovite (Fig. 3a,b). The relatively straight geometry of S,,
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Fig. 2. (a) Photomicrographs showing different generation of garnet porphyroblast with truncated inclusion trails in the rim and core to develop
S, and S, foliations. Elongated S, parallel biotite and muscovite intensifies around the garnet porphyroblast. Note that the biotite, muscovite,
and amphibole were deflected against the garnet in the S, main matrix foliation. (b) Biotite rich foliation is truncated around garnet grains.
(¢, d) Clinopyroxene in close association with amphibole, plagioclase laths and K feldspar. This scenario exhibits the magmatic origin of rock.
(e) Photomicrograph showing highly fractured hornblende. Breakdown of hornblende and replacement with quartz represents the retrograde
metamorphism. (f) Well developed garnets lacking any internal structures. Note: The oriented samples are cut into P (parallel to the lineation
but normal to the foliation) and N (normal to the lineation) sections following the sectioning scheme of Bell & Rubenach (1983).

compared with the curved S, and S, traces, suggests that it
represents a later deformation event with a different strain geo-
metry or shortening direction (Fig. 3b).The garnets are com-
monly partially replaced by biotite and muscovite within the
strain shadows (Fig. 3a,b). As in the other samples, the main
cleavage (S,), defined by micas (i.e., muscovite and biotite),

is intensified and deflected around the garnet porphyroblasts.
The inclusion trails within the garnet are truncated at the rims
by S,. Additionally, some garnet porphyroblasts exhibit change
in the asymmetry of their inclusion trails from core to rim
(Fig. 3a), which therefore suggests a polyphase deformation
history (e.g., Sapkota & Sanislav 2013).

GEOLOGICA CARPATHICA, 2026, 77, 6, 493-510
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Sample RA—M-34 (migmatitic gneiss)

Sample RA—M-34 is characterised by well-developed amphi-
boles with muscovite, quartz, K feldspar, and plagioclase.
Ilmenite, zircon, monazite, and apatite are present in trace
amounts in the matrix. Widely spaced foliations are defined by
biotite and muscovite (Fig. 3¢ and d). Amphiboles of different

2000 um

generations are present with highly irregular margins
(Fig. 3c). Garnet occurs as inclusion free porphyroblasts
located within the leucosome aligned with biotite foliation.
The well-developed melanosome domain with an elongated
biotite and muscovite domain with leucosome K feldspar
clearly suggest a granitic protolith (Fig. 3d).

Fig. 3. (a) Photomicrograph showing the truncation of internal inclusions (S,) and external minerals (S,) within and around the garnet porphy-
roblast. (b) BSE image for confirmation of different trace minerals and structural behaviour of garnet to elucidate the S, S, and S, foliations
scenario in sample RA-M-10. (¢, d) Granitic gneiss with well-developed amphibole minerals. Biotite and muscovite are arranged in melano-
some and K feldspar in leucosome. (e) Photomicrograph showing a garnet porphyroblast with quartz inclusions. Micas, including biotite and
muscovite, and quartz are truncated in the S, main matrix foliation. This foliation also has some impact on staurolite minerals for orientation
along with micas and quartz. (f) Elongated micaceous minerals bent around the highly fractured staurolite porphyroblasts. Note:
The oriented samples are cut into P (parallel to the lineation but normal to the foliation) and N (normal to the lineation) sections following

the sectioning scheme of Bell & Rubenach (1983).

GEOLOGICA CARPATHICA, 2026, 77, 6, 493-510
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Sample RA—M—41 (garnet—staurolite metapelitic schist)

Sample RA-M—41 is characterised by garnet and staurolite
porphyroblasts with biotite, muscovite, and quartz (Fig. 3e
and f). Garnet porphyroblasts (up to ~1 mm in size) are hypi-
dioblastic to idioblastic and contain abundant inclusions of
matrix phases, including quartz and graphite that tract the
external pervasive and crenulation fabric (Fig. 3e). Overall,
the studied rock is texturally medium to coarse-grained with
quartz, ilmenite, and opaque minerals in the groundmass.
Poorly defined pressure shadow zones consist of granoblastic
quartz and muscovite and are found adjacent to a few garnet
porphyroblasts (Fig. 3e).

This rock also exhibits a well-developed, differentiated
crenulation cleavage that defines the cleavage domain and is
composed predominantly of aligned muscovite, biotite, and
elongated quartz ribbons. The quartz-rich domains contain
abundant, well-developed staurolite porphyroblasts (~ 0.5 to
1 mm) that are pervasively fractured and locally altered.
The S, crenulation cleavage is deflected around the staurolite
porphyroblasts, with the aligned muscovite and biotite defi-
ning a continuous foliation that wraps around their margins
(Fig. 3f). This microstructural relationship demonstrates that
the staurolite porphyroblasts predate the development of S,
fabric and behaved as mechanically competent phases during
progressive deformation (cf. Passchier & Trouw 2005; Fig. 3f).

Mineral chemistry
Garnet

A total of five garnet porphyroblasts were analysed from
sample RA-M-10 and two garnet porphyroblasts from
RA-M—41 in order to study the rim, core, and mantle compo-
sitions (Tables 1 and 2).

Sample RA—M-10

In specimen RA-M-10, the molar percentage (mol.%) of
almandine (X,,,) ranges from 69-71 mol.%, 65-70 mol.%,
65-70 mol.%, 70 mol.% and 67-70 mol.% in garnet grains
Grt—1, Grt—-2, Grt-3, Grt—4 and Grt-5, respectively (Table 1).
The mol.% of pyrope (X)) ranges from 1-15 mol.%, 11-90
mol.%, 10—14 mol.%, 10-11 mol.% and 12—16 mol.% in gar-
net grains Grt—1, Grt-2, Grt-3, Grt—4 and Grt-5, respectively.
The mol.% of spessartine (X)) ranges from 10-90 mol.%,
10-19 mol.%, 11-19 mol.%, 11 mol.% and 11-13 mol.% in
garnet grains Grt—1, Grt-2, Grt-3, Grt—4 and Grt-5, respec-
tively. Similarly, the mol.% of grossular (X,,) ranges from
3-5 mol.%, 3-5 mol.%, 2—-6 mol.%, 8 mol.% and 4-5 mol.%
in garnet grains Grt—1, Grt-2, Grt-3, Grt—4 and Grt-5, respec-
tively (Table 1).

Garnet grains analysed from sample RA-M-10 exhibit
typical prograde zoning, showing a decrease in X, towards
the rim (Woodsworth 1977). However, Grt-2 shows reversed
zoning in the rim compared to higher X, (2.039 wt.%) and
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lower X (0.52 wt.%) in their cores. Chemical profile (Fig. 4)
and Table 1 confirm a general trend of X, and X rich cores
slowly changing to X, and X rich rims. Similarly, there is
a consistent trend in the profile at the outer mantle and inner
rim of the studied garnet grains where X and X change
abruptly (Fig. 4b). Furthermore, the mol.% of almandine
(X, and pyrope (X)) increases from core to rim (68-70
mol.% for almandine and 9-15 mol.% for pyrope), whereas
the mol.% of spessartine (X, and grossular (X,) decreases
from core to rim (17—10 mol.% for spessartine and 6—5 mol.%
for grossular; Fig. 4a,b).

Sample RA-M-41

In sample RA-M—41, the garnet composition exhibits a sys-
tematic core-to-rim variation. The mol.% of almandine (X,
increases from 81 mol.% in the core to 84 mol.% at the rim,
while pyrope (X,,,) increases slightly from 10 to 11 mol.%.
In contrast, spessartine (X,) decreases from 3 mol.% in the
core to 1 mol.% at the rim, and grossular (X)) decreases from
9 to 5 mol.%. Overall, these trends indicate relative enrich-
ment in the almandine and pyrope components towards the
rim, accompanied by depletion in the spessartine and grossu-
lar components (Table 2).

In the current study, the garnet profiles are plotted for three
samples, i.e., RA-M-10, RA-M-13 and RA-M-08 (Fig. 4a—f),
although here, the sample RA-M-10 and sample RA-M—41
are used for P-T paths.

Biotite (sample RA—M-10)

Biotite grains have been analysed both as inclusions within
the garnet and also in the strain shadow of garnet porphyro-
blast. Biotite has Mg ranging 2.14-2.22 atoms p.f.u. and Fe
varies from 2.12 to 2.47 atoms p.f.u. (Table 3). Ti content in
the studied biotites ranges from 0.15 to 0.25 atoms p.f.u while
Al,; shows variation from 0.75 to 0.85 atoms p.f.u. Mn is in
a negligible amount (0.03 to 0.04 atoms p.f.u.), while K varies
from 1.81 to 1.87 atoms p.f.u. Overall, biotite is classified as
annite and phlogopite (Fig. 5) with Mg# [=(Mg/Mg+Fe)] in
the range of 0.47-0.50, with a cluster between 0.47 and 0.48
(Table 3).

White mica (sample RA-M-10)

Muscovite grains have been analysed within the garnet strain
shadow and in the matrix foliation. Al content varies from
3.58 to 3.74 atoms p.f.u (Table 4). The octahedral layer of mica
is predominantly filled by K and Na with ranges from 1.81 to
1.84 and 0.13 to 0.15 atoms p.f.u. respectively. The Mg/Mg+Fe
ratio of muscovite ranges from 0.50 to 0.57 (Table 4; Fig. 5).

Plagioclase (sample RA—M—-10)

Plagioclase laths were predominantly analysed in the matrix
foliation lying close to garnet porphyroblasts. These plagioclase
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Table 2: EPMA garnet mineral chemistry for sample RA-M—41.

Mineral/An | Grtlim Grttim  OTU - Grtl - Grll o Grl G Grgpim - T Grib o Gra/ o G
SiO, (wt.%) 37.78 36.99 37.78 36.51 36.67 36.36 38.03 37.36 36.74 36.98 37.33 36.50
TiO, 0.14 0.12 0.03 0.06 0.07 0.03 0.48 0.06 0.04 0.06 0.04 0.05
AlLO, 2542 20.77 20.89 21.28 21.69 21.28 26.03 21.27 21.13 21.26 21.02 21.24
FeO 30.01 37.74 36.82 3591 35.41 35.39 25.48 37.83 37.76 36.96 35.68 35.68
MnO 0.16 0.39 0.89 1.00 1.14 1.04 0.14 0.42 0.56 0.90 1.00 1.05
MgO 2.02 2.62 2.42 2.26 2.28 2.22 1.73 2.58 2.63 2.43 2.28 2.34
CaO 1.15 1.78 2.16 3.15 3.49 3.42 1.00 1.81 1.85 2.25 2.80 3.09
Na,O 0.53 0.00 0.00 0.00 0.00 0.00 1.12 0.00 0.00 0.00 0.00 0.02
Total 97.21 100.42 100.99 100.17 100.74 99.75 94.00 101.34 100.71 100.84 100.15 99.97
Oxygen p.f.u. 12 12 12 12 12 12 12 12 12 12 12 12
Si (a.p.fu) 3.159 2.981 2.951 2.965 3.010 2.945 3.074 2.981 3.026 2.943 2.934 2.941
Al iv 0.000 0.019 0.049 0.035 0.000 0.055 0.000 0.019 0.000 0.057 0.066 0.059
Al vi 2.548 1.982 1.952 1.974 1.998 1.966 2.437 1.955 1.972 1.965 1.980 1.970
Fe** —0.578 0.014 0.046 0.022 0.000 0.031 —0.446 0.038 0.026 0.031 0.016 0.028
Fe?* 2.347 2.509 2.489 2.455 2.406 2.376 2.486 2.504 2.439 2.388 2.352 2.364
Mn 0.010 0.029 0.038 0.061 0.068 0.072 0.011 0.027 0.060 0.068 0.077 0.071
Mg 0.214 0.307 0.315 0.290 0.274 0.282 0.245 0.315 0.289 0.272 0.271 0.268
Ca 0.089 0.155 0.159 0.193 0.242 0.267 0.100 0.154 0.185 0.272 0.300 0.297
Cations Sum 8 8 8 8 8 8 8 8 8 8 8 8
Almandine 0.88 0.83 0.82 0.81 0.80 0.79 0.87 0.83 0.82 0.79 0.78 0.78
Andradite 0.00 0.00 0.00 0.00 0.00 0 0 0.00 0.00 0.00 0.00 0.00
Grossular 0.03 0.05 0.05 0.06 0.08 0.08 0.03 0.05 0.06 0.09 0.09 0.09
Pyrope 0.08 0.10 0.10 0.09 0.09 0.09 0.08 0.10 0.09 0.09 0.09 0.89
Spessartine 0.03 0.09 0.01 0.02 0.02 0.02 0.04 0.09 0.02 0.02 0.57 0.02
Mg/(Mg+Fe) 0.08 0.11 0.11 0.10 0.10 0.10 0.10 0.11 0.11 0.10 0.10 0.10

lies in the oligoclase range varying from from 0.72 to 0.73
mole percentage regardless of their position in the matrix or
near the garnet (Table 5). Furthermore, no systematic compo-
sitional variation was reported within the grains.

Amphibole (sample RA-M—-08)

Following the Hawthorne et al. (2012) classification, the stu-
died amphiboles in sample RA-M-08 correspond to magne-
sio-hornblende (Mg—Hbl; Fig. 6a). In the studied sample, i.e.,
RA-M-08 (Grt—Cpx—Hbl orthogeniss) the CaO content varies
from 11.50 to 11.91 wt.%, while the SiO, reached as high as
up to 44.87 wt.%. Similarly, the Al,O, content varies between
10.80 and 11.82 wt.% and the MgO varies between 8.85 to
9.62 wt.%. The FeO content in calcium amphiboles compara-
tively ranges from 16.07 to 16.74 wt.%. Finally, TiO, and
MnO in Mg-Hbl approaches 0.93 and 0.47 wt.%, respectively
(Table 6; Fig. 6a).

Clinopyroxene (sample RA-M—-08)

According to the classification of Morimoto et al. (1988), all
the analysed clinopyroxene in sample RA-M-08 is a diopside
with a composition of En, ;.Fs,;Wo,, ,,. The composition of
pyroxenes in the sample is quite homogenous with no visible
zoning. The SiO, content is between 52.62 to 53.27 wt.%
and CaO between 22.99 to 23.28 wt.%. Iron and magnesium

content reaches up to 11.49-12.85 wt.% of FeO and 9.98—
10.44 MgO, respectively. Concentration of Na,O is mostly
negligible up to 0.29 wt.% together with MnO up to 0.57wt.%.
NiO up to 0.04 wt.% and Cr,O, (up to 0.05 wt.%) are below
the detection limit (Table 7; Fig. 6b).

P-T conditions

P-T pseudosections illustrate a pattern of multi-variant
reactions involving metamorphic index minerals within the
P-T space (White et al. 2007). Several reconnaissance calcu-
lations were performed on samples RA-M-10 (metapelitic
schist) and RA-M—41 (garnet—staurolite metapelitic schist)
in order to reconstruct the evolution of the observed mineral
assemblages. The selected P-T pseudosections (Figs. 7, 8)
were contoured with isopleths for the garnet molar fractions
(Xprp, Xsps, Xgrs). The reconstructed P-T estimates are
established on the compositional characteristics and modal
content of garnet, as well as on the stability fields of other
mineral assemblages. Overlapping or at least a proximity of
the corresponding isopleths leads to P-T conditions for the
garnet core, allowing reconstruction of the metamorphic path
and determination of peak pressure and temperature values.
For the modelling, the bulk rock analyses of samples RA-M—-10
and RA-M—41 (Table 8) were used and modified based on
the approach described in the methodology section.
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Fig. 4. Compositional profiles of garnet: (a) BSE image of representative garnet porphyroblast from sample RA-M-10 with marked profile
line and spots. (b) Compositional profiles of garnet end members from the same sample RA-M-10. (¢) BSE image of representative garnet

porphyroblast from sample RA-M—13 with marked profile line and

spots. (d) Compositional profiles of garnet end members from the same

sample RA-M-13. (e) BSE image of representative garnet porphyroblast from sample RA-M—-08 with marked profile line and spots. (f) Com-
positional profiles of garnet end members from the same sample RA-M—08.

Sample RA—M-10

The P-T conditions of the inferred maximum burial (MO)
stage at 820 MPa and 680 °C are given by sample RA-M—-10
for garnet-supposed core composition (Xprp=15, Xgrs=11,
Xsps=11 mol.%) (Fig. 4a,b) in the Bt, Grt, [lm, Ms, Plg, Rt
stability field (Fig. 7). The crossing or proximity of garnet
mantle isopleths composition, with values of Xprp=14,
Xgrs=5, and Xsps=12 mol.%, indicates similar temperature
conditions of 680 °C and slightly lower pressure of 700 MPa
for stage M1. This change from core to mantle is primarily
due to the decrease in the grossular component. Retrogressed

GEOLOGICA CARPATHICA, 2026, 77, 6, 493-510

values of garnet rim composition (Xprp=9, Xgrs=5, Xsps=
18 mol.%) show conditions of 570 °C at 570 MPa within the
stability field of Bt, Grt, Chl, Ms, Ilm, Plg, Qtz, Rt mineral
assemblage for stage M2. All calculated P-T values suggest
a clockwise P-T path for sample RA-M-10 (Fig. 7).

Sample RA-M-41

Like sample RA-M-10, similar conditions were modelled
for sample RA-M—41 when taking into consideration its infer-
red core composition of Xprp=10 mol.%, Xgrs=8-9 mol.%,
and Xsps=1-2 mol.%. The modelled isopleths crossed inside
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Table 3: EPMA biotite mineral chemistry for sample RA-M—10.

Mineral/An. No. Bt/5 Bt/6 Bt/13 Bt/14 Bt/16 Bt/23 Bt/24 Bt/27 Bt/28 Bt/45 Bt/46 Bt/49
Si0, (wt.%) 35.36 35.88 34.97 35.52 35.74 35.35 34.73 34.66 34.62 34.94 36.13 35.15
TiO, 1.79 1.68 2.20 2.23 1.58 1.43 1.30 1.66 1.72 1.40 1.66 1.83
AlO; 19.01 18.77 18.70 18.86 19.18 18.92 19.39 19.26 19.35 19.93 19.53 19.78
FeO 19.01 18.82 18.85 18.65 18.73 18.67 19.20 19.10 19.15 19.07 18.97 18.63
MnO 0.23 0.29 0.20 0.23 0.27 0.22 0.20 0.24 0.22 0.25 0.23 0.21
MgO 9.56 9.77 9.37 9.50 9.77 9.73 9.52 9.46 9.59 9.85 9.96 9.63
CaO 0.00 0.03 0.00 0.02 0.01 0.03 0.04 0.00 0.01 0.00 0.02 0.03
Na,O 0.15 0.10 0.19 0.16 0.17 0.13 0.18 0.16 0.20 0.14 0.14 0.18
K,O 9.50 9.66 9.43 9.37 9.46 9.36 9.28 9.60 9.58 9.48 9.56 9.48
H,0 391 3.93 3.88 3.92 3.94 3.89 3.88 3.88 3.89 3.93 3.99 3.94
Total 98.52 98.93 97.82 98.46 98.85 97.73 97.71 97.96 98.32 98.98 100.20 98.87
Si (a.p.fu) 5.42 5.47 5.40 5.43 5.44 5.45 5.37 5.36 5.33 5.33 5.43 5.36
Aliv 2.58 2.53 2.60 2.57 2.56 2.55 2.63 2.64 2.67 2.67 2.57 2.64
Al vi 0.85 0.84 0.81 0.83 0.89 0.89 0.91 0.87 0.84 0.91 0.89 0.91
Ti 0.21 0.19 0.26 0.26 0.18 0.17 0.15 0.19 0.20 0.16 0.19 0.21
Fe 2.44 2.40 2.44 2.39 2.39 2.41 2.48 2.47 2.47 2.43 2.38 2.37
Mn 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Mg 2.18 222 2.16 2.17 222 2.24 2.19 2.18 2.20 2.24 223 2.19
Ca 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00
Na 0.04 0.03 0.06 0.05 0.05 0.04 0.05 0.05 0.06 0.04 0.04 0.05
K 1.86 1.88 1.86 1.83 1.84 1.84 1.83 1.89 1.88 1.84 1.83 1.84
OH 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Total 19.61 19.60 19.60 19.55 19.60 19.61 19.65 19.67 19.68 19.66 19.59 19.61
Y total 5.71 5.69 5.68 5.67 5.71 5.72 5.76 5.73 5.74 5.78 5.72 5.71
X total 1.90 1.91 1.91 1.88 1.89 1.88 1.89 1.94 1.94 1.89 1.88 1.90
Al total 3.43 3.37 341 3.40 3.44 3.44 3.53 3.51 3.51 3.58 3.46 3.55
Fe/(FetMg) 0.53 0.52 0.53 0.52 0.52 0.52 0.53 0.53 0.53 0.52 0.52 0.52
Mg/(Mg+Fe) 0.47 0.48 0.47 0.48 0.48 0.48 0.47 0.47 0.47 0.48 0.48 0.48

31 the stability field of Bt, Gt, [lm, Ms, Plg, and St reaching

780-820 MPa and 640-670 °C, which is inferred to be the

] maximum burial (MO0) stage (Fig. 8). Unfortunately, the retro-

2] ABiotite grade zoning in the composition from core to rim is hardly

A Muscovite

Fig. 5. Classification diagram (after Tischendorf et al. 2007) for bio-
tite and muscovite from sample RA-M-10.

distinguishable in RA-M—41 (up to 2 mol.%; Table 8), espe-
cially in the pyrope and spessartine component; therefore, we
were not able to determine other stages or draw any P-T path
similar to sample RA-M-10.

An additional source of uncertainty in the pseudosection
modelling is related to the progressive growth of compositio-
nally zoned garnet, which may modify the effective bulk-rock
composition through sequestration of Fe, Mg, Mn, and Ca
during prograde metamorphism. Such fractionation can influ-
ence the positions of mineral stability fields and consequently
the calculated P-T estimates (Evans 2004; Diener et al. 2008;
Gaidies et al. 2008). In the present study, pseudosections were
constructed using measured whole-rock compositions and
therefore do not explicitly account for changes in effective
bulk composition during garnet growth. However, the majo-
rity of garnet porphyroblasts are relatively small (typically
0.5-2 mm in diameter) and occur in comparatively low modal
abundances, thereby suggesting that fractionation effects were
likely insufficient to significantly modify the positions of major
assemblage fields. Furthermore, the calculated peak metamor-
phic conditions correspond with previously published ther-
mobarometric estimates from the KMC (Searle et al. 2010;

GEOLOGICA CARPATHICA, 2026, 77, 6, 493-510
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Table 4: EPMA muscovite mineral chemistry for sample RA-M—-10.

Mineral/An. No. Ms/8 Ms/9 Ms/19 Ms/30
Si0, (wt.%) 45.60 45.74 46.07 4535
TiO, 1.12 1.01 0.43 0.70
AlLO; 34.06 34.33 35.47 35.32
FeO 1.25 1.20 0.99 1.18
MnO 0.02 0.04 0.03 0.00
MgO 0.94 0.81 0.68 0.66
CaO 0.00 0.00 0.01 0.01
Na,O 0.57 0.56 0.60 0.50
K,0 10.65 10.74 10.60 10.73
H,0 4.44 445 4.49 4.46
Total 98.65 98.87 99.35 98.91
Si (a.p.fu) 6.158 6.161 6.153 6.102
Aliv 1.842 1.839 1.847 1.898
Alvi 3.579 3.612 3.738 3.703
Ti 0.114 0.102 0.043 0.070
Fe 0.141 0.135 0.110 0.133
Mn 0.002 0.004 0.003 0.000
Mg 0.189 0.162 0.135 0.133
Na 0.149 0.146 0.155 0.132
K 1.835 1.846 1.806 1.842
OH 4 4 4 4
Total 18 18 18 18
Y total 4.03 4.02 4.03 4.04
X total 1.98 1.99 1.96 1.97
Al total 5.42 5.45 5.58 5.60
Fe/(Fet+Mg) 0.43 0.45 0.45 0.50
Mg/(Mg+Fe) 0.57 0.53 0.56 0.50

Table 5: EPMA plagioclase mineral chemistry for sample RA-M-10.

Mineral/An. No.| Plg/10  Plg/11  Plg/20  Plg/21  Plg/31  Plg/32
Si0, (wt.%) 62.05  61.51 62.08 6192 6229  62.96
TiO, 0.00 0.00 0.00 0.00 0.00 0.00
ALO, 24.11 23.79  24.03 2427 2427 2438
FeO 0.08 0.02 0.09 0.13 0.04 0.02
MnO 0.00 0.00 0.00 0.00 0.00 0.00
MgO 0.00 0.01 0.00 0.02 0.01 0.00
CaO 5.41 5.46 5.49 5.51 5.38 5.33
Na,O 8.21 8.10 8.13 7.99 8.21 8.22
K,0 0.15 0.11 0.18 0.13 0.19 0.13
Total 100.01  99.00 100.00 99.97 100.37 101.05
Oxygen p.f.u. 8 8 8 8 8 8
Si (a.p.fu) 2748 2751 27750 2742 2748 2755
Al 1.258 1.254 1.255 1.267 1.262 1.258
Fe 0.003  0.001  0.003 0.005 0.001 0.001
Mg 0.000  0.000  0.000 0.001  0.000 0.000
Ca 0.257  0.261 0.261 0262 0254  0.250
Na 0.705  0.703  0.698  0.686  0.703  0.697
K 0.008  0.006  0.010 0.007 0.010 0.007
Total 5 5 5 5 5 5
An 0.26 0.27 0.27 0.27 0.26 0.26
Ab 0.73 0.72 0.72 0.72 0.73 0.73
Or 0.01 0.01 0.01 0.01 0.01 0.01
Xea 0.27 0.27 0.27 0.27 0.27 0.27
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Fig. 6. Amphibole and clinopyroxene classifications for sample
RA-M-08 (Grt—Cpx—Hbd orthogeniss): (a) magnesio—hornblende
(Mg-Hbd) amphibole from Hawthorne et al. (2012); (b) diopside
end-member from Morimoto et al. (1988).

Palin et al. 2012). Therefore, although progressive garnet
fractionation may introduce some uncertainty into the model-
ling results, it is unlikely to affect the principal interpretation
of a clockwise P-T evolution documented in the studied
rocks.

Discussion and interpretations
Tectonic implications

The studied metamorphic history of amphibolite facies
rocks in the Hunza Valley corresponds to the Eocene collision
of the Indian plate with the Eurasian plate along the MKT
(Ahmad et al. 2025). The metamorphic history of the studied
samples is linked to the N-S directed India—Kohistan Island
Arc—Asia collision recently dated at 47+4.3 Ma (Ahmad et al.
2025).

On a larger scale within the Hunza region, Fraser et al.
(2001) and Palin et al. (2012) recognised four distinct meta-
morphic events (M0, M1, M2 and M3) dated at 105.5+0.8 Ma
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Table 6: EPMA amphibole analyses from sample RA-M-08.

Table 7: EPMA clinopyroxene analyses from sample RA-M-08.

Mn,O,, was estimated by charge balance during structural formula recal-

culation.

(MO0), 44.0+£2.0 Ma (M1) and 28.2+0.8 Ma (M2). The younger
M3 event is dated at 16.0=1.0 Ma south of the Hassanabad
thrust (cf. Palin et al. 2012). Sayab et al. (2021) studied spiral
garnets in a sample from the same region (lower sillimanite
zone of Palin et al. 2012) and interpreted three growth stages
(stage-1, stage-II, stage-III) associated with early andalusite

Mineral/An. No. | Amp/2  Amp/3  Amp/4 Amp/10 Amp/11 Mineral/An. No. Cpx/1 Cpx/8 Cpx/9

Si02 (wt.%) 43.78 43.82 43.66 44.87 4453 Si0, (wt.%) 5327 52.62 52.82

TiO2 0.93 0.71 0.51 0.89 0.84 TiO, 0.06 0.03 0.04
Al203 11.82 11.66 11.55 10.80 11.02 ALO, 0.71 0.78 0.57

FeO 16.13 16.50 16.07 16.37 16.74 Cr,0, 0.05 0.03 0.02

CaO 11.75 11.86 11.50 11.91 11.94 FeO 12.85 12.29 11.49
Na20 1.08 1.08 1.11 1.02 1.02 MnO 0.45 0.57 0.52

K20 0.00 0.00 0.00 0.00 0.00 MgO 10.29 9.98 10.44
MnO 0.37 0.39 0.47 0.44 0.43 CaO 23.03 22.99 23.28
MgO 8.85 9.32 9.59 9.62 9.09 Na,O 0.27 0.29 0.28

Cl 0.03 0.00 0.00 0.02 0.03 p) 100.97 99.56 99.47

F 0.14 0.00 0.00 0.16 0.13 Si (a.p.fu) 1.966 1.955 1.947
Initial Total 94.88 95.35 94.45 96.10 95.76 Al 0.034 0.045 0.053
Mn,0, 0.00 0.00 0.00 0.00 0.00 Mg 0.671 0.664 0.653

FeO 15.35 14.42 13.43 14.95 15.68 Ca 0.944 0.923 0.932
Fe,0, 0.87 231 2.93 1.58 1.18 Na 0.033 0.039 0.040
H,0+ 1.90 1.98 1.97 1.91 1.91 Ti 0.001 0.000 0.005
Total 96.96 97.65 96.94 98.22 97.88 Fe¥* 0.010 0.022 0.033

Si (a.p.fu) 6.668 6.627 6.632 6.743 6.733 Fe?* 0.262 0.252 0.258

Al 1.332 1.373 1.368 1.257 1.267 Mn 0.000 0.000 0.000

Ti 0.000 0.000 0.000 0.000 0.000 Cr 0.001 0.002 0.002

=T 8 8 8 8 8 z 4 4 4

Ti 0.106 0.081 0.058 0.100 0.096 Wo 49 48 49

Al 0.789 0.705 0.700 0.656 0.696 En 36 36 36

\Y 0.000 0.000 0.000 0.000 0.000 Fs 15 15 15

Cr 0.000 0.000 0.000 0.000 0.000

Fe?* 0.100 0.263 0.335 0.179 0.134

Ni 0.000 0.000 0.000 0.000 0.000

Zn 0.000 0000 0000 0000  0.000 grade metamorphism (MO) overprinted by later sillimanite
Mn* 0.020 0.014 0.000 0.018 0.024 (M1) accompanied by a succession of horizontal and vertical
Fert 1.955 1.824 1.707 1.878 1.983 foliations . However, they were uncertain about whether gra-
Mg 2.009 2.155 2.049 2.102 2.173 (.) . o Y . &
TC 5 5 S 5 5 vitational collapse during stage-II growth was responsible for
Mt 0.028 0.036 0.060 0.038 0.031 a major decompression and the resulting sillimanite growth
Fo2t o bse oo o oo in the region or that decompression predates stage-II garnet
Mg 0.000 0.000 0.000 0.000 0.000 growth. The age assigned to peak sillimanite grade meta-
Ca 1.917 1.922 1.872 1.918 1.934 morphism in the Hunza Valley by Fraser et al. (2001) is
Na 0.054 0.042 0.068 0.044 0.035 44.0£2.0 Ma (U-Pb monazite), which corresponds with the
B 2 2 2 2 2 U-Th-Pb monazite age of 47+4.3 Ma of Ahmad et al. (2025).
Na 0264 0274 0258 0252 0.263 These ages could correspond to the initiation of decompres-
K 0.000 0.000 0.000 0.000 0.000 sion in the Hunza Valley. These overlapping Eocene monazite
TA 0.264 0.274 0.258 0.252 0.263 . . . .

0 (@on W) 2 - - - - ages likely record.the culmination of pea1.< metamorphlsm and
ol 1.925 2,000 2,000 1918 1931 the onset of near-isothermal decompression following crustal
F 0.067 0.000 0.000 0.076 0.062 thickening during the India—Asia collision. They mark the
cl 0.008 0.000 0.000 0.006 0.007 transition from crustal burial to tectonic exhumation, when
0 0.000 0.000 0.000 0.000 0.000 pressure decreased while temperatures remained sufficiently
W 2 2 2 2 2 high to stabilise sillimanite, thus reflecting the initial uplift
I T,CBA 15.24 15.32 15.11 15.19 15.37 and tectonic exhumation of the thickened Asian crust (e.g.,

Palin et al. 2012; Stiibner et al. 2014; Khanal et al. 2021;
Ahmad et al. 2025).

Age and tectonic significance of the P-T path

Garnet core to rim isopleth intersections plotted on the P-T
pseudosection of sample RA-M-10 identify episodic garnet
formation along a clockwise P-T path. P-T pseudosections
were constructed in the MnNCKFMASHTO chemical system
and the geothermobarometry of garnet core, mantle and rim

GEOLOGICA CARPATHICA, 2026, 77, 6, 493-510
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Fig. 7. Pseudosection of sample RA-M—10 with isopleths of garnet core, mantle and rim composition creating a clockwise P-T path. Grt core
composition isopleths are crossing at the P—T conditions of the inferred maximum burial (MO0) stage at 820 MPa and 680 °C.

isopleths, along with the sequential development of garnet,
muscovite, and biotite delineates the clockwise P-T—t-D path
for studied sample RA-M-10, which is also compatible with
peak conditions inferred for sample RA-M—41. In sample
RA-M-10, garnet end members isopleths intersection for
core, mantle, and rim vary in temperature from 680 °C,
670 °C, and 570 °C and pressure from 820 kbar, 700 kbar and

GEOLOGICA CARPATHICA, 2026, 77, 6, 493-510

570 MPa respectively. Based on the garnet compositional
zoning (Fig. 4a—e) and pseudosection interpretation, we distin-
guish three principal stages of metamorphic evolution: (i) D1
prograde metamorphism culminating in peak P-T conditions
of 820 MPa at 680 °C and growth of garnet cores, (ii) D2
near-isothermal decompression at ca. 670 °C and 700 MPa
during the initial stages of exhumation recorded by garnet
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Fig. 8. Pseudosection of sample RA-M—41 with isopleths of garnet core composition crossing at the P-T conditions of the inferred maximum

burial (MO0) stage at 780—-820 MPa and 640-670 °C.

mantle compositions, and (iii) D3 uplift and cooling associa-
ted with retrograde evolution at 570 MPa and 570 °C. Overall,
peak P-T conditions in the Hunza Valley from KMC samples
in this study fall between ~780-820 MPa and ~640—-680 °C
(Figs. 7, 8). The P-T trajectory (Fig. 7) indicates that peak
metamorphic conditions were attained during DI1-related
garnet growth. Subsequent exhumation was accompanied by

near-isothermal decompression recorded by the transition from
garnet core to mantle compositions (Fig. 4a—e). Such decom-
pression is consistent with rapid exhumation of previously
thickened crust following continental collision. The near-iso-
thermal character of this stage may reflect exhumation under
a persistently elevated geothermal regime associated with syn-
to late-tectonic magmatism and emplacement of granitoid
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Table 8: Modified whole rock composition of samples RA-M-10
and RA-M-41 used for the P-T modeling.

Oxides (wt.%) RA-M-10 RA-M—-41
SiO, 66.46 47.61
TiO, 0.86 0.95
ALO, 14.50 33.30
FeO 5.59 12.00
MnO 0.09 0.05
MgO 2.68 1.54
CaO 2.74 0.83
Na,O 3.23 0.62
K,0 2.50 1.54
P,O; 0.22 0.49
LOI 1.15 3.84
Oxides (mol.%) RA-M-10 RA-M-41
SiO, 69.36 49.9
TiO, 0.67 0.75
ALO, 8.92 20.57
FeO 4.88 10.52
MnO 0.08 0.04
MgO 4.17 2.41
CaO 2.75 0.22
Na,0 3.27 0.63
o, 0.24 0.52
H,0 in excess in excess

bodies within the KMC and adjacent Baltoro region (Fraser et
al. 2001; Foster et al. 2004; Searle et al. 2010; Palin et al.
2012). Continued uplift subsequently resulted in cooling and
development of the retrograde mineral assemblages associated
with D3 deformation. However, the studied samples do not
provide unequivocal petrographic evidence for a distinct
reheating event or a separate generation of garnet growth
directly related to intrusion emplacement.

Overall, peak P-T conditions in the Hunza Valley deduced
from our KMC samples fall between ~780-820 MPa and
~640-680 °C. These conditions are consistent with ~7.4-8.0
kbar and ~640-660 °C (Palin et al. 2012) and 7.7+1.8 kbar
and 648+30 °C (Searle et al. 2010). Garnet core isopleths
intersection in the Bt, Grt, [lm, Ms, Plg, Rt field and Bt, Gt,
Ilm, Ms, Plg and St field and muscovite and biotite inclusions
in garnet porphyroblasts indicate that biotite and muscovite
predate garnet growth. Biotite, quartz, muscovite, ilmenite and
rutile inclusions in garnet porphyroblast, garnet core isopleth
intersections at ~780-820 MPa and ~640-680 °C dated as
c. 47+4.3 Ma (U-Pb monazite; Ahmad et al. 2025) suggest
that amphibolite facies metamorphism along the southern
edge of the Eurasian plate is related to the Early—Middle
Eocene N-S collision of India with the Kohistan Arc pre-
viously assembled with Eurasia. Estimated pressure of
~7.8 kbar at 28.2+£0.8 Ma (Palin et al. 2012), ~6 kbar at
553+23 °C around ~82 Ma (Foster et al. 2004) and ~8 kbar
deduced herein around 474+4.3 Ma suggest long-lived resi-
dence of the studied rocks at a depth of approximately 20 to
21 km, followed by fast exhumation in the late Oligocene to
Miocene.
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Conclusions

Well-developed garnet porphyroblasts preserve continuous
S, inclusion trails that are truncated by the main matrix S,
foliation, whereas the S, foliation overprints both earlier
fabrics. These structural relationships record a progressive,
polyphase deformation history and provide new constraints on
a very complex tectonic history on the southern margin of
the Eurasian/Asian plate.

Geothermobarometric analysis and modelling of garnet
core, mantle, and rim compositions, in combination with evi-
dence for sequential crystallisation of garnet, muscovite, and
biotite define a clockwise P-T path for the two studied sam-
ples (RA-M-10 and RA-M-41) from the Hunza valley in
the KMC, North Pakistan. Peak P-T conditions determined
in this study range from approximately 780 to 820 MPa and
640 to 680 °C.

Multiple metamorphic stages identified by previous resear-
chers, along with the findings of this study regarding P-T
paths and published geochronological evidence from the
southern Karakoram plate margin, indicate that the southern
Karakoram plate margin experienced a prolonged and epi-
sodic tectonometamorphic evolution. These data suggest that
crustal thickening during continental convergence was fol-
lowed by successive phases of deformation, including upright
folding, regional doming, and localised extensional exhuma-
tion. These changes likely reflect the redistribution of strain
during the late stages of orogenesis, when partially molten
middle crust was uplifted in response to gravitational collapse
and tectonic unroofing.
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